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Abstract
Selected from random pools of DNA or RNA molecules through systematic evolution of ligands
by exponential enrichment (SELEX), aptamers can bind to target molecules with high affinity and
specificity, which makes them ideal recognition elements in the development of biosensors. To
date, aptamer-based biosensors have used a wide variety of detection techniques, which are briefly
summarized in this article. The focus of this review is on the development of aptamer-based
fluorescent biosensors, with emphasis on their design as well as properties such as sensitivity and
specificity. These biosensors can be broadly divided into two categories: those using
fluorescently-labeled aptamers and others that employ label-free aptamers. Within each category,
they can be further divided into “signal-on” and “signal-off” sensors. A number of these aptamer-
based fluorescent biosensors have shown promising results in biological samples such as urine and
serum, suggesting their potential applications in biomedical research and disease diagnostics.
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INTRODUCTION
Biosensors for accurate and rapid detection of environmental pollutes, pathogens, disease
markers, as well as various other chemicals/biologics/materials are highly desirable for a
wide variety of applications such as environmental monitoring, waste management, drug
discovery, disease diagnosis, clinical toxicology, forensics, among others [1,2]. Enzymes,
antibodies, aptamers, etc. have all been investigated as the recognition elements for
biosensors, with aptamers becoming increasingly popular over the last decade. Aptamers are
typically single-strand (ss) nucleic acids screened out from combinatorial oligonucleotide
(ODN) libraries of DNA or RNA, through a process termed “SELEX” (systematic evolution
of ligands by exponential enrichment) [3,4]. Possessing comparable target binding affinity/
selectivity to antibodies, aptamers can also offer advantages such as easier engineering and
synthesis, lower batch-to-batch variability, better thermal stability, smaller size, lower
immunogenicity, more versatile chemistry, among others [5]. Over the years, aptamers have
been selected against a broad range of targets such as metal ions, small molecules, peptides,
proteins, cells, etc. [5].
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With these desirable characteristics, aptamer-based sensors have been developed to detect a
diverse set of targets including adenosine [6,7], adenosine triphosphate (ATP) [8–11],
cocaine [8,12], Hg2+ [13,14], toxins [15,16], thrombin [17–20], vascular endothelial growth
factor (VEGF) [21,22], IgE [23,24], and many others. Besides the most commonly-used
fluorescence detection method that is sensitive, robust, and cost-effective, various other
detection techniques have also been coupled to aptamer-based sensors. For example, cocaine
was detected in picomolar (pM) concentration with an electrochemiluminescence (ECL)
sandwich biosensor, designed based on the understanding that a single aptamer could be
split into two fragments which could form a folded, associated complex in the presence of
its target [25]. Other chemiluminescence-coupled sensors based on rolling circle
amplification of aptamers have also been reported [26,27].

One popular class of sensor design is based on electrochemical techniques [28,29], where
redox-active aptamers are immobilized onto a conducting support to probe the features of
electronic transfer. Upon binding to its target, the aptamer folds into a well-defined three-
dimensional structure, either shielding or prompting the electron transfer between redox-
active units and the electrode substrate. For example, various sensors of this type have been
developed for sensing thrombin [20,30].

Field-effect transistor (FET) between aptamer and carbon nanotube or polypyrrole nanotube
can be employed for sensor applications[31]. Generally, a gate voltage is applied to
nanotubes with surface-bound aptamers. The association between the aptamer and its target
results in charge transfer into the nanotube and changes in electrical properties between the
source and electrode attached on the nanotube. Sensitivity as high as femtomolar (fM)
detection has been achieved with this technique [32].

Target recognition by an aptamer can also be monitored by surface plasmon resonance
(SPR). A thin layer of gold (the sensitive layer) on a glass surface with high refractive index
can absorb laser light and produce surface plasmons on the gold surface, which occurs only
at a specific angle and wavelength. When the target binds to the aptamer immobilized on the
layer close to the sensitive layer, the refractive index of the layer and the SPR angle changes
which can be employed to measure biological interactions with good sensitivity. Aptamer-
based SPR sensing has been successfully used to detect various molecular targets in the
nanomolar (nM) range [24,33,34].

Compared to optical/electrochemical detection, colorimetric measurement is directly visible
and thus more convenient. However, its sensitivity is typically much lower (in the
millimolar [mM] to micromolar [µM] range) [9,11,35–37]. Besides these traditional
detection methods, other techniques such as quartz crystal microbalance (QCM) [21],
acoustic wave [38,39], and micro-cantilever [40,41] have also been explored for aptamer-
based sensing and several excellent review articles are available [28,42–49]. Herein we will
focus on aptamer-based fluorescent biosensors, which can be divided into two major
categories: those using fluorescently-labeled aptamers and others that employ label-free
aptamers.

BIOSENSORS BASED ON FLUORESCENTLY-LABELED APTAMERS
Aptamers are well known to have distinctly different conformations/structures before and
after binding with the targets. Through direct modification with fluorophores, the
conformational and/or structural changes of aptamers can affect the fluorescence of a dye or
the fluorescence resonance energy transfer (FRET) between two dyes. The signal change,
either increase (i.e. the “signal-on” mode) or decrease (i.e. the “signal-off” mode), can
reflect the extent of the binding process thereby allowing for quantitative measurement of
target concentration.
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The “Signal-On” Mode
FRET-based biosensors—In a typical “signal-on” biosensor based on fluorescently-
labeled aptamers, one end of the aptamer is conjugated to a fluorophore with its fluorescence
signal quenched by a quencher (which can also be another fluorophore) through FRET.
Upon separation of the fluorophore and the quencher (through enzyme cleavage, aptamer
binding, etc.), the fluorescence signal is recovered which can be used for detection and
quantitative measurement of the target concentration.

In an early study, a pair of aptamers that can recognize two distinct epitopes of thrombin
were each labeled with a different fluorophore through alkyl linkers [50]. The presence of
thrombin induced association of the two aptamers, which annealed and brought the two
fluorophores in close proximity for FRET. This strategy successfully detected thrombin with
low detection limit of pM. In another report, sensors for ATP or adenosine diphosphate
(ADP) based on a DNA enzyme (MgZ), which can cleave its RNA substrate in the presence
of Mg2+, were shown to have low detection limit in the µM range [51].

Recently, a DNA aptamer against adenosine was immobilized onto a magnetic
microparticle, which was able to sense adenosine in the uM range in 30% serum [52].
Initially, the 5’ end of the aptamer was modified with fluorescein and hybridized with a 12-
mer complementary DNA, conjugated to a quencher at its 3’-end. The binding of adenosine
induced a conformational change of the aptamer which displaced the quencher strand and
recovered the fluorescence signal. Although this system worked well in aqueous buffers, the
background was high and the signal was low in serum, possibly due to light absorption and/
or scattering by serum. Upon immobilization of the aptamer onto magnetic nanoparticles,
flow cytometry was able to detect individual particles, thereby effectively decreasing the
light path and consequent interferences within serum.

Graphene exhibits intriguing electronic properties which makes it an excellent energy
acceptor, and hence an effective fluorescence quencher [53,54]. In one study, a fluorescein-
labeled aptamer that binds to thrombin was non-covalently assembled onto graphene
through π-π stacking (Fig. (1)) [55]. The fluorescence signal of fluorescein was initially
quenched by graphene which was released upon thrombin binding, since fluorescein was too
far away from graphene to be efficiently quenched. A detection limit of pM of thrombin, as
well as good specificity in serum, was achieved [55].

In another example, graphene oxide was used to quench a fluorescein-labeled aptamer
(which binds to ochratoxin A [OTA]) in its free form but not the folded form after OTA
binding [56]. Although excellent selectivity for OTA against other toxin analogs was
observed, this system had poor sensitivity (with low detection limit in the µM range) which
was attributed to analyte absorption by graphene oxide. After coating the graphene oxide
with poly(vinyl pyrrolidone) (PVP), the detection limit was significantly improved into the
nM range, suitable for measurements in real food samples such as the 1% red wine with
various concentrations of OTA [56].

Fluorophore local environment change upon aptamer binding—In many cases,
conformational change of an aptamer upon target binding can significantly affect the
fluorescence of a conjugated dye. The finding that fluorescence of excimer and monomer
pyrene is sensitive to local environment changes [57,58] has been employed for aptamer-
based biosensing. In an early report, it was found that incorporation of a bis-pyrenyl
fluorophore at a site adjacent to the ATP-binding residues within an aptamer exhibited a
significant increase of the excimer fluorescence signal intensity upon ATP binding, which
could be used to detect mM concentrations of ATP [59]. Based on the notion that fragments
of an aptamer can restore its binding activity once brought together, the non-binding loop of
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a cocaine-binding aptamer was split into two pieces and target-induced self-assembly was
monitored with UV spectroscopy [60]. With both fragments conjugated to pyrene molecules,
the pyrenes become close enough to form a pyrene excimer upon assembly of the two
pieces. This resulted in a wavelength shift of fluorescence and longer fluorescence life-time,
which could be used for quantitative detection of cocaine at µM concentration in urine
samples [60].

Other fluorophores were also used to modify the 2’-ribose at selected positions of a number
of aptamers, which all exhibited increased fluorescence upon target binding of the aptamer
[61]. These biosensors were found to have wide detection ranges in buffer solutions, many
of which also performed well in biological samples such as urine and serum. Since
fluorophore conjugation may reduce the target binding affinity of an aptamer, through either
steric hindrance or interference with its folding, fluorescein-modified uridine was
incorporated into the nucleoside triphosphate (NTP) library for in vitro SELEX of RNA
aptamers that bind to ATP [62]. To avoid multiple fluorescent residues in one aptamer,
which may lead to non-detectable change in fluorescence signal upon target binding, only a
small percentage of the NTP library is fluorescein-modified uridine. The selected aptamers
were able to detect ATP in the µM range, with the best one containing only one fluorescein-
modified uridine. In addition, other fluorescent dyes could also be used to achieve similar
signaling specificity and sensitivity [62].

Enzyme-linked immunosorbent assay (ELISA) with aptamers—A pair of
aptamers recognizing the same antigen can be used in a sandwich ELISA assay, similar to
conventional antibody-based assays. Two aptamers that bind to platelet-derived growth
factor B-chain homodimer (PDGF-BB) were conjugated to the surface of a green fluorescent
ferritin nanoparticle (which functioned as a reporter probe) and the bottom of wells
respectively for a sandwich ELISA (Fig. (2)) [63]. This aptamer-based ELISA was capable
of detecting PDGF-BB at a concentration of as low as 100 fM, with higher sensitivity than
antibody-based ELISA due to the multivalency effect of aptamer-conjugated nanoparticles.

Fluorescence polarization (FP)-based biosensors—Changes of FP reflect the
changes in tumbling rate of a fluorophore-modified molecule in the binding event. An FP-
based competitive assay was developed, based on target-induced aptamer conformational
change which affects the tumble rate of fluorophore-labeled aminoglycoside [64,65]. In
another report, a thrombin-binding aptamer was labeled with fluorescein and immobilized
onto a glass support [66]. When thrombin in solution bound to the immobilized aptamer,
changes in the evanescent wave-induced fluorescence anisotropy could be detected quickly
(within a few minutes) and sensitively (in nM range).

The “Signal-Off” Mode
Although sensors based on the “signal-off” mode are usually less sensitive than those based
on the “signal-on” mode [67,68], they can sometimes lead to better detection of targets with
low-affinity aptamers. More importantly, simpler designs with fewer steps are needed for
“signal-off” sensors, which can be convenient and cost-effective [69,70].

FRET-based biosensors—Not only can FRET be employed to design “signal-on”
sensors, it can also be used for “signal-off” sensors. In general, a fluorescence donor and a
quencher are conjugated respectively to both ends of the aptamer. Upon target binding,
conformational change of the aptamer drives the donor and quencher in close proximity
which leads to fluorescence quenching. In one study, one stem of the three-way junction of a
cocaine-binding aptamer was shortened, which adopted a free conformation in the absence
of cocaine and closed upon cocaine binding [69]. The short stem was end-labeled with a
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fluorophore and a quencher respectively, where fluorescence quenching as a result of closed
conformation quantitatively reflected the concentration of cocaine. Detection limit in the µM
range was achieved, with high selectivity for cocaine over its metabolites [69]. However, the
background signal was quite high when this sensor was used in serum.

Using a fluorescently-labeled thrombin-binding aptamer which forms either a G-quadruplex
(where G can interact with Pb2+) or a hairpin structure (which can allow for the interaction
of T with Hg2+), selective detection of Pb2+ and Hg2+ in the nM range was achieved by
measuring terminal fluorescence quenching upon ion binding [70]. In addition,
measurements in soil and pond water samples were also performed to validate the
practicality of this sensor. Similarly, a dual-labeled L-argininamide-binding aptamer was
used for detection of L-argininamide in the µM range, which was specific for this molecule
in the presence of L-arginine, glycine, L-lysine, and guanidine [71].

Other fluorescent biosensors—Quantum dot (QD)-labeled aptamer has been used as a
fluorescent reagent for on-strip detection of OTA, with a sensitivity comparable to common
immunoassays [16]. Two DNA probes, one containing the complete complementary
sequence to the aptamer and the other which binds to the extra 18-mer poly A at the 5’-end
of aptamer, were used in this design without the need of a quencher. The ratio of
fluorescence was used to quantify OTA in sample solutions, which had low detection limit
in the ng/mL range [16].

In some cases, the analyte can quench the fluorescence of certain dyes after binding to an
aptamer. For example, an adenosine sensor was developed using an abasic site-containing
triplex, which was modified with fluorescent furano-dU in the binding site [72]. The bound
adenosine was stabilized by π-stacking of a flanked TAT sequence, and formed hydrogen-
bonds with the two neighboring furano-dU. Such hydrogen-bonding led to a decrease in the
fluorescence signal, which could be used to selectively detect adenosine over other bases, as
well as ATP and adenosine monophosphate (AMP), at concentrations in the nM to µM
range [72].

FLUORESCENT BIOSENSORS WITH LABEL-FREE APTAMERS
Despite the many interesting applications of biosensors based on fluorescently-labeled
aptamers, covalent labeling of aptamers with fluorophores can be time-consuming and
costly. In addition, the conjugated fluorophore may interfere with target binding of the
aptamer. To overcome these challenges, a number of strategies have been developed to
construct biosensors based on label-free aptamers.

The “Signal-On” Mode
Fluorophore displacement upon aptamer binding—One common strategy for
“signal-on” aptamer-based biosensors involves the use of label-free aptamer which, upon
target binding, can displace fluorophores that are either previously quenched or of little
fluorescence. Aptamer-conjugated gold nanoparticles, with the fluorescence of N, N-
dimethyl-2, 7-diazapyrenium dication (DMDAP) completely quenched by gold upon its
intercalation onto the aptamer, were prepared for PDGF detection [73]. When both DMDAP
and PDGF were added to the sensor, they competed for aptamer binding which left the
unbound DMDAP highly fluorescent. This approach detected PDGF at as low as pM
concentrations in buffer solutions, however the background fluorescence was very high in
cell culture media. Subsequently, a similar strategy was used for ATP detection, which
exhibited nM sensitivity in urine samples [74].

Wang et al. Page 5

Curr Med Chem. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Besides gold nanoparticles, certain fluorophores can also be quenched by nucleic acid bases.
An ssODN containing an abasic site, termed “dSpacer”, was constructed and hybridized to
an adenosine-binding aptamer [7]. The resulting duplex was embedded with 2-amino-5, 6, 7-
trimethyl-1, 8-naphthyridine (ATMND) at dSpacer which had its fluorescence quenched.
Upon adenosine binding, the aptamer underwent structural changes and released the
dSpacer-containing ssODN, leading to fluorescence recovery of ATMND. This sensor was
able to detect adenosine in the µM range with high specificity over uridine, cytidine, as well
as adenosine analogs.

In a follow-up study, a vacant site between DNA sequences was used to directly incorporate
ATMND, which was stabilized through hydrogen-bonding, π-π stacking, and electrostatic
forces by cytosine in the opposite strand and flanking guanines in the same strand [75]. The
quenched fluorescence of ATMND could be recovered after release of one strand of the
DNA duplex, caused by either DNAzyme-cleavage or analyte-dependent structural changes
of aptamers. With this design, Hg2+ and adenosine were successfully detected in the nM to
uM range, respectively. A similar biosensor from another group was also reported to have a
detection limit of adenosine in the µM range [76].

Messenger activation upon aptamer binding—With rational engineering, target
binding of aptamers can be used to activate certain sequences which may serve as
messengers for further signaling. A recombinant protein was constructed which contained
the enhanced yellow fluorescent protein (EYFP) and the enhanced cyan fluorescent protein
(ECFP) [77]. The EYFP and ECFP were bridged by a Rev-peptide, which can bind to Rev-
responsive element (RRE) RNA. Such binding resulted in a conformational change of the
peptide which increased the FRET efficiency between EYFP and ECFP. With this signaling
system, a theophylline-binding aptamer was inserted into the RRE RNA to generate a
FRET-based biosensor with µM sensitivity in cell lysates [78].

In another report, the messenger sequence was amplified by polymerase chain reaction
(PCR) to achieve enhanced signal (Fig. (3)) [79]. The cocaine-binding aptamer was split into
two recognition sequences which were incorporated into a hairpin DNA and an ssDNA
respectively. Upon cocaine binding, the two DNAs were brought together which led to a
structural change of the hairpin DNA. Its 3’ end became available for hybridization with a
primer, which can then be amplified by PCR. When the hairpin DNA was converted to a
duplex, cocaine and ssDNA were displaced which could bind to another hairpin DNA for a
new cycle of amplification. The newly-synthesized double strand (ds) DNA in the system
was then detected with a dye that was specific for ds DNA, which exhibited nM sensitivity
for cocaine [79]. Recently, a thiol-containing cocaine-binding aptamer was immobilized
onto gold nanoparticles which were further attached to magnetic beads [12]. Through rolling
circle amplification and the use of molecular beacons, nM concentration of cocaine was
detectable with a moderate linear dynamic range of 1–50 nM.

Quencher deactivation upon aptamer binding—Similar to the abovementioned
“signal-on” biosensors using fluorescently-labeled aptamers [52,55,56], label-free aptamers
can also activate fluorophores by either deactivation or removal of a quencher. For example,
quencher-conjugated beads were used to screen out quencher-specific RNA aptamers which
could separate a fluorophore-quencher pair, and/or lower the energy level of the quencher to
reduce its FRET efficiency, upon binding thereby recovering the fluorescence [80,81].
Although µM concentrations of RNA aptamers could be detected and this interesting design
may be incorporated into future SELEX of aptamers, potential applications of this strategy
are limited since the target has to be an effective fluorescence quencher. Similar strategy
was also adopted to design biosensors for ATP and hemin (an iron-containing porphyrin)
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with nM to µM detection limit using a fluorescent polymer, whose fluorescence could be
quenched by hemin through either FRET or photo-induced electron transfer [82].

In another study, QD was linked to a thiol-containing thrombin-binding aptamer, which was
hybridized with a complementary strand labeled with a quencher [83]. Although nM
sensitivity was achieved, this design suffered from non-specific adsorption of DNA to the
QD surface. In addition, it took a very long time (overnight) for displacement of the
complementary DNA, which was also difficult to hybridize to the QD-conjugated aptamer
due to multiple factors such as steric hindrance. Another similar QD-based biosensor was
also reported to exhibit µM sensitivity for cocaine detection [84].

Enhancement of fluorophore binding upon aptamer binding—Some fluorescent
dyes such as 4’, 6-diamidino-2-phenylindol (DAPI) [85], Hoechst 33258 [85], and malachite
green (MG) [86–88] have little/weak fluorescence when they are free in solution, but exhibit
enhanced fluorescence after binding with aptamers. Since the stem base pairs of a DNA
aptamer (which is specific for L-argininamide) were not involved in target binding, the AT-
rich sequences in the stem region were designed to serve as a dye-binding domain (Fig. (4))
[85]. AT-selective minor groove-targeting dyes (e.g. DAPI and Hoechst 33258) were
incorporated in these sensors, which could detect L-argininamide in µM concentrations. In
the absence of L-argininamide, the aptamer adopted equilibrated conformations between ss
and folded hairpin, which has no stable stem formation for dye binding.

In an intriguing report, a MG-binding aptamer was connected with an adenosine-binding
aptamer, which was partially hybridized with a short bridging strand that was more
complementary to the MG-binding aptamer to completely suppress its MG-binding
capability [86]. Since MG molecules in the solution could not bind to the aptamer, they
emitted little fluorescence. However, addition of adenosine induced a structural change of
the adenosine-binding aptamer, which in turn weakened the hybridization of the bridging
strand. As a result, the MG-binding aptamer regained proper folding to recognize MG and
yielded enhanced fluorescence. Detection limit of adenosine at µM concentrations was
achieved. In another report, biosensors of a similar design were also developed for highly
specific detection of ATP, flavin mono-nucleotide, and theophylline [89].

An aptamer was selected for high affinity binding to the Hoechst dye, which emitted strong
fluorescence around 470 nm after binding [90]. Subsequently, it was identified that the 5’-
AGG bulge and U4 loop of this aptamer were the key domains for lighting up the Hoechst
dye [91]. When UUGG residues were added to its 3’ end, the aptamer adopted a different
confirmation with no AGG bulge which led to a loss of fluorescence. An ADP biosensor
was designed based on this finding, through connecting the aptamer with an ADP-binding
RNA aptamer using UUGG as the communication module, which was able to detect ADP in
the µM range within a few minutes. Good selectivity over AMP and cyclic AMP was also
achieved [91].

The “Signal-Off” Mode
Fluorophore displacement upon aptamer binding—When complexed to reduced
graphene oxide, the fluorescence of acridine orange (AO) is quenched. A hemin-binding
aptamer, which formed a G-quadruplex in the presence of K+ or Na+, can compete with
reduced graphene oxide for AO thereby regenerating its fluorescence [92]. Conversely, the
presence of hemin in solution can substitute AO from the aptamer complex, which leads to
fluorescence quenching. With this “signal-off” sensor, nM concentrations of hemin in buffer
solution could be detected with high specificity [92]. In another study, the dye OliGreen
(OG) which exhibits > 1000 fold enhanced fluorescence upon binding to ssDNA was used to
indirectly monitor the presence of K+ (Fig. (5)) [93]. This sensor specifically detected K+
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over other cations such as Na+, Li+, NH4
+, Mg2+, and Ca2+ with a detection limit in the nM

range in urine samples.

Using dsDNA as a template, CuSO4 was reported to form fluorescent copper nanoparticles
that accumulated in the major groove of dsDNA [94]. Based on this phenomenon, an
analyte-binding aptamer was hybridized with a part of its complementary strand to yield a
dsDNA for association with Cu2+ to emit fluorescence [95]. Upon addition of analyte which
bound to the aptamer, a reduced fluorescence was observed. These “signal-off” sensors were
able to detect ATP and cocaine in the nM range in both cancer cells and human serum.

Following the aforementioned success of QD-based “signal-on” biosensors [84], a “signal-
off” biosensor was also developed by hybridizing a Cy5-labeled short ODN to the aptamer
which served as a FRET acceptor [84]. Similar sensitivity (at µM level) as the “signal-on”
sensor was achieved with this design. QD has also been used as a fluorophore to develop a
real-time fluorescent flow sensor with an adenosine-binding aptamer (Fig. (6)) [96].
However, this sensor has very poor sensitivity in the mM range.

In another report, a Hg2+ sensor was constructed by immobilizing to the fiber optical sensor
surface a DNA aptamer containing a 5’ short sequence, which can be hybridized to a Cy5.5-
labeled cDNA [97]. For each detection, a Hg2+-containing sample was mixed with a fixed
concentration of Cy5.5-labeled cDNA and then added to the sensor for competitive binding
to the DNA aptamer, which could specifically detect Hg2+ at nM concentration.

Fluorescence-based competitive assay—Among the various “signal-off” sensor
designs, competitive assay is simple and straightforward, in which a limited amount of
fluorescently-labeled analyte is directly replaced by unlabeled analyte from the sample
which results in a decrease in fluorescence. Thiazole orange (TO), a dye with weak
fluorescence in solution, becomes highly fluorescent after its non-specific binding to double
helical nucleic acids. Taking advantage of this property, TO was conjugated to guanidine
monophosphate (GMP) and AMP and tested for their ability to “light up” their
corresponding aptamers [98]. The GMP and AMP sensors based on this strategy exhibited
high specificity over other NTPs.

FP-based displacement assay—Direct labeling of an aptamer in FP-based assays is
feasible for targets larger than aptamers such as proteins [66]. For measurement of aptamer
binding with small molecules, a displacement assay was designed where a fluorescein-
labeled ODN was pre-hybridized with an aptamer, which was subsequently displaced by
small molecules that can be recognized by the aptamer [99]. In a model assay with an OTA-
binding aptamer, FP-based sensing could detect OTA in nM concentrations. More
importantly, such FP-based assay could allow for immediate measurement of target
concentration, since equilibrium is typically reached in a few seconds.

Repositioning of quencher upon aptamer binding—Different from the
aforementioned studies where aptamer-conjugated donor and quencher were brought
together upon target binding [69–71], in one study QD was conjugated to a thrombin-
binding aptamer which was hybridized with a complementary strand, labeled with a redox-
active metal complex at the 5’ end [100]. The QD fluorescence can be quenched when the
aptamer bound to thrombin, which unraveled the duplex and brought the metal complex in
close proximity to the QD. Though the sensitivity of this sensor was not clearly stated in the
report, it can be estimated to be in the nM range based on the dose-response curve.
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CONCLUSION
In this review article, we have comprehensively summarized the development of aptamer-
based fluorescent biosensors for proteins, small molecules, metal ions, among others (Table
1). Although aptamer-based biosensors can have enormous potential impact in many areas
such as disease diagnosis, to date very few of them have been demonstrated useful in
biological samples. Most studies on aptamer-based biosensors have been performed in
model systems (e.g. aqueous buffer) under well-controlled laboratory settings for proof-of-
concept, with few clinically relevant targets been investigated. It will be ideal if different
aptamer-based sensors can be compared side-by-side using the same model system, which
may significantly help in deciding which sensors are the best candidates for potential
clinical/commercial development. The National Cancer Institute (NCI) has required each of
its funded nanotechnology centers to test their newly developed nanosensors using the same
standard samples, which is expected to readily identify which new sensors truly stand out
from the large pool of candidates. Extending a similar standard to a much broader range of
research laboratories across the country would be highly beneficial. Choosing the right
candidate(s) at an early stage not only saves precious research time, but can also
significantly reduce the cost for new sensor development.

Although aptamers can be selected to target any analyte of choice, the sensing and
diagnostic market is still largely dominated by antibodies. Few aptamer-based sensors are
commercially available. One of the most promising areas for aptamer-based sensors is for
detection of small molecules (e.g. metal ions, metabolites, etc.) in biological systems and in
the environment, since it is very difficult to generate highly specific antibodies for small
molecules due to challenges in eliciting immune responses to small molecules. For potential
commercial applications, it is essential to design easy-to-use, accurate, and cost-effective
sensors or kits. Once a sufficient number of highly sensitive and practical sensors are
obtained, the next step is to develop sensor arrays for more sophisticated target analysis. To
date, most aptamer-based sensors were developed for in vitro detection while significant
future effort is expected for in vivo biosensing. The future of aptamer-based biosensors
looks increasingly brighter, yet many hurdles remain to be overcome.
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Fig. (1).
Schematic illustration of a graphene-based biosensor for thrombin. The fluorescently-
labeled aptamer is quenched when the aptamer binds to graphene, due to FRET between the
dye and graphene. The fluorescence recovers when the aptamer binds to thrombin, which
separates fluorescein from the graphene surface. Adapted from [55].
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Fig. (2).
A schematic illustration of an aptamer-based assay of platelet-derived growth factor B-chain
homodimer (PDGF-BB) using aptamer-conjugated green fluorescent ferritin nanoparticles
(gFFNP). Adapted from [63].
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Fig. (3).
A schematic illustration of cocaine sensing strategy based on strand displacement
amplification. Adapted from [79].
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Fig. (4).
A schematic illustration of fluorescent detection of L-argininamide (L-ArgNH2) with DAPI
and Hoechst 33258. Adapted from [85].
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Fig. (5).
A schematic representation of a K+ sensor based on modulation of the fluorescence of the
complex formed between the dye (OG) and an ATP -binding aptamer. Adapted from [93].
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Fig. (6).
A QD-based biosensor. A. Preparation of the sensing coverslip with both sides modified. B.
ATP sensing with the coverslip. Adapted from [96].
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Table 1

A tabulated summary of aptamer-based fluorescent biosensors.

Target Labeling
method

Mode Detection
limit

Biological
sample?

Ref.

Adenosine

Covalent Signal-on µM 30% serum [52]

Signal-off nM No [72]

Label-free Signal-on

µM No [7]

µM No [75]

µM No [76]

µM No [86]

ATP

Covalent Signal-on

µM No [51]

mM No [59]

µM No [62]

Label-free

Signal-on nM No [74]

nM No [82]

Signal-off nM Cells, serum [95]

µM No [96]

ADP Covalent Signal-on µM No [51]

Label-free Signal-on µM No [91]

AMP Covalent Signal-on mM Urine, serum [61]

Tyrosinamid Covalent Signal-on mM Urine, serum [61]

L-argininamide Label-free Signal-on µM No [85]

Thrombin

Covalent Signal-on

pM Serum [55]

pM Cell extract, plasma [50]

nM No [66]

Label-free
Signal-on nM No [83]

Signal-off nM No [100]

Theophylline Label-free Signal-on µM Cell lysate [78]

OTA

Covalent Signal-on nM 1% Red wine [56]

Signal-off nM Red wine [16]

Label-free Signal-off nM No [99]

Cocaine

Covalent Signal-on µM Urine [60]

Signal-off µM Serum [69]

Label-free

Signal-on

nM No [79]

nM No [12]

µM No [84]

Signal-off nM No [95]

µM No [84]

PDGF Covalent Signal-on fM No [63]

Label-free Signal-on pM No [73]
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Target Labeling
method

Mode Detection
limit

Biological
sample?

Ref.

Pb2+ Covalent Signal-off pM Soil, pond water [70]

Hg2+

Covalent Signal-off nM Soil, pond water [70]

Label-free
Signal-on nM No [75]

Signal-off nM No [97]

K+ Label-free Signal-off nM Urine [93]

Hemin Label-free Signal-off nM No [92]
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