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Abstract: Nanomaterials have become one of the most interesting sensing materials
because of their unique size- and shape-dependent optical properties, high surface energy
and surface-to-volume ratio, and tunable surface properties. Aptamers are oligonucleotides
that can bind their target ligands with high affinity. The use of nanomaterials that are
bioconjugated with aptamers for selective and sensitive detection of analytes such as small
molecules, metal ions, proteins, and cells has been demonstrated. This review focuses on
recent progress in the development of biosensors by integrating functional aptamers with
different types of nanomaterials, including quantum dots, magnetic nanoparticles (NPs),
metallic NPs, and carbon nanotubes. Colorimetry, fluorescence, electrochemistry, surface
plasmon resonance, surface-enhanced Raman scattering, and magnetic resonance imaging
are common detection modes for a broad range of analytes with high sensitivity and
selectivity when using aptamer bioconjugated nanomaterials (Apt-NMs). We highlight the
important roles that the size and concentration of nanomaterials, the secondary structure
and density of aptamers, and the multivalent interactions play in determining the specificity
and sensitivity of the nanosensors towards analytes. Advantages and disadvantages of the
Apt-NMs for bioapplications are focused.
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1. Introduction

Aptamers (Apt) that are short single-stranded (ss) nucleic acids (DNA or RNA) have been used to
bind from small solutes to peptide to proteins to cells, viruses, or parasites, with high affinity [1-6].
These functional nucleic acids can fold into well-defined three-dimensional structures to form binding
pockets and clefts for the specific recognition and tight binding of any given molecular target. They can
be produced synthetically and commonly identified in vitro from vast combinatorial libraries that
comprise trillions of different sequences by a process known as systematic evolution of ligands by
exponential enrichments (SELEX) [7-10], that has recently been fully automated. Automation has
reduced in vitro aptamer selection times from months to days. Typically, after 5 to 15 cycles of the
SELEX process, the library is reduced to contain only a small number of aptamers which exhibit
particularly high affinity to a target. The equilibrium dissociation constants (K4) of aptamers to targets
are usually in the range of picomolar (pM) to micromolar (uM), similar to those of antibodies for
antigens [9,10]. Having such high affinity, aptamer-based homogeneous and heterogeneous sensor
systems have been employed for the detection of metal ions, small organic molecules, proteins, and
nucleic acids. Fluorescence, colorimetry, and electrochemistry are common detection modes used in
these sensor systems [11-16].

The past few years have witnessed progressive advance in the synthesis and characterization of a
variety of nanomaterials (NMs), including metallic nanoparticles (NPs), quantum dots (QDs), magnetic
NPs, silica (Si0,) NPs, carbon nanotubes (CNTs), and so on [17]. Having large surface area, and
unique size, shape and composition-dependent physical and chemical properties including surface
plasmon resonance (SPR), surface enhanced Raman scattering (SERS), fluorescence, electrochemistry,
magnetism, and/or catalytic activity, those NMs are promising candidates as basic building and signaling
elements for fabrication of biosensors with great sensitivity [18-21].

In the past few years, integration of functional aptamers into NMs has become a new
interdisciplinary field that aims at providing new hybrid sensing systems (sensors) for specific and
sensitive molecular recognition [15,16,21]. This novel integration has yielded various types of sensors
for selective and sensitive detection of a wide range of analytes such as adenosine, cocaine, mercuric ion,
and thrombin. Sensors are devices that respond to physical or chemical stimuli and produce detectable
signals [22-24]. A sensor requires at least two steps: target recognition and signal transduction [21-24].
The target recognition element can be any chemical or biological entity such as small organic molecules,
peptides, proteins, nucleic acids, carbohydrates, or even whole cells. In these studies aptamers were
used as the target recognition elements. Ideally, this element should have high affinity (low detection
limit), high specificity (low interference), wide dynamic range, fast response time, and long shelf life.
Signal transduction elements are responsible for converting molecular recognition events into physically
detectable signals such as fluorescence, color, electrochemical signals, and magnetic resonance image
changes. Metallic NPs, magnetic NPs, QDs, and CNTs are the signal transduction elements in
these studies.

Among the developed aptamer-based nanosensors, metallic NPs such as gold nanoparticles (Au NPs)
and silver nanoparticles (Ag NPs) are the most common. Metallic NPs that possess strongly
distance-dependent optical properties and large surface areas have emerged as important colorimetric
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materials [17]. Because Au NPs possess many chemical and physical properties of interest, they have
been most commonly used for the fabrication of miniaturized optical devices, sensors, and photonic
circuits, as well as in medical diagnostics and therapeutics. One of their most important properties is a
strong SPR absorption with extremely high extinction coefficients (10°~10" M™' ¢cm™) in the visible
wavelength range. The extinction cross-sections of the particles and the wavelengths at which they
absorb and scatter light both depend on their size and shape, the dielectric properties (refractive index)
of the surrounding medium, and their interactions with neighboring particles. The SPR band undergoes
red shifts upon increasing the size of the Au NPs. Unlike spherical Au NPs, Au nanorods and Au-Ag
nanorods have two SPR bands; for example, a transverse band at 508—532 nm and a longitudinal band
at 634-743 nm for Au-Ag nanorods, depending on their aspect ratio (length/width) [25,26]. The SPR
frequency of Au NPs changes dramatically upon varying the refractive index of the local environment
and/or the average distance between Au NPs. Systems based on analyte-induced aggregation of Au NPs
have been employed for the colorimetric detection of cells, nucleic acids, proteins, small molecules, and
metal ions [27-31]. Commonly, these sensing systems are based on analyte-induced crosslinking of Au
NPs, which causes color changes as a result of electronic dipole-dipole coupling between neighboring
particles and scattering. Dispersed Au NPs having interparticle distances substantially greater than their
average particle diameter appear red, whereas the color of the aggregates changes to purple as the
interparticle distance drops below the average particle diameter.

Recently, DNA-functionalized NMs have been used in a variety of detection modes for proteins,
oilgonucleotides, metal ions, and other small molecules [14-16,21,22]. In this review, we will discuss
recent advances in the preparation, characterization, and applications of NMs, including QDs, magnetic
NPs, Au NPs, and CNTs, that are conjugated with aptamers. We highlight advantages and
disadvantages of functionalized NMs through various detection modes, including colorimetry,
fluorescence, electrochemistry, SPR, and, mass spectrometry for the detection of small molecules and
proteins. The functionalized NMs are selective and sensitive for the analytes, showing their great
potential in biosensing and bioimaging.

2. Aptamer Nanosensors for Small Molecules

Relative to biopolymers, small molecules have far fewer moieties for aptamer binding. Thus aptamers
that recognize small molecules of interest are relatively rare. Most representative aptamers and their
targeted small analytes are listed in Table 1. When the aptamers bind to the target, they usually change
their structures from random and coiled conformation to G-quartet or other structures. Apt-Au NPs are
one of the most common Apt-NMs for detecting of various analytes. An example is to detect cysteine
down to 100 nM using a oligonucleotide-functionalized Au NP probe based on the selective
coordination of T-T mismatch with mercury ion (Hg™") [48]. When cysteine bound the purple
aggregates linked by oligonucleotide with Hg”" complexed T-T mismatches, the Hg”" is sequestered
from the aggregate through cysteine complexation, thereby lowering the T,, at which DNA duplexes
dissociated and the corresponding purple-to-red color change took place.
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Table 1. Representative aptamers used for the detection of small analytes.
Probe Target Detection Time LOD Ref
Apt-Au NPs adenosine  colorimetric 10s 0.1lmM  [32]
Apt-Au NPs adenosine  colorimetric 5 min 20 uM [33]
Apt-Au NPs adenosine  colorimetric 1 min 10 uM [34]
Apt-Au NPs adenosine  colorimetric 10 min 20 uM [35]
Apt-Au NPs adenosine  SPR 30min 1 nM [36]
Apt-Au NPs adenosine  electrochemical 90 min 180 pM  [37]
Apt-QD & Au NPs adenosine  fluorescence 1 min 50 uM [38]
Apt-Au NPs cocaine colorimetric 10 mn 20 uM [39]
Apt-Au NPs cocaine colorimetric 10s 25 uM [32]
Apt-Au NPs cocaine colorimetric 5 min 10 uM [33]
Apt-QD cocaine fluorescence 1 min 120 UM [38]
Apt-QD & Atto 590 cocaine fluorescence I5Smin 1 uM [40]
Apt-QD & Cy5 & lowa Black RQ  cocaine fluorescence - 0.5 uM [41]
Au NPs & Fc-Apt cocaine electrochemical 5 min 0.5 uM [42]
Apt-Au NPs ATP colorimetric 30min 0.6 uM [43]
Apt-Au NPs ATP colorimetric 30min  10nM [44]
Apt-Au NPs & Au NPs ATP SALDI-MS 10min 048 uM  [45]
Apt-QD & Cy5 ATP fluorescence - 24 uM [46]
Apt-SiO,@Fe;04 AMP fluorescence - 0.1 uM [47]
2+

Apt-Au NPs & DNA-Au NP-Hg cysteine colorimetric - 100 nM  [48]
aggregates

Apt-Au NPs Hg* colorimetric - 100nM  [49]
Apt-Au NPs Hg* colorimetric 30min  10nM [50]
Apt-Au NPs Hg* colorimetric 10 min  25nM [51]
Apt-Au NPs Hg* colorimetric 5 min 0.6 nM [31]
Apt-Au NPs Hg* colorimetric - 1 uM [52]
Apt-Au NP Hg* colorimetric - 250nM  [53]
Apt-Au NPs & DNAzyme Hg* colorimetric - 1 nM [54]
Au NPs & Dye-Apt Hg* fluorescence 30min 40 nM [55]
Apt-Au NPs K colorimetric 4 min 1 mM [56]
Apt-Au NPs K colorimetric I0min 0.5mM [35]
Apt-Au NPs & DNAzyme Pb* colorimetric - 100nM  [57]
Apt-Au NPs & DNAzyme Pb* colorimetric 10 min 0.4 uM [58]
Apt-Au NPs & DNAzyme Pb* colorimetric 5 min 0.1 uM [59]
Apt-Au NPs & DNAzyme Pb*" colorimetric 6 min 120nM  [60]

2.1. Adenine Nucleotides and Their Derivatives

2.1.1. Colorimetry

Adenine nucleotides play critical roles in the regulation and integration of cellular metabolism and

biochemical pathways in cell physiology [61]. During muscle contraction, adenosine triphosphate (ATP)

is hydrolyzed enzymatically to adenosine monophosphate (AMP) or to adenosine diphosphate (ADP)
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prior to furnish phosphoric acid and energy during metabolism. ATP is generated in the muscle by
further enzymatic action. The ubiquitous involvement of adenosine nucleotides in the metabolism, active
transport, and mechanical work of myocardial cells, makes their accurate measurement essential for
investigating the biochemical, structural, and functional manifestations of cardiac ischemia. ATP has
also been used as an indicator for cell viability and cell injury [62]. Therefore, determination of ATP is
essential in biochemical study as well as clinical diagnosis.

Liu et al. developed a colorimetric aptamer-based nanosensor for adenosine as shown in
Figure 1 [32]. The sensor contained a linker DNA (Linkeraq,,) molecule that could be divided to three
segments according to its function: (1) the first segment (in purple) hybridized with a Au NP
functionalized with 3’-thiol-modified DNA (3’Adapay); (2) the second segment (in gray) hybridized
with the last five nucleotides of a 5’-thiol-modified DNA on another Au NP (5’Adapa,); and (3) the
third segment (in green), the aptamer sequence for adenosine, hybridized with the other seven
nucleotides on the 5’Adapa.. 3’Adapa, and 5°Adapa, were assembled with Linkerpg,, to form
aggregates, which displayed a faint purple color when suspended in solution. In the presence of
adenosine, the aptamer changed its structure to bind adenosine. As a result, only five base pairs were
left to hybridize with 5’Adapa,, which was unstable at room temperature. Therefore, the 5’Adapa,
dissociated from the 3’Adapa,, resulting in disassembly of the aggregates. Upon disassembly, the color
of the system changed from purple to red. Quantitative analysis was performed by monitoring the
absorbance ratio (Asz/Az00) at one minute after the addition of adenosine, with a concentration range
from 0.3 to 2.0 mM. This similar strategy using a different DNA linker and aptamers could also be
applied to the detection of cocaine with the range from 50 to 500 uM. Liu et al. also used the same
adenosine aptamer to build a model system to develop an aptamer-based lateral flow device [33]. The
adenosine and cocaine aptamer-linked Au NP aggregates were immobilized onto a lateral flow device
separately. In the presence of target molecules, the NPs would be disassembled owing to binding of
target molecules by the aptamers. The dispersed NPs then migrated along the membrane and were
captured to form a red line. The system provided LODs of ca. 20 and 10 uM for adenosine and cocaine,
respectively. Taking advantage of the optical properties of both CdSe/ZnS QDs and Au NPs, Liu et al.
further demonstrated a method for the detection of adenosine and cocaine in one pot [38]. QDs were
used to encode aptamer-linked nanostructures sensitive to adenosine and cocaine separately. The
nanostructures also contained Au NPs that served as quenchers. Addition of target analytes
disassembled the nanostructures and resulted in the increased emission from QDs. The LODs for
adenosine and cocaine were 50 and 120 uM, respectively.

A sensing system for highly sensitive adenosine detection based on surface inhibition was developed
by Wang et al. [36]. The aptamer was first immobilized on SPR gold film with its ssDNA structure. The
aptamer possessing random and coiled ssDNA structure could be hybridized with Au NPs tagged
complementary ssDNA and resulted in a large change in SPR signal. However, after adenosine was
added to the SPR cell, the aptamer changed its structure from ssDNA to tertiary structure that could
not be hybridized with Au NPs-tagged complementary ssDNA. Thus, the change of SPR signal resulted
in the hybridization reaction between aptamer and Au NPs-tagged complementary ssDNA decreased
upon increasing the number of tertiary-structured aptamers, which is linearly proportional to the
concentration of adenosine over the range 1 nM to 1 uM.
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Figure 1. Schematic representation of colorimetric detection of adenosine. The DNA
sequences are shown in the right side of the figure. The A, in 3’Adapa, denotes a 12-mer
polyadenine chain. In a control experiment, a mutated linker with the two mutations shown
by the two short black arrows was used. Reprinted with permission from Reference [32].
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Aptamer-based colorimetric sensors are usually prepared from aptamers and Au NPs through
covalent bonding. Thiol derivated aptamers are most commonly used to prepare functionalized Au NPs
through strong Au-S bonding. Thiol derivated aptamers are more expensive relative to unmodified
aptamers (without thiol modification). In addition, the purity of thiol derivated aptamers is sometimes
problematic. The DNA after conjugation on the NP surface may change its conformation and thus alter
its binding affinity towards the target. As a result, reduced sensitivity and specificity may occur. To
prevent these disadvantages, a universal aptamer-target binding readout strategy using unmodified Au
NPs was developed [43]. By using both anti-ATP aptamer and i-motif as the models, this method
allowed selective detection of ATP even by the naked eye. Equivalent anti-ATP aptamer and its
complementary oligonucleotides were first hybridized to form the duplex. Then the duplex system was
incubated with a certain amount of ATP for 30 min at 37 °C to induce the structural switching.
Interestingly, upon adding Au NPs to the duplex solution followed by addition of appropriate amounts
of salts, the solution almost instantaneously (within seconds) changed its color from red to blue. In
contrast, if there was only ssDNA in the solution, the color remained red. By using this method, ATP
could be detected as low as ~ 2 uM by the naked eye. The LOD by absorption detection was reduced
to 0.6 uM.

Chen et al. used Apt-Au NPs to demonstrate a colorimetric sensing approach for the determination
of ATP [44]. In the absence of ATP, the color of the Apt-Au NPs solution changed from wine-red to
purple as a result of salt-induced aggregation. Binding of the ATP to the Apt-Au NPs induced folding
of the aptamers on the Au NP surfaces into G-quartet and/or an increase in charge density. As a result,
the Apt-Au NPs solution was wine-red in color in the presence of the ATP under high salt conditions.
The LOD for ATP detection was 10.0 nM.
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2.1.2. Fluorescence

Fluorescent NMs including QDs, Au nanodots, and Ag nanocrystals have become interesting
materials for sensing and imaging of analytes of interest [63-66]. QDs provide advantages over
traditional organic fluorophores, including photostability, chemical stability, and narrower emission but
broader excitation spectra [67]. In addition, the QD surface can be modified easily with chemicals or
biopolymers. Chen et al. developed a new fluorescent method for the detection of ATP using CdSe/ZnS
QDs [46]. This approach used three different oligonucleotides: 3’-biotin-modified DNA that bound to
streptavidin conjugated 605-nm emissive QD (605QD) through biotin-streptavidin interaction;
3’-Cy5-labelled DNA; and a capture DNA consisting of an ATP aptamer and a sequence which could
hybridize with the two aforementioned DNA sequences. In the absence of ATP, the capture DNA
hybridized with both 3’-biotinmodified DNA and 3’-Cy5-labelled DNA, which induced close proximity
between 605QD and Cy5. Under such a condition, 605QD was excited at 488 nm, and Cy5 emitted
fluorescence at 670 nm in virtue of fluorescence resonance energy transfer (FRET). In contrast, when
aptamer interacted with ATP, its conformation changed, leading to the dissociation of 3’-Cy5-labelled
DNA from the hybridization complex. As a result, the fluorescence intensity changed. The LOD of this
approach for ATP was 2.4 uM.

Song et al. reported a novel AMP biosensor based on the aptamer-induced disassembly of
fluorescent and magnetic nano-silica sandwich complexes with a direct detection of 0.1 uM [47]. The
sensor was composed of three components: magnetic silica microspheres (MSMPs) functionalized
with 30-amino-modified DNA (MSMP probe), fluorescent silica nanoparticles (FNPs) functionalized
with 50-amino-modified DNA (FNP probe), and a linker DNA (detection probe). In the absence of
AMP, FNPs were separated together with MSMPs away from the aqueous medium by magnetic
separation, leading to weak fluorescence in the aqueous medium. However, with the addition of AMP,
the dissociated FNPs remained in the aqueous medium that exhibits strong fluorescence. The LOD for
AMP was as low as 0.1 uM.

2.1.3. Mass Spectrometry

Recently, NPs have become interesting materials for mass spectrometry, mainly because they can act
as probe to recognize targeted molecules and as matrices like the organic molecules used in matrix
assisted laser desorption mass spectrometry (MALDI-MS) to assist desorption/ionization of the
analytes. Most common NPs used in mass spectrometry are Au NPs, TiO, NPs, and Fe;O, NPs [68].
Using aptamer-modified 13-nm Au NPs as selective probes and unmodified Au NPs as the surface-
assisted laser desorption/ionization (SALDI) matrices for the determination of ATP by mass
spectrometry was demonstrated by Huang et al. [45]. Figure 2 describes the strategy of the two-step
sample preparation for analysis of ATP by SALDI mass spectrometry (SALDI-MS) using Apt-Au NPs
are effective LDI matrices. A thiol-modified ATP-binding aptamer that has a specific affinity
(Kg~6 uM) with ATP was introduced to Au NPs. The ATP-binding aptamer was covalently attached to
the surfaces of Au NPs through Au-S bonding. By using Apt-Au NPs as selective probes and Au NPs
as LDI matrices, this approach provided the LOD for ATP at a signal-to-noise ratio of 3 of 0.48 uM.
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Because Au NPs and Apt-Au NPs provided high selectivity toward glutathione and ATP, respectively,
they were also used for the analysis of the two analytes in lysates of human red blood cells after simple
sample pretreatment. The estimated concentration of ATP and glutathione in the cell lysate
were 1.9 £0.3 and 0.94 £ 0.06 mM (n = 3), respectively.

Figure 2. Illustration of the interactions of ATP with Apt-Au NPs and Au NPs. Reprinted
with permission from Reference [45].
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2.2. Cocaine

Cocaine is a natural stimulant derived from the leaves of the Erythroxylum coca plant, found mainly
in South America. For illicit use, cocaine is often taken in its hydrochloride form through nasal
insufflations or intravenous injection, or as its free base through smoking. Because of its potent
stimulant effect on the central nervous system, cocaine is a personal health safety risk that can result in
serious societal problems. There are more than two million people in the US alone are frequent cocaine
users [69].

A novel bioassay strategy was designed by Zhang et al. to detect cocaine using 13-nm Au NPs and
engineered DNA aptamers [39]. The aptamer was engineered to possess two pieces of random, coil-like
ssDNA, which reassembled into the intact aptamer tertiary structure in the presence of cocaine. Au NPs
effectively differentiated between these two states via their characteristic SPR based color changes as
shown in Figure 3. By comparing the ratio for Asyo/Asso, cocaine was selectively detected within
minutes with a LOD at 2 uM.

Self-assembly of labeled aptamer CdSe/ZnS QDs in the presence of cocaine stimulated a FRET
process [40], allowing detection of cocaine down to 1.0 pM. The functionalized QDs consisted of two
sub-units of aptamers, in which one was linked to QDs, and the other was subjected to self-assembly in
the presence of cocaine through forming cocaine-aptamer complexes. A similar nanosensor using
CdSe/ZnS QDs (605 QD) that was conjugated with aptamers to recognize cocaine was developed to
detect cocaine down to 0.5 pM [41]. Cocaine induced the conformation change in the aptamer, leading
to occurrence of FRET between 605 QD and Cy 5 and Iowa Black RQ.
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Figure 3. Scheme for the engineered cocaine aptamer and the visual detection of cocaine
based on the red-to-blue color change of Au NPs. Reprinted with permission from
Reference [39].
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Shlyahovsky et al. introduced an autonomous aptamer-based machine that amplified the recognition
events between the aptamer and its substrate [70]. The LOD of cocaine for this fluorescence approach
was 5.0 uM. Freeman et al. reported that two different enzymes tethered to the anti-cocaine aptamer
fragments, or nicotinamide adenine dinuclotide/enzyme tethered to the anti-cocaine aptamer fragments,
self-assembled, in the presence of cocaine, to supramolecular structures that activate biocatalytic
cascades [71]. Because the mutual orientation of the two enzymes, or the cofactor-enzyme units, on the
aptamer fragments was regulated by the formation of the aptamer-substrate supramolecular structure,
control over the functional reactivity of the biocatalystic system was dictated by the concentration of the
substrate. This method enabled the analysis of cocaine with a LOD of 0.5 uM.

3. Aptamer Nanosensors for Metal lons

In this section, we focus on aptamer nanosensors for the detection of several metal ions, including
Pb*", Hg*', and K'. The monitoring of toxic metal ions (e.g., Pb*" and Hg*") in aquatic ecosystems is an
important issue because these contaminants can have severe effects on human health and the
environment [72]. For example, lead can cause renal malfunction and inhibit brain development [73] and
mercury can damage brain, heart, and kidneys [74]. Potassium ions are involved in many biological
functions, including nerve transmission, regulation of blood pressure and pH, enzyme activation, and the
formation of collagen or elastin. Abnormal levels of K” ions in biological fluids can cause muscle cramps
or weakness, nausea, diarrhoea, frequent urination, dehydration, paralysis, and changes in heart
rhythms [75].

3.1. Lead lons (Pb*")

Liu et al. constructed a series of colorimetric lead biosensors using DNAzyme-directed assembly of
Au NPs [57-59]. As shown in Figure 4, the system consists of 5’-thiol-modified 12-mer DNA attached
to 13-nm-diameter Au NPs, a DNAzyme (17E), and its substrate (Sub,,). The sequence of the Suby,,
was designed so that it could hybridize specifically to a DNA-Au on each end, while maintaining the
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color. However, in the presence of Pb>" ions, the 17E catalyzed hydrolytic cleavage of Suba, and
prevented the formation of NP aggregates. A red color appeared as a result. The LOD of this sensor
system was down to sub-micromolor level for Pb>" ions. Similar approaches were further demonstrated
for the detection of Pb*" ions within 10 min [58,59]. In this study, the authors conducted a detailed
study of the sensing system, which identified that —tail-to-tail” NPs alignment and large nanoparticle size
(42 nm diameter) were the major determining factors for a fast color change. Elbaz et al. used
DNAzyme cascades for amplified sensing of Pb*" ions [76]. DNAzyme cascades activated by
Pb*"-dependent DNAzymes yielded the horseradish peroxidase-mimicking catalytic nucleic acids that
enabled the colorimetric detection of Pb** with a LOD corresponding to 10 nM.

Figure 4. (a) Secondary structure of the —-8-17” DNAzyme system that consists of an
enzyme strand (17E) and a substrate strand (17DS). The cleavage site is indicated by a
black arrow. Except for a ribonucleoside adenosine at the cleavage site (rA), all other
nucleosides are deoxyribonucleosides. (b) Cleavage of 17DS by 17E in the presence of Pb*".
(c) Schematics of DNAzyme-directed assembly of Au NPs and their application as
biosensors for metal ions such as Pb>". In this system, the 17DS has been extended on both
the 3’ and 5 ends for 12 bases, which are complementary to the 12-mer DNA attached to
the 13-nm gold nanoparticles (DNA,,). Reprinted with permission from Reference [57].
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3.2. Mercuric lons (Hg?")

Liu et al. demonstrated a Apt-Au NPs probe for sensing Hg*" using the formation of DNA-Hg*"
complexes through T-Hg’-T coordination to control the negative change density of the DNA strands
adsorbed onto Au NPs [53]. Upon formation of Hg*'-DNA complexes, the conformation of the
poly-Th-ssDNA changed to the folded structures. As a result of the decreased zeta potential on each Au
NPs and the reduced degree of electrostatic repulsion among Au NPs, aggregation of the Au NPs
occurred and the color of the solution changed from red to purple that was detectable by the naked eye.
By plotting the Exgs0/520 absorption ratio of Au NPs against Hg*" concentration, the LOD was obtained
to be 250 nM. A new highly selective and sensitive technique for the detection of Hg*' using
DNA- functionalized Au NPs and OliGreen (OG) was demonstrated by the same group [51]. Figure 5
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shows the sensing mechanism, which is based on the release of DNA molecules from the Au NP surface
to the bulk solution and their subsequent specific interactions with OliGreen. When Hg*" ions interact
with the thymidine units of the DNA molecules, the conformations of these DNA derivatives change
from linear to hairpin structures, causing the release of some of the DNA molecules from the surface of
the Au NPs into the bulk solution. OG molecules then interact with these free DNA species, resulting in
an increase in the fluorescence at 525 nm upon excitation at 480 nm. The DNA-OG complexes
fluoresce about 1,000-fold more intensely than does the free OG, which is only weakly fluorescent.
Hg*" could be detected at concentrations as low as 25 nM. Another simple and sensitive aptamer-based
colorimetric detection of Hg*" using unmodified Au NPs as probe was shown by Li et al., with a five
orders of magnitude of 100 uM to 1 nM [31]. The simple and cost-effective approach provided an LOD
of 0.6 nM for Hg*".

Figure 5. Schematic representation of Hg”" nanosensors at various DNA-to-Au NP molar
ratios: (a) <30, (b) 30-50, and (c) >60. Reprinted with permission from Ref. [51].
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A colorimetric method to detect Hg®" using Apt-Au NPs in aqueous solution with very high
selectivity and sensitivity was demonstrated by Lee et al. [49]. Hg*" selectively bound to the T-T sites
led to the formation of aggregates from mismatched strands and raised the T,, of the resulting structures.
As shown in Figure 6, adding an aliquot of an aqueous solution of Hg”" at a designated concentration to
a solution of the Apt-Au NPs aggregates formed at room temperature. The T,, of the hybridized Apt-Au
NPs proportionally correlated with the concentration of Hg”", leading to up to a 10 °C increase in Ty,
for the aggregates. Without Hg”', the aggregates melt with a dramatic purple-to-red color changed at
about 46 °C. In the presence of Hg', however, the aggregates melted at temperatures higher
than 46 °C. This assay provided an LOD of 100 nM and opened up the possibility of point-of-use
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applications. A chip-based scanometric method for the detection of Hg”" was developed by the same
group [50]. This assay utilized a variant of the approach to create a high-sensitivity, chip-based assay
for Hg®" by using probes capable of hybridizing with surface immobilized oligonucleotides to form
duplexes with T-T mismatches. Hg*" binding to these sites would create more stable duplex structures
and raised the temperature associated with dehydration. The LOD of this approach was determined to
be 10 nM.

Figure 6. Colorimetric detection of Hg*" using DNA-Au NPs. Reprinted with permission
from Ref. [49].
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3.3. Potassium lons (K™)

Wang et al. demonstrated a colorimetric probe for K* by switching the structure of DNA aptamer
using unmodified Au NPs [56]. This G-rich aptamer is a random-coil ssDNA in solution. Upon binding
to K, the aptamer folded to a four-stranded tetraplex structure (G-quartet) via intermolecular hydrogen
bonding between guanines [77,78]. Addition of salt screened electrostatic repulsion between negatively
charged Au NPs and resulted in aggregation of Au NPs that led to color changes from red to

purple [56].
4. Aptamer Nanosensors for Proteins and Cells

Aptamers have comparable affinities for target analytes, and offer a number of competitive
advantages over antibodies [79]. Aptamers have markedly lower molecular weights than antibodies
(usually below 20,000), secondary structures are easily predictable, lower immunogenicity, and binding
affinity can rival antibodies. Aptamers are relatively stable under a wide range of buffer conditions, high
temperature and resistant to physical or chemical degradation. In addition, aptamers are not prone to
the irreversible denaturation that often alters the biologically activity of antibodies. Moreover, they can
be synthesized efficiently and reliably by using established phosphoramidite chemistry, whereas antibody
preparation often requires animals or cell cultures. Aptamers are also amenable to a wide variety of
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chemical modifications, such as radioscopic or fluorescent reporters, affinity tags for molecular
recognition, 2’(deoxy)ribose ring modifications, such as 2’F- and 2’O-methyl, or construction from
unnatural L-nucleotides to make aptamers nuclease resistant [80]. Thus far, many aptamers have been
identified, and some of them are very close to becoming marketable drugs [81].

Nevertheless, engineering these aptamers for enhanced performance or new functions remains
virtually at initial stage. One of the most significant advantages of aptamers in molecular assembly for
multivalent binding is that they can be used to prepare polyvalent ligand-protected NPs easily, for
example, with 5’- or 3’-amino or thiol groups [82]. Integration of aptamer with NPs provides new
hybrid systems that combine the specific molecular recognition or catalytic properties of functional
aptamers with the diverse and strong signal transduction of NPs. This capability presents great potential
in making Apt-NPs with greatly enhanced functions, such as ultra high and tunable binding affinity,
multiplex detection, and high resistance against nuclease digestion, that are important for developing
new materials for biosensing of proteins [21,83]. For example, Hernandez et al. presented an optical
aptamer sensor based on single Au NPs plasmon resonances (sometimes also called localized surface
plasmon resonance) for detecting avidin [84] and Machashi et al. reported a label-free protein
biosensors based on aptamer-modified single-walled CNT field effect transistor (SWCNT-FET) for the
detection of IgE in the nM range [85]. In the following section, we will discuss recent advances in the
detection of thrombin and platelet-derived growth factors (PDGFs) that have been mostly demonstrated
using aptamers functionalized NMs.

4.1. Thrombin

Aptamers have been used for the detection of thrombin that is involved in the blood clotting
process [86]. Thrombin is a coagulation protein that plays many roles in the coagulation cascade—it
converts soluble fibrinogen into insoluble strands of fibrin—as well as catalyzing many other
coagulation-related reactions [87]. Therefore, thrombin is usually considered as an important target
when searching for anti-coagulants and antithrombotics to interfere in the blood coagulation [88].
Moreover, thrombin is considered as a useful tumor marker in the diagnosis of pulmonary
metastasis [89]. The prominent structural features of human o-thrombin are the location of the catalytic
triad within a deep canyon-like active site cleft and the presence of two extended surfaces that are
mainly composed of positively charged residues and are referred to exosite 1 and exosite 2. Exosite 1 is
required for thrombin binding to several thrombin substrates (fibrinogen, thrombin receptor, and heparin
cofactor II) and ligands (thrombomodulin and glycoprotein 1b). Exosite 2 that is located close to the
carboxy-terminal B chain helix is involved in heparin and prothrombin fragment 2 binding [86-89].

Disorders in blood clotting are tightly linked to many serious health issues, including heart attacks
and strokes [90]. Therefore, thrombin is typically the target in anticoagulation therapy for these diseases.
Two most well known thrombin binding aptamers are TBA s that is 15 bases long (TBAs) and binds to
exosite 1 and TBA,,, that is 27 bases long and interacts with exosite 2 [91,92]. TBA,s with thrombin
having a dissociation constant Ky around 100 nM is the first DNA thrombin binding aptamer was
selected by Bock et al. [91]. Later, TBA,; with very high affinity aptamers (K4 = 0.5 nM) was elected
by Tasset et al. [92]. As a potential anticoagulant, only TBA;s should have the enzymatic inhibitory
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functions required for thrombin-mediated coagulation because it interacts with the fibrinogen-binding
exosite 1.

4.1.1. Absorption

Unlike the analyte-induced crosslink of Au NPs, a label-free aptamer-based colorimetric sensing of
thrombin using unmodified Au NP probes has been developed [93]. Unfolded ssDNA aptamer (TBA,7)
could bind to citrate-capped Au NPs through DNA base-gold electrostatic interactions. Thus, the
unfolded ssDNA would adsorb onto the Au NPs and helped to enhance the Au NPs’ stability against
salt-induced aggregation. The folded ssDNA (e.g., G-quadruplex) possessing a relatively rigid structure
prevented the exposure of the DNA bases to the Au NPs and the high density of negative charges
increased the repulsion between the DNA and the Au NPs. Thus the G-quadruplex DNA structures
could not adsorb on the Au NPs and lost the ability to protect the Au NPs. By carefully controlling salt
concentration and the ratio of TBA,; to Au NPs ([TBA,;]/[Au NPs]), this approach allowed detection
of thrombin, with linear range from 0 to 167 nM and LOD of 0.83 nM.

The major disadvantage of the colorimetric sensors based on Au NPs for the detection of small
molecules or proteins in solution is the interference from the color of background, resulting in a
decrease in detection sensitivity of the sensors. Based on this idea, Wang et al. developed a dot-blot
assay to detect thrombin by thrombin adsorbed nitrocellulose membrane and Apt-Au NPs
conjugates [94]. The immobilized thrombin could bind to the Apt-Au NPs, and then using Au NPs for
signal amplification that was based on their catalytic function of reducing Ag ions to grow NPs of
identical composition or core-shell structures. A red color change representing the thrombin
concentration after silver ions reduction could be read directly by eye. This device allowed detection of
thrombin at the range of 0.115 to 9.25 pmole in 1% plasma. A similar strategy that using silica-gold
core-shell NP as signal reporter was studied by Jana et al., which allowed detection of thrombin at
nanomolar concentrations by the naked eye [95].

Xu et al. reported Apt-Au NPs as probes in aptamer-based dry-reagent strip biosensor for thrombin
analysis [96]. Since thrombin has two binding sites for aptamers, by attaching one aptamer to test zone
of strip and another to Au NP, the presence of thrombin would link the Au NPs to the test zone surface.
By recording the optical responses of the test zone with a portable strip reader display, the biosensor
provided a linear response for thrombin over the concentration range of 5-100 nM, with a detection
limit of 2.5 nM. The authors also demonstrated that aptamer-based dry-reagent strip biosensor were
comparable to antibodies-based strip biosensor and successfully for detection of thrombin low
as 0.6 pmol in human plasma samples.

4.1.2. Fluorescence

In addition to playing a major role as color reporters in colorimetric sensing, Au NPs can also be
excellent quenchers for organic dyes in their proximity, due to an increase in their nonradiative rate and
a decrease in the dye’s radiative rate [97]. By taking the advantage of Au NPs as an efficiency quencher,
Wang et al. reported a thrombin biosensor mediated the fluorescence quenching between dye-labeled



Sensors 2009, 9 10370

oligonucleotide =~ and Apt-Au  NPs [98].  Tetramethylrhodamine-labeled  oligonucleotide
(TAMRA-oligonucleotide) was hybridized with aptamer functionalized Au NPs. Upon recognition of
the thrombin by the aptamers, the TAMRA-oligonucleotide was released and the fluorescence was
recovered. This method allowed detection of thrombin at a concentration down to nM.

Choi et al. reported that the photoluminescence (PL) of TBA,s functionalized PbS QDs (3—6 nm)
could be selectively quenched upon binding to thrombin via charge transfer from thrombin to the
QDs [99]. The charge transfer occurred most likely in a way that an electron was transferred from a
functional group in thrombin (e.g., amine) to the QD conduction band, and a hole moved in the
opposite direction, resulting in a decrease of the absorption and PL intensities. This strategy provided a
linear detection region from 0 to 30 nM of thrombin and yielded a detection limit of ~1 nM.

An electrically modulated fluorescence assay was demonstrated for thrombin through a single
molecule assembled on an Au nanowire (Au NW) by manipulating the molecule with an electrical
potential applied on the nanowire [100]. The scheme of probe-target-reporter sandwich assay is shown
in Figure 7. Biotinylated thrombin was captured by aptamer assembled Au NW and then labeled by a
fluorescent streptavidin reporter. By applying an alternating electrical potential on the Au NW, the
probe-target-reporter complex was attracted toward or repelled from the Au NW, which modulated its
fluorescence accordingly due to the surface energy transfer between the fluorescence reporter and NW.
It was demonstrated that the molecular modality could be unequivocally correlated with the modulated
fluorescence, which enabled the specific fluorescence from a single thrombin molecule to be
unambiguously distinguished from background noise and nonspecific fluorescence. The LOD of the
assay for thrombin in buffer solution was 100 fM, and the linear dynamic range of the assay could
extend from 100 fM to 100 nM.

Figure 7. (a) A scheme showing an electrically modulated fluorescence protein assay
including a thrombin-binding aptamer probe grafted on an Au nanowire, the target, a
biotinylated thrombin, and the reporter, a fluorophore-labeled streptavidin. (b) Electrical
potential applied on the nanowire (top) and modulated fluorescence measured from a
sample at a 100 nM thrombin concentration (bottom) are shown synchronously versus time.
Reprinted with permission from Ref. [100].
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4.1.3. Electrochemistry

Electrochemical aptamer biosensors based on NPs labels and a binding-induced label-free detection
have been proven as one of the most powerful tools for protein analysis [101]. Most of
bioelectrochemical aptamer sensor for determination of thrombin was based on the sandwich system of
electrode-aptamer/thrombin/Apt-NPs as the sensing platform. These assays took advantage of the
amplification potential of NPs carrying numerous tags or catalytic labels for ultra sensitive detection of
proteins. Polsky et al. reported aptamer functionalized Pt NPs that acted as catalytic labels via
reduction of H,O, for the amplified electrochemical detection of thrombin [102]. The sensitivity of the
method for detection of thrombin with an LOD of 1 nM.

He et al. developed a bioelectrochemical method for the detection of thrombin through directly
detecting the redox activity of adenine nucleobases of aptamer using a pyrolytic graphite
electrode [103]. Thrombin captured by immobilzed anti-thrombin antibody on microtiter plates, was
detected by Apt-Au NPs bio bar codes. The adenine nucleobases were released by acid or nuclease from
Au NPs bound on microtiter plates. Differential pulse voltammetry was employed to investigate the
electrochemical behaviors of the purine nucleobases. Because the NP carried a large number of
aptamers per thrombin binding event, there was substantial amplification and thus thrombin could be
detected at a very low level of detection (0.1 ng/mL). This method was validated by the detection of
thrombin in fetal calf serum with minimum background interference. For improvement of detection
sensitivity for thrombin, a three-level cascaded impedimetric signal amplification was developed by
Deng et al. [104]. Apt-Au NPs acted as the first-level signal enhancer, enlarged Apt-Au NPs were as
the second-level signal amplification by nicotinamide adenine dinucleotide (NADH) and HAuCl,, and
the redox probe [Fe(CN)s]*"*" was as the third-level signal amplification. Enlargement of Apt-Au NPs
integrated with negatively charged surfactant (SDS) capping could not only improve the detection
sensitivity of the impedimetric sensor but also presented a simple and general model for the signal
amplification of the impedimetric sensor. This approach allowed the detection of thrombin at a
concentration down to 100 fM.

In addition to tunable luminescence properties, QDs offer an electrodiverse population of electrical
tags as needed for multiplexed bioanalysis [105]. Hansen et al. used QDs tracers (CdS and PbS) for
designing multi-analyte electrochemical aptamer biosensors for thrombin and lysozyme [106]. This
sensing platform involved in the co-immobilization of two thiolated aptamers, along with binding of the
corresponding QD-tagged proteins (CdS QDs labeled thrombin and PbS QDs labeled lysozyme) on a
gold surface, addition of the protein sample, and monitoring the displacement through stripping
voltammetric detection of the remaining QDs. This method was sensitive and selective, allowing the
simultaneous quantification of pM levels of the target proteins.

4.1.4. Other Techniques

Other than as a colorimetric reporter or fluorescence quencher, Apt-Au NPs have been used in SERS
for thrombin detection. Raman scattering cross-section of a molecule in SERS spectroscopy based on
molecules residing at or near the surface of certain nanostructured metals can be increased by factors up
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to 10'*-10", that is comparable to fluorescence [107]. This great enhancement is presumably from the
large electromagnetic (EM) field produced by hot spots, which reside in the nanoscale junctions or
interstices in metal nanostructures such as dimers or aggregates. Moreover, SERS has the inherent
advantages over fluorescence that narrower bandwidth and provide richer spectral information. Wang et
al. developed a SERS sensor for thrombin recognition using Au NPs labeled with aptamer and Raman
reporters (rhodamine 6G) [108]. A sensing interface with a sandwich type system of gold
substrate-TBA/thrombin/TBA-Au NPs was fabricated, therefore, Au NPs would be captured on the
gold substrate upon the addition of thrombin, resulting in an enhanced SERS signal. EM hot spots could
be fabricated by deposition of Ag NPs on Au NPs and the large EM coupling effect was presumably
produced at the hot spots between Au NPs and Ag NPs where the Raman reporters resided. Taking
advantage of the sensitivity of SERS and the specificity of aptamer to thrombin recognition, this system
allowed detection of thrombin as low as 0.5 nM. Recently, Cho et al. reported a sensing mechanism
based on thrombin induced displacement of Raman probe (methylene blue) modified TBA;s from Au
NPs [109]. The SERS signal decreased with increasing thrombin concentration over the range
of 0.1 nM to 1 uM, with an LOD of 0.1 nM. In addition, the sensor allowed detection of 1 nM
thrombin in the presence of 10% fetal calf serum.

Superparamagnetic iron oxide NPs (SPIOs) probes have emerged as a class of novel contrast and
tracking agents for medical imaging [110,111]. When used as a contrast agent for magnetic resonance
imaging (MRI), SPIOs allow researchers and clinicians to enhance the tissue contrast of an area of
interest by increasing the relaxation rate of water. SPIOs are most often magnetite (Fe,Os;/Fe;0,), and
have crystal-containing regions of unpaired spins. These magnetic domains are disordered in the
absence of a magnetic field, but when a field is applied, the magnetic domains align to create a magnetic
moment much greater than the sum of the individual unpaired electrons [110,111]. The cross-linking of
dextran-coated superparamagnetic iron oxide (CLIO) NPs functionalized with different biomolecules
have been used for detection of different targets including oligonucleotides, proteins, enzymatic
activities, viruses, and enantiomeric impurities [110-113]. It has been shown these functional CLIO NPs
assemblies create a distinctive magnetic phenomenon called magnetic relaxation switching (MRS) and
result in induced enhancement of spin-spin relaxation time of adjacent water protons [112]. Yigit et al.
prepared aptamer conjugated CLIO NPs (Apt-CLIO NPs) for selective detection of thrombin down
to 25 nM thrombin in 0.5-fold diluted human serum [113]. This sensing strategy was based on thrombin
induced aggregated structure of Apt-CLIO NPs that led to decreases in the spin-spin relaxation time,
resulted in decreased the brightness of MRI. The advantage of this Apt-CLIO NPs probe over other
optical sensor for thrombin was that MRI signal is much less vulnerable to changes in background
colors or fluorescence from biological media, such as serum.

Recently, one-dimensional nanostructures, such as CNT and Au NW, have been successfully
demonstrated as sensitive biological sensors [114]. It has been reported that the real-time detection of
single viruses, small molecules, and proteins is possible with biosensors using Au NW or CNT
transistors as the active transducer [114]. In terms of FET technology, aptamers provide a preferable
choice, because they are smaller in size than the Debye length. As a result, the binding event between
the aptamers and the target proteins can occur within the electrical double layer in buffer solution, and
therefore, changes in the charge distribution within proximity to the CNT can easily be detected by FET.
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Moreover, the density of the immobilized aptamers on the CNT channels can be controlled, and a high
density of aptamers can easily be prepared. Aptamers modified SWCNT-FET biosensor for detecting
thrombin was demonstrated [115]. The 5’-amine-modified aptamer was immobilized onto the side wall
of a CNT transistor through covalent bonding with carbodiimidazole-activated Tween 20 pretreated
CNT. Binding of thrombin to the aptamer induced a sharp drop in the conductance, while the addition
of elastase as a control molecule did not affect conductance. A detection limit of 10 nM was reported in
this work.

4.2. Platelet-Derived Growth Factors (PDGFs)

Platelet-derived growth factor (PDGF) is a growth factor protein found in human platelets; it has
growth-promoting activity toward fibroblasts, smooth muscle cells, and glial cells [116]. The PDGF
family of growth factors consists of five different disulfide-linked dimers: PDGF-AA, PDGF-AB,
PDGF-BB, PDGF-CC, and PDGF-DD, which exert their biological effects through their receptors,
PDGFR-a and PDGFR-f. Binding of the receptors to PDGF is known to activate intracellular tyrosine
kinase, leading to autophosphorylation of the cytoplasmic domain of the receptor as well as
phosphorylation of other intracellular substrates [116]. In particular, it plays a significant role in blood
vessel formation (angiogenesis), the growth of blood vessels from already existing blood vessel
tissue [117]. Uncontrolled angiogenesis is a characteristic of cancer [117]. Many tumor cell lines have
since been shown to produce and secrete PDGFs, some of which also express the cognate PDGF
receptors; the paracrine effect on the tumor stroma and, in some tumor cell lines, autocrine growth
stimulation by PDGF are therefore possible [117]. In view of its importance, traditional antibody-based
radioisotopic methods and ELISA techniques have been developed for the detection of PDGF [118].
Antibodies to PDGF are the most potent and specific antagonists of PDGF. The known inhibitors of
PDGEF include suramin, neomycin, and peptides derived from the PDGF amino acid sequence, but either
they are too toxic or they lack sufficient specificity for practical applications [118-121]. To overcome
these disadvantages, aptamer-based optical sensors have been used to determine PDGF [122-124].
Nonetheless, they suffer from low sensitivity and selectivity, which could hamper their effectiveness in
detection of PDGF in biological samples. Recently, many Apt-NP-based sensors have been developed
for highly sensitive detection of PDGFs in biological samples.

4.2.1. Absorption

The aptamer selected for PDGF has a strong binding affinity toward PDGF (Kq~nM) [125]. The
consensus secondary structure motif of the PDGF aptamer is a three-way helix junction with a
conserved single-stranded loop at the branch point, in which the helix junction domain represents the
core of the structural motif required for high-affinity binding. A highly specific sensing system using
Apt-Au NPs was developed for the colorimetric detection of PDGF [126]. The color of Apt-Au NPs
changed from red to purple at low concentration (<400 nM) as a result of aggregation with cross-
linking between the Au NPs. Interestingly, the color was reversed to red at very high PDGF
concentrations (>400 nM) due to the repulsion and steric effects because the surface of the Apt-Au NPs
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quickly becomes saturated with PDGF molecules through aptamer-PDGF binding (Figure 8).
By plotting the ratios of the extinction coefficients of the Apt-Au NPs at 650 and 530 nm against the
concentrations of PDGF-AA, the linear increased and decreased ranges of the extinction ratio
were 25-75 and 75-200 nM, respectively. Furthermore, a homogeneous assay was developed to detect
the PDGF receptor-ff (PDGFR-f) at a concentration as low as 3.2 nM, on the basis of the competition
between the Apt-Au NPs and PDGFR-f for PDGF-BB.

Figure 8. Schematic representation of the aggregation of Apt-Au NPs in the presence of
PDGFs at (a) low, (b) medium, and (c¢) high concentrations. Reprinted with permission from
Reference [126].
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4.2.2. Fluorescence

An Apt-Au NP based molecular light switching sensor was prepared for the analysis of PDGFs and
their receptors in homogeneous solutions [127]. The PDGF binding aptamer has a unique structure with
triple-helix conformation that allows N,N-dimethyl-2,7-diazapyrenium dication (DMDAP) and PDGF
bindings (Figure 9).

The fluorescence of DMDAP was almost completely quenched by Apt-Au NPs when it intercalated
with the aptamers. Owing to high magnitudes of increases (up to 40-fold) in the turn-on fluorescence
signals of DMDAP/Apt-Au NP upon PDGFs binding, the approach was highly sensitive for the
detection of PDGFs. The Apt-Au NPs also were effective selectors for enrichment of PDGF-AA from
large-volume samples. The approach allowed detection of PDGF-AA at a concentration down to 8 pM.
By conducting a competitive assay, determination of PDGF receptor-a with an LOD was to be 0.25 nM
when using the DMDAP/Apt-Au NP as a probe.
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Figure 9. Schematic representations of PDGF nanosensors that operate based on
modulation of the fluorescence resonance energy transfer between DMDAP and Apt-Au
NPs. Reprinted with permission from Reference [127].
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A FRET-based sensor that Apt-QD (CdSe/ZnS) and black hole quencher (BHQ) acting separately as
donor and acceptor was developed for detecting PDGF [128]. BHQ-bearing oligonucleotide
(BHQ-oligonucleotide) molecules showing partial sequence matching to PDGF aptamer were attached
to PDGF aptamers and PL quenching was obtained through FRET. By adding target PDGF-BB to the
bioconjugates containing BHQs, PL recovery was detected due to detachment of BHQ-bearing
oligonucleotide from the PDGF aptamer as a result of the difference in affinity to the PDGF aptamer.
The detection limit of the sensor was ~0.4 nM.

In addition to strong SPR absorption properties, Au NPs having the dimensions smaller than 2.0-nm
possess photoluminescence properties due to quantum confinement -effects [64,65,129-133].
Preparation of water-soluble alkanethiol (RSH)-bound Au NPs (RS-Au NPs) having tunable
photoluminescence wavelengths (501-618 nm), with quantum yields ranging from 0.0062 to 3.1% have
been reported [64]. In addition, controlling the molar ratios of tetrakis(hydroxymethyl)-phosphonium
chloride (THPC) to Au ions and of Ag ions to Au ions allows further preparation of different sizes of
Au and Au/Ag NPs [133]. After they interacted with 11-mercaptoundecanoic acid (11-MUA),
wavelength-tunable luminescent 11-MUA-Au NPs (500-640 nm) and 11-MUA-Au/Ag NPs
(456-525 nm), respectively, were prepared [133]. The prepared luminescent and water-soluble
11-MUA-Au and -Au/Ag NPs offer several features for bioassays, including large Stokes-shifted and
long luminescence lifetimes, sizes comparable to bipolymers, and good water solubility. Unlike
semiconductive QDs, they are more compatible with biological systems and are not prepared from toxic
precursors under vigorous conditions. In addition, bioconjugation of luminescent Au NPs are quite easy
by taking advantage of strong Au-S bonding. Using two differently sized Au NPs, acting separately as
donor and acceptor, homogeneous luminescence quenching assays were developed for the analysis of
PDGEF and its receptor [132]. Introduction of PDGF AA to a solution of 11-MUA-protected, 2.0-nm
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luminescent Au NPs leads to the preparation of PDGF AA-Au NP as the donor. Thiol-derivative PDGF
binding DNA aptamers and 13-nm spherical Au NPs were used for preparation of the Apt-Au NP
acceptor. In the assay, PDGF AA-Au NPs and Apt-Au NPs were mixed in the absence and presence of
PDGF. Once luminescent PDGF AA-Au NPs and Apt-Au NPs were mixed, the two differently sized Au
NPs become close, leading to occurrence of luminescence quenching through electron and/or energy
transfer (Figure 10). As a result, the luminescence of PDGF AA-Au NPs at 520 nm decreased when
luminescence quenching occurred between Apt-Au NP and PDGF AA-Au NP (Figure 10a). The PDGF
AA-Au NP/Apt-Au NP-based molecular light switching system allowed analysis of PDGFs as well as
PDGF a-receptor in separate homogeneous solutions (Figure 10b and 10c). In the presence of PDGFs,
the interaction between Apt-Au NP and PDGF AA-Au NP decreased as a result of competitive
reactions between the PDGFs and Apt-Au NP. Similarly, the interaction between Apt-Au NP and
PDGF AA-Au NP reduced as a result of competitive reactions between PDGF a-receptor and PDGF
AA-Au NP. The LODs for PDGF AA and PDGF a-receptor were 80 pM and 0.25 nM, respectively,
resulting from a low background luminescence signal. When using the Apt-Au NP as selectors for (a)
the enrichment of PDGF AA and (b) the removal of matrices possessing intense background
fluorescence from cell media and urine samples, the LOD for PDGF AA decreased to 10 pM.

Figure 10. Schematic representations of PFGF and PDGF-receptor nanosensors that
operate based on the modulation of the photoluminescence quenching between PDGF
AA-Au NP and Apt-Au NP. h: Planck’s constant; v: frequency of light. Reprinted with
permission from Reference [132].
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4.2.3. Electrochemistry

Wang et al. reported an electrochemical detection approach for PDGF via sandwich structure and
Au-NPs mediated amplification technique [134]. The sandwich structure was fabricated based on the
fact that PDGF has two aptamer-binding sites, which makes it possible for one PDGF molecule to
connect with two aptamers simultaneously. The electrochemical probes ([Ru(NH;)sCI]*") were
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employed for the signal readout via the electrostatic interaction between the positive probes
([Ru(NH;)sC1]*") and anionic phosphates of the Apt-Au NPs. It was found that this electrochemical
system with sandwich structure and Au-NPs could significantly amplify the signal of electrochemical
probe ([Ru(NH;)sCI]*") for PDGF detection, and thus increased the detection sensitivity significantly.
This PDGF detection approach obtained an extraordinarily low detection limit of 1 x 10'* M for
purified samples, and 1 x 10™'> M for contaminated-ridden samples or undiluted blood serum.

4.3. Other Proteins

A fluorescent aptasensor based on the magnetic separation for simultaneous detection thrombin and
lyzome was proposed by Wang et al. [135]. Anti-thrombin aptamer and anti-lysozyme aptamer acting as
the protein captor were individually immobilized onto magnetic NPs. The other antithrombin aptamer
and anit-lysozyme aptamer that were separately labeled with rhodamine B and fluorescein, were
employed as the protein reporters. By applying a sandwich detection strategy, the fluorescence
responses at 515 nm and 578 nm were separately corresponding to lysozyme and thrombin with high
selectivity and sensitivities. The LODs were 0.06 nM for thrombin and 0.2 nM of lysozyme, respectively.

A novel sandwich immunoassay that was designed to demonstrate the amplification effect of
aptamer-Au NPs conjugates for detecting human immunoglobulin E (IgE) was reported by
Wang et al. [136]. The amplification effect of the aptamer-Au NPs conjugates for human IgE was
through SPR, with a LOD corresponding to 1 ng/mL. Another aptamer-based label free immunoassay
for detecting IgE using CNT field effect transistor was developed by Maehashi et al. [137].

4.4. Cells

Aptamers selected by a cell-SELEX method can recognize their target molecules with high affinity
and specificity. Aptamers have been selected for several cell types, including small cell and nonsmall cell
lung cancer, liver cancer cells, and lymphocytic and myeloid leukemia cells [138-142]. When applying
whole living cells as a target, a panel of aptamers can be generated simultaneously for the recognition of
the unique molecular signatures of cancer cells through a cell-based SELEX process [142-148]. To
overcome limitations in aptamer selection due to nonspecific binding of RNA or DNA pools to other
sites on cancer cell surfaces than the desired target site, by using control cells to remove RNA or DNA
sequences that do not bind specifically to cancer cells, it is possible to select molecular probes for
cancer cells without knowing the detailed biochemical differences between cancer cells and healthy
cells [138]. These selected aptamers can then be used to distinguish cancer cells from normal cells and,
moreover, to differentiate a particular tumor type from among various strains [142-148]. In addition,
identified aptamers can then be employed as capture agents for cell separation and identification of their
target proteins on the cell surface [138]. Therefore, aptamers generated from whole living cells are
molecular probes for target cells on a molecular level. When bound with the membrane receptors of the
cell lines, aptamers can be used for the discovery of biomarkers as disease signals. Because some of the
selected aptamers possess weak binding affinity, and many disease cells have only low density target
membrane proteins, especially in their early developmental stages, the approaches do not provide
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sensitively detect cancer cells by aptamers. In order to increase signal strength and enhance binding
affinity, multivalent ligand scaffolded Apt-Au NPs with ultrasensitive optical detection have been
developed for rapid, sensitive and economical cell recognition [145].

Huang et al. demonstrated the potential use of Apt-Au NPs for cancer cell detection [149]. The Au
NPs acted as contrast agents using a simple and inexpensive conventional dark-field optical microscope
(DFM). The aptamers were used as recognition units that had a high affinity toward PDGF. The
expression of PDGF in normal cells occurs at undetectable or low levels, whilst in cells with
malignancies and developmental abnormalities, it is over-expressed. Through specific binding of the
aptamers toward PDGF, aggregation of the Apt-Au NPs in the cytoplasm of MDA-MB-231 and
Hs578T cells (cancer cells) led to the generation of a greater intense scattered light than
H184B5F5/M10 cells (normal cells) upon photo-illumination. In addition, the presence of Apt-Au NPs
suppressed the proliferation of MDA-MB-231 cancer cells, but not H184B5F5/M10 cells. Dye doped
silica NPs possess some key advantages over conventional organic dyes, such as much stronger optical
signal than a single-dye molecule, and more stable against photobleaching [150,151]. Moreover, the
surface of silica NPs provides a robust and stable shell, usually with a versatile composition that allows
easy manipulation and feasible functionalization, either through physical adsorption or covalent
attachment [150,151]. Fluorescent silica NPs conjugated with aptamers were used in the detection of
cancer cells, showing their potential in tumor diagnosis [152,153]. Recently, Chen et al. used SiO, NPs
conjugated with aptamers for multiplexed monitoring of cancer cells through fluorescence resonance
energy transfer (FRET) [154]. By changing the doping ratio of three different dyes (FAM, R6G and
ROX), the FRET-mediated emission signatures could be tuned such that the NPs would exhibit multiple
colors upon excitation with a single wavelength. The NPs were modified with aptamers that are specific
for different cancer cell line such as T-cell leukemia and B-cell lymphoma. Zheng et al. demonstrated
composite nanomaterials, termed an aptamer nano-flare, for direct quantification of an intracellular
analyte in living cells [155]. These nanostructures consisted of Au NPs that were functionalized with a
dense monolayer (~8.4 pmol/cm®) of chemisorbed aptamer oligonucleotides hybridized to fluorophore
(Cy5) labeled flares. The flare oligonucleotide was designed to bind to the aptamer that was attached to
the surface of the Au NP. In this bound state, the fluorescence of the flare strand was quenched by the
Au NPs. In the presence of the ATP target molecules, ATP bound to the aptamer causing a
conformational change and resulting in a new folded secondary structure. This folded structure
disrupted the Watson-Crick base-pairing between the aptamer and the flare, which caused flares to be
liberated with an increase in fluorescence due to the greater distance of the flare from the gold surface.
Aptamer nanoflares were sensitive to physiologically relevant changes in ATP concentrations
(0.1-3 mM) and showed a high selectivity for ATP when compared to other nucleoside-triphosphate
analogs. Aptamer nano-flares readily entered HeLa cells where they could be used to directly quantify
intracellular ATP levels, showing their potential for cell imaging and sorting studies.

5. Conclusions

Aptamer-based nanosensors have already been successfully employed for highly sensitive and
selective detection of molecules through various transducing approaches such as absorption,
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fluorescence, mass spectrometry, electrochemistry, and SERS. The Apt-NMs based sensor systems
successfully detect a number of analytes of interest, including small organic molecules, metal ions, and
proteins, by taking advantages of highly selective interactions of the aptamer with the target analytes
and high amplification of signals by the unique optical, electrical, and magnetic properties of various
NMs. In addition, the multivalent effect due to the ultrahigh densities of aptamer molecules on the local
surface of the NMs enhance the binding constant more than two orders, which leads to improves in the
sensitivity. Successful examples presented in this review clearly show that Apt-NMs are effective
materials for fabrication of new sensing devices for diagnostics of biological samples and monitoring of
environmental samples.

It has been known that the structure and specificity of aptamers are often dependent on pH, ionic
strength, and viscosity. Critical conditions that may not be compatible to biological and environmental
conditions are usually required when Apt-NMs are used. In addition, nonspecific interactions of
Apt-NMs with the sample matrices may occur. As a result, their applications may be limited. To make
ideal Apt-NMs, fine control of their sizes, shapes, ligand densities, and surface species (stabilizers) is
necessary. Use of multiple molecules (aptamers, small molecules, polymers, and biopolymers) to
prepare functionalized NMs should be worth trying to overcome nonspecific interactions and to
stabilize the functionalized NMs, while retaining their biological function. In order to improve sensitivity,
NMs possessing greater molar absorption coefficient and greater quantum yields in the near-infrared
region are beneficial when developing optical sensors. Several NMs such as type-11 QDs that fluoresce
in the NIR region are good candidates for developing sensors. While anisotropic NPs such as nanorods,
nanowires and cubes are useful for developing SERS based sensors. Metallic nanowires and nanotubes
are possible for developing electrochemistry based sensors. With advances in nanosciences and life
sciences, one can foresee significant progress in developing novel sensor systems and their applications.

Acknowledgements

This study was supported by the National Science Council of Taiwan under contracts NSC 97-2113-
M-143-001-MY2 and NSC 97-2113-M-019-001-MY?2.

References

1. Tombelli, S.; Minunni, M.; Mascini, M. Aptamers-based assays for diagnostics, environmental and
food analysis. Biomol. Eng. 2007, 24, 191-220.

2. Famulok, M.; Hartig, J.S.; Mayer, G. Functional aptamers and aptazymes in biotechnology,
diagnostics, and therapy. Chem. Rev. 2007, 107, 3715-3743.

3. Mairal, T.; Ozalp, V.C.; Sanchez, P.L.; Mir, M.; Katakis, 1.; O’Sullivan, C.K. Aptamers:
molecular tools for analytical applications. Anal. Bioanal. Chem. 2008, 390, 989-1007.

4. Mok, W.; Li, Y. Recent progress in nucleic acid aptamer-based biosensors and bioassays. SEnsors
2008, 8, 7050-7084.

5. Thiel, K.W.; Giangrande, P.H. Therapeutic applications of DNA and RNA aptamers.
Oligonucleotides 2009, 19, 209-222.



Sensors 2009, 9 10380

10.

1.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Mayer, G. The chemical biology of aptamers. Angew. Chem. Int. Ed. 2009, 48, 2672-2689.

Tuerk, C.; Gold, L. Systematic evolution of ligands by exponential enrichment: RNA ligands to
bacteriophage T4 DNA polymerase. Science 1990, 249, 505-510.

Gopinath, S.C.B. Methods developed for SELEX. Anal. Bioanal. Chem. 2007, 387, 171-182.
Stoltenburg, R.; Reinemann, C.; Strehlitz, B. SELEX—A (r)evolutionary method to generate
high-affinity nucleic acid ligands. Biomol. Eng. 2007, 24, 381-410.

Hamula, C.L.A.; Guthrie, J.W.; Zhang, H.; Li, X.F.; Le, X.C. Selection and analytical applications
of aptamers. Trends Anal. Chem. 2006, 25, 681-691.

Tombelli, S.; Minunni, M.; Mascini, M. Analytical applications of aptamers. Biosens. Bioelectron.
2005, 20, 2424-2434.

Willner, 1.; Zayats, M. Electronic aptamer-based sensors. Angew. Chem. Int. Ed. 2007, 46,
6408-6418.

Palchetti, I.; Mascini, M. Nucleic acid biosensors for environmental pollution monitoring. Analyst
2008, 113, 846-854.

Liu, J.; Cao, Z.; Lu, Y. Functional nucleic acid sensors. Chem. Rev. 2009, 109, 1948-1998.

Wang, H.; Yang, R.; Yang, L.; Tan, W. Nucleic acid conjugated nanomaterials for enhanced
molecular recognition. ACS Nano 2009, 3, 2451-2460.

Lin, Y.-W.; Liu, C.W.; Chang, H.T. DNA functionalized gold nanoparticles for bioanalysis. Anal.
Methods 2009, 1, 14-24.

Burda, C.; Chen, X.; Narayanan, R.; El-Sayed, M.A. Chemistry and properties of nanocrystals of
different shapes. Chem. Rev. 2005, 105, 1025-1102.

Lu, Y.; Liu, J. Smart nanomaterials inspired by biology: dynamic assembly of error-free
nanomaterials in response to multiple chemical and biological stimuli. Acc. Chem. Res. 2007, 40,
315-323.

Baron, R.; Willner, B.; Willner, 1. Biomolecule—nanoparticle hybrids as functional units for
nanobiotechnology. Chem. Commun. 2007, 4, 323-332.

Stewart, M.E.; Anderton, C.R.; Thompson, L.B.; Maria, J.; Gray, S.K.; Rogers, J.A.; Nuzzo, R.G.
Nanostructured plasmonic sensors. Chem. Rev. 2008, 108, 494-521.

Wang, Z.; Lu, Y. Functional DNA directed assembly of nanomaterials for biosensing. J. Mater.
Chem. 2009, 19, 1788-1798.

Lu, Y.; Liu, J. Functional DNA nanotechnology: emerging applications of DNAzymes and
aptamers. Curr. Opin. Biotechnol. 2006, 17, 580-588.

Lee, J.-O.; So, H.M.; Jeon, E.K.; Chang, H.; Won, K.; Kim, Y.H. Aptamers as molecular
recognition elements for electrical nanobiosensors. Anal. Bioanal. Chem. 2008, 390, 1023-1032.
Jeon, J.; Lim, D.K.; Nam, J.M. Functional nanomaterial-based amplified bio-detection strategies. J.
Mater. Chem. 2009, 19, 2107-2117.

Huang, Y.F.; Huang, K.M.; Chang, H.T. Synthesis and characterization of Au core-Au-Ag shell
nanoparticles from gold seeds: Impacts of glycine concentration and pH. J. Colloid Interface Sci.
2006, 301, 145-154.

Huang, Y.F.; Lin, Y.W.; Chang, H.T. Growth of various Au-Ag nanocomposites from gold seeds
in amino acid solutions. Nanotechnology 2006, 17, 4885-4894.



Sensors 2009, 9 10381

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Medley, C.D.; Smith, J.E.; Tang, Z.; Wu, Y.; Bamrungsap, S.; Tan, W. Gold nanoparticle-based
colorimetric assay for the direct detection of cancerous cells. Anal. Chem. 2008, 80, 1067-1072.
Hill. H.D.; Hurst, S.J.; Mirkin, C.A. Curvature-induced base pair -slipping” effects in
DNA-nanoparticle hybridization. Nano Lett. 2009, 9, 317-321.

Wang, Y.; Li, D.; Ren, W.; Liu, Z.; Dong, S.; Wang, E. Ultrasensitive colorimetric detection of
protein by aptamer-Au nanoparticles conjugates based on a dot-blot assay. Chem. Commun. 2008,
2520-2522, doi: 10.1039/b801055b.

Zhang, Z.; Chen, C.; Zhao, X.S. A simple and sensitive biosensor based on silver enhancement of
aptamer-gold nanoparticle aggregation. Electroanalysis 2009, 21, 1316-1320.

Li, L.; Li, B.; Q1, Y.; Jin, Y. Label-free aptamer-based colorimetric detection of mercury ions in
aqueous media using unmodified gold nanoparticles as colorimetric probe. Anal. Bioanal. Chem.
2009, 393, 2051-2057.

Liu, J.; Lu, Y. Fast colorimetric sensing of adenosine and cocaine based on a general sensor
design involving aptamers and nanoparticles. Angew. Chem. Int. Ed. 2006, 45, 90-94.

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

Zhao, W.; Chiuman, W.; Brook, M.A.; Li, Y. Simple and rapid colorimetric biosensors based on
DNA aptamer and noncrosslinking gold nanoparticle aggregation. ChemBioChem 2008, 8,
727-731.

Zhao, W.; Chiuman, W.; Lam, J.C.F.; McManus, S.A.; Chen, W.; Cui, Y.; Pelton, R.; Brook,
M.A.; Li, Y. DNA aptamer folding on gold nanoparticles: From colloid chemistry to biosensors. J.
Am. Chem. Soc. 2008, 130, 3610-3618.

Wang, J.; Zhou, H.S. Aptamer-based Au nanoparticles-enhanced surface plasmon resonance
detection of small molecules. Anal. Chem. 2008, 80, 7174-7178.

Zhang, S.; Xia, J.; Li, X. Electrochemical biosensor for detection of adenosine based on
structure-switching aptamer and amplification with reporter probe DNA modified Au
nanoparticles. Anal. Chem. 2008, 80, 8382-8388.

Liu, J.; Lee, J.H.; Lu, Y. Quantum dot encoding of aptamer-linked nanostructures for one-pot
simultaneous detection of multiple analytes. Anal. Chem. 2007, 79, 4120-4125.

Zhang, J.; Wang, L.; Pan, D.; Song, S.; Boey, F.Y.C.; Zhang, H.; Fan, C. Visual cocaine detection
with gold nanoparticles and rationally engineered aptamer structures. Small 2008, 4, 1196-1200.
Freenman, R.; Li, Y.; Tel-Vered, R.; Sharon, E.; Elbaz, J.; Willner, I. Self-assembly of
supramolecular aptamer structures for optical or electrochemical sensing. Analyst 2009, 134,
653-656.

Zhang, C.Y.; Johnson, L.W. Single quantum-dot-based aptameric nanosensor for cocaine. Anal.
Chem. 2009, 81, 3051-3055.

Li, X.; Qi, H.; Shen, L.; Gao, Q.; Zhang, C. Electrochemical aptasensor for the determination of
cocaine incorporating gold nanoparticles modification. Electroanalysis 2008, 20, 1475-1482.
Wang, J.; Wang, L.; Liu, X.; Liang, Z.; Song, S.; Li, W.; Li, G.; Fan, C. A gold
nanoparticle-based aptamer target binding readout for ATP assay. Adv. Mater. 2007, 19,
3943-3946.



Sensors 2009, 9 10382

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Chen, S.J.; Huang, Y.F.; Huang, C.C.; Lee, K.H.; Lin, Z.H.; Chang, H.T. Colorimetric
determination of wurinary adenosine using aptamer-modified gold nanoparticles. Biosens.
Bioelectron. 2008, 23, 1749-1753.

Huang, Y.F.; Chang, H.T. Analysis of adenosine triphosphate and glutathione through gold
nanoparticles assisted laser desorption/ionization mass spectrometry. Anal. Chem. 2007, 79,
4852-4859.

Chen, Z.; Li, G.; Zhang, L.; Jiang, J.; Li, Z.; Peng, Z.; Deng, L. A new method for the detection of
ATP using a quantum-dot-tagged aptamer. Anal. Bioanal. Chem. 2008, 392, 1185-1188.

Song, Y.; Zhao, C.; Ren, J.; Qu, X. Rapid and ultra-sensitive detection of AMP using a
fluorescent and magnetic nano-silica sandwich complex. Chem. Commun. 2009, 1975-1977,
doi: 10.1039/b818415a.

Lee, J-S.; Ulmann, P.A.; Han, M.S.; Mirkin, C.A. A DNA-gold nanoparticle-based colorimetric
competition assay for the detection of cysteine. Nano Lett. 2008, 8, 529-533.

Lee, J.-S.; Han, M. S.; Mirkin, C.A. Colorimetric detection of mercuric ion (Hg>") in aqueous
media using DNA-functionalized gold nanoparticles. Angew. Chem. Int. Ed. 2007, 46, 4093-4096.
Lee, J.-S.; Mirkin, C.A. Chip-based scanometric detection of mercuric ion using
DNA-functionalized gold nanoparticles. Anal. Chem. 2008, 80, 6805-6808.

Liu, C.-W.; Huang, C.C.; Chang, H.T. Control over surface DNA density on gold nanoparticles
allows selective and sensitive detection of mercury(Il). Langmuir 2008, 24, 8346-8350.

Xue, X.; Wang, F.; Liu, X. One-step, room temperature, colorimetric detection of mercury (Hg*")
using DNA/nanoparticle conjugates. J. Am. Chem. Soc. 2008, 130, 3244-3245.

Liu, C.W.; Hsieh, Y.T.; Huang, C.C.; Lin, Z.H.; Chang, H.T. Detection of mercury(Il) based on
Hg’*-DNA complexes inducing the aggregation of gold nanoparticles. Chem. Commun. 2008,
2242-2244, doi: 10.1039/b719856f.

Li, D.; Wieckowska, A.; Willner, I. Optical analysis of Hg*" ions by oligonucleotide-gold-
nanoparticle hybrids and DNA-based machines. Angew. Chem. Int. Ed. 2008, 47, 3927-3931.
Wang, H.; Wang, Y.; Jin, J.; Yang, R. Gold nanoparticle-based colorimetric and —arn-on”
fluorescent probe for mercury(Il) ions in aqueous solution. Anal. Chem. 2008, 80, 9021-9028.
Wang, L.; Liu, X.; Hu, X.; Song, S.; Fan, C. Unmodified gold nanoparticles as a colorimetric
probe for potassium DNA aptamers. Chem. Commun. 2006, 3780-3782, doi: 10.1039/b607448k.
Liu, J.; Lu, Y. A colorimetric lead biosensor using DNAzyme-directed assembly of gold
nanoparticles. J. Am. Chem. Soc. 2003, 125, 6642-6643.

Liu, J.; Lu, Y. Accelerated color change of gold nanoparticles assembled by DNAzymes for
simple and fast colorimetric Pb*" detection. J. Am. Chem. Soc. 2004, 126, 12298-12305.

Liu, J.; Lu, Y. Stimuli-responsive disassembly of nanoparticle aggregates for light-up colorimetric
sensing. J. Am. Chem. Soc. 2005, 127, 12677-12683.

Wang, Z.; Lee, J. H.; Lu, Y. Label-free colorimetric detection of lead ions with a nanomolar
detection limit and tunable dynamic range by using gold nanoparticles and DNAzyme. Adv. Mater.
2008, 20, 3263-3267.



Sensors 2009, 9 10383

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Lowe, J.E.; Cummings, R.G.; Adams, D.H.; Hull-Ryde, E.A. Evidence that ischemic cell death
begins in the subendocardium independent of variations in collateral flow or wall tension.
Circulation 1983, 68, 190-202.

Pérez-Ruiz, T.; Martinez-Lozano, C.; Tomds, V.; Martin, J. Determination of ATP via the
photochemical generation of hydrogen peroxide using flow injection luminol chemiluminescence
detection. Anal. Bioanal. Chem. 2003, 377, 189-194.

Liu, C.-W.; Chang, H.-T. Protein-conjugated quantum dots for detecting trypsin and trypsin
inhibitor through fluorescence resonance energy transfer. Open Anal. Chem. J. 2007, 1, 1-6.
Huang, C.-C.; Yang, Z.; Lee, K.H.; Chang, H.T. Synthesis of highly fluorescent gold
nanoparticles for sensing mercury(II). Angew. Chem. Int. Ed. 2007, 46, 6824-6828.

Huang, C.C.; Chen, C.T.; Shiang, Y.C.; Lin, Z.H.; Chang, H.T. Synthesis of fluorescent
carbohydrate-protected Au nanodots for detection of concanavalin A and Escherichia coli. Anal.
Chem. 2009, 81, 875-882.

Richards, C.I.; Choi, S.; Hsiang, J.C.; Antoku, Y.; Vosch, T.; Bongiorno, A.; Tzeng, Y.L.;
Dickson, R.M. Oligonucleotide-stabilized Ag nanocluster fluorophores. J. Am. Chem. Soc. 2008,
130, 5038-5039.

Michalet, X.; Pinaud, F.F.; Bentolila, L.A.; Tsay, J.M.; Doose, S.; Li, J.J.; Sundaresan, G.; Wu,
A.M.; Gambhir, S.S.; Weiss, S. Quantum dots for live cells, in vivo imaging, and diagnostics.
Science 2005, 307, 538-544.

Chiu, T.C.; Huang, L.S.; Lin, P.C.; Chen, Y.C.; Chen, Y.J.; Lin, C.C.; Chang, H.T. Nanomaterial
based affinity matrix-assisted laser desorption/ionization mass spectrometry for biomolecules and
pathogenic bacteria. Recent Patents Nanotechnol. 2007, 1, 99-111.

Fox, B.S.; Kantak, K.M.; Edwards, M.A.; Black, K.M.; Bollinger, B.K.; Botka, A.J.; French, T.L.;
Thompson, T.L.; Schad, V.C.; Greenstein, J.L.; Gefter, M.L.; Exley, M.A.; Swain, P.A.; Briner,
T.J. Efficacy of a therapeutic cocaine vaccine in rodent models. Nat. Med. 1996, 2, 1129-1132.
Shlyahovsky, B.; Li, D.; Weizmann, Y.; Nowarski, R.; Kotler, M.; Willner, I. Spotlighting of
cocaine by an autonomous aptamer-based machine. J. Am. Chem. Soc. 2007, 129, 3814-3815.
Freeman, R.; Sharon, E.; Tel-Vered, R.; Willner, 1. Supramolecular cocaine-aptamer complexes
activate biocatalytic cascades. J. Am. Chem. Soc. 2009, 131, 5028-5029.

Zhou, Q.; Zhang, J.; Fu, J.; Shi, J.; Jiang. G. Biomonitoring: An appealing tool for assessment of
metal pollution in the aquatic ecosystem. Anal. Chim. Acta 2008, 606, 135-150.

Needlemen, H. Hunam Lead Exposure; CRC Press: Boca Raton, F1, 1991.

Hoyle, I.; Handy, R.D. Dose-dependent inorganic mercury absorption by isolated perfused
intestine of rainbow trout, Oncorhynchus mykiss, involves both amiloride-sensitive and
energy-dependent pathways. Aquat. Toxicol. 2005, 72, 147-159.

Kofuji, P.; Newman, E.A. Potassium buffering in the central nervous system. Neuroscience 2004,
129, 1045-1056.

Elbaz, J.; Shlyahovsky, B.; Willner, I. A DNAzyme cascade for the amplified detection of Pb*"
ions or L-histidine. Chem. Commun. 2008, 1569-1571, doi: 10.1039/b716774a.



Sensors 2009, 9 10384

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.
88.

89.

90.

91.

92.

93.

94.

Ueyama, H.; Takagi, M.; Takenaka, S. A novel potassium sensing in aqueous media with a
synthetic oligonucleotide derivative. Fluorescence resonance energy transfer associated with
guanine quartet—potassium ion complex formation. J. Am. Chem. Soc. 2002, 124, 14286-14287.
He, F.; Tang, Y.; Wang, S.; Li. Y.; Zhu, D. Fluorescent amplifying recognition for DNA
G-quadruplex folding with a cationic conjugated polymer: A platform for homogeneous potassium
detection. J. Am. Chem. Soc. 2005, 127, 12343-12346.

Bunka, D.H.J.; Stockley, P.G. Aptamers come of age—at last. Nat. Rev. Microbiol. 2006, 4,
588-596.

Vater, A.; Klussmann, S. Toward third-generation aptamers: Spiegelmers and their therapeutic
prospect. Curr. Opin. Drug Discov. Devel. 2003, 6, 253-261.

Proske, D.; Blank, M.; Buhmann, R.; Resch, A. Aptamers—basic research, drug development,
and clinical applications. Appl. Microbiol. Biotechnol. 2005, 69, 367-374.

Martos, V.; Castrefo, P.; Valero, J.; de Mendoza, J. Binding to protein surfaces by
supramolecular multivalent scaffolds. Curr. Opin. Chem. Biol. 2008, 12, 698-706.

Balamurugan, S; Obubuafo, A; Soper, S.A.; Spivak, D.A. Surface immobilization methods for
aptamer diagnostic applications. Anal. Bioanal. Chem. 2008, 390, 1009-1021.

Hernandez, F.J.; Dondapati, S.K.; Ozalp, V.C.; Pinto, A.; O’Sullivan, C.K.; Klar, T.A.; Katakis, I.
Label free optical sensor for Avidin based on single gold nanoparticles functionalized with
aptamers. J. Biophoton. 2009, 2, 227-231.

Macehashi, K.; Katsura, T.; Kerman, K.; Takamura, Y.; Matsumoto, K.; Tamiya, E. Label-free
protein biosensor based on aptamer-modified carbon nanotube field-effect transistors. Anal. Chem.
2007, 79, 782-787.

Chandra, S.; Gopinath, B. Anti-coagulant aptamers. Thromb. Res. 2008, 122, 838-847.

Cera, E.D. Thrombin. Mol. Aspects Med. 2008, 29, 203-254.

Lombardi, A.; de Simone, G.; Galdiero, S.; Staiano, N.; Nastri, F.; Pavone, V. From natural to
synthetic multisite thrombin inhibitors. Biopolymers 1999, 51, 19-39.

Petrera, N.S.; Stafford, A.R.; Leslie, B.A.; Kretz, C.A.; Fredenburgh, J.C.; Weitz J.I. Long range
communication between exosites 1 and 2 modulates thrombin function. J. Bio. Chem. 2009, 284,
25620-25629.

Tegos, T.J.; Kalodiki, E.; Daskalopoulou, S.-S.; Nicolaides, A.N. Stroke: Epidemiology, clinical
picture, and risk factors Part I of III. Angiology 2000, 51, 793-808.

Bock, L.C.; Griffin, L.C.; Latham, J.A.; Vermaas, E.H.; Toole, J.J. Selection of single-stranded
DNA molecules that bind and inhibit human thrombin. Nature 1992, 355, 564-566.

Tasset, D.M.; Kubik, M.F.; Steiner, W. Oligonucleotide inhibitors of human thrombin that bind
distinct epitopes. J. Mol. Biol. 1997, 272, 688-698.

Wei, H.; Li, B.; Li, J.; Wang, E.; Dong, S. Simple and sensitive aptamer-based colorimetric
sensing of protein using unmodified gold nanoparticle probes. Chem. Commun. 2007, 3735-3737,
doi: 10.1039/b707642h.

Wang, Y.; Li, D.; Ren, W.; Liu, Z.; Dong, S.; Wang, E. Ultrasensitive colorimetric detection of
protein by aptamer—Au nanoparticles conjugates based on a dot-blot assay. Chem. Commun. 2008,
2520-2522, doi: 10.1039/b801055b.



Sensors 2009, 9 10385

95.

96.

Jana, N.R.; Ying, J.Y. Synthesis of functionalized Au nanoparticles for protein detection. Adv.
Mater. 2008, 20, 430-434.

Xu, H.; Mao, X.; Zeng, Q.; Wang, S.; Kawde, A.N.; Liu, G. Aptamer-functionalized gold
nanoparticles as probes in a dry-reagent strip biosensor for protein analysis. Anal. Chem. 2009, 81,
669-675.

97. Dulkeith, E.; Morteani, A.C.; Niedereichholz, T.; Klar, T.A.; Feldmann, J.; Levi, S.A.; van Veggel,

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109

110.

F.C.J.M.; Reinhoudt, D.N.; Moller, M.; Gittins, D.I. Fluorescence quenching of dye molecules
near gold nanoparticles: Radiative and nonradiative effects. Phys. Rev. Lett. 2002, 89, 203002.
Wang, W.; Chen, C.; Qian, M.; Zhao, X.S. Aptamer biosensor for protein detection using gold
nanoparticles. Anal. Biochem. 2008, 373, 213-219.

Choi, J.H.; Chen, K.H.; Strano, M.S. Aptamer-capped nanocrystal quantum dots: A new method
for label-free protein detection. J. Am. Chem. Soc. 2006, 128, 15584-15585.

Huang, S.; Chen, Y. Ultrasensitive fluorescence detection of single protein molecules manipulated
electrically on Au nanowire. Nano Lett. 2008, 8, 2829-2833.

de-los-Santos-Alvarez, N.; Lobo-Castafién, M.J.; Miranda-Ordieres, A.J.; Tufion-Blanco, P.
Aptamers as recognition elements for label-free analytical devices. Trends Anal. Chem. 2008, 27,
437-446.

Polsky, R.; Gill, R.; Kaganovsky, L.; Willner, I. Nucleic acid-functionalized Pt nanoparticles:
Catalytic labels for the amplified electrochemical detection of biomolecules. Anal. Chem. 2006, 78,
2268-2271.

He, P.; Shen, L.; Cao, Y.; Li, D. Ultrasensitive electrochemical detection of proteins by
amplification of aptamer-nanoparticle bio bar codes. Anal. Chem. 2007, 79, 8024-8029.

Deng, C.; Chen, J.; Nie, Z.; Wang, M.; Chu, X.; Chen, X.; Xiao, X.; Lei, C.; Yao, S. Impedimetric
aptasensor with femtomolar sensitivity based on the enlargement of surface-charged gold
nanoparticles. Anal. Chem. 2009, 81, 739-745.

de la Escosura-Muiiz, A.; Ambrosi, A.; Merko¢i, A. Electrochemical analysis with
nanoparticle-based biosystems. Trends Anal. Chem. 2008, 27, 568-584.

Hansen, J.A.; Wang, J.; Kawde, A.-N.; Xiang, Y.; Gothelf, K.V.; Collins, G.
Quantum-dot/aptamer-based ultrasensitive multi-analyte electrochemical biosensor. J. Am. Chem.
Soc. 2006, 128, 2228-2229.

Brown, R.J.C.; Milton, M.J.T. Nanostructures and nanostructured substrates for surface-enhanced
Raman scattering (SERS). J. Raman. Spectrosc. 2008, 39, 1313-1326.

Wang, Y.; Wei, H.; Li, B.; Ren, W.; Guo, S.; Dong, S.; Wang E. SERS opens a new way in
aptasensor for protein recognition with high sensitivity and selectivity. Chem. Commun. 2007,
5220-5222, doi: 10.1039/b709492b.

. Cho, H.; Baker, B.R.; Wachsmann-Hogiu, S.; Pagba, C.V.; Laurence, T.A.; Lane, S.M.; Lee, L.P.;

Tok, J.B.-H. Aptamer-based SERRS sensor for thrombin detection. Nano Lett. 2008, 8,
4386-4390.

Lin, M.M.; Kim, D.K.; El Haj, A.J.; Dobson, J. Development of superparamagnetic iron oxide
nanoparticles (SPIONS) for translation to clinical applications. IEEE Trans. Nanobiosci. 2008, 7,
298-305.



Sensors 2009, 9 10386

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123

124.

125.

126.

Thorek, D.L.J.; Chen, A.K.; Czupryna, J.; Tsourkas, A. Superparamagnetic iron oxide
nanoparticle probes for molecular imaging. Annu. Rev. Biomed. Eng. 2006, 34, 23-38.

Josephson, L.; Lewis, J.; Jacobs, P.; Hahn, P.F.; Stark, D.D. The effects of iron oxides on proton
relaxivity. Magn. Reson. Imaging 1988, 6, 647-653.

Yigit, M.V.; Mazumdar, D.; Lu, Y. MRI detection of thrombin with aptamer functionalized
superparamagnetic iron oxide nanoparticles. Bioconjugate Chem. 2008, 19, 412-417.

Curreli, M.; Zhang, R.; Ishikawa, F.N.; Chang, H.K.; Cote, R.J.; Zhou, C.; Thompson, M.E.
Real-time, label-free detection of biological entities using nanowire-based FETs. IEEE Trans.
Nanotechnol. 2008, 7, 651-667.

So, H.-M.; Won, K.; Kim, Y.H.; Kim, B.-K.; Ryu, B.H.; Na, P.S.; Kim, H.; Lee, J.O.
Single-walled carbon nanotube biosensors using aptamers as molecular recognition elements.
J. Am. Chem. Soc. 2005, 127, 11906-11907.

Andrae, J.; Gallini, R.; Betsholtz, C. Role of platelet-derived growth factors in physiology and
medicine. Genes Dev. 2008, 22, 1276-1312

Alvarez, R.H.; Kantarjian, H.M.; Cortes, J.E. Biology of platelet-derived growth factor and its
involvement in disease. Mayo Clin. Proc. 2006, 81, 1241-1257.

Singh, J.P.; Chaikin, M.A.; Stiles, C.D. Phylogenetic analysis of platelet-derived growth factor by
radio- receptor assay. J. Cell Biol. 1982, 95, 667-671.

Betsholtz, C.; Westermark, B.; Ek, B.; Heldin, C.H. Coexpression of a PDGF-like growth factor
and PDGF receptors in a human osteosarcoma cell line: implications for autocrine receptor
activation. Cell 1984, 39, 447-457.

Vassbotn, F.S.; Ostman, A.; Siegbahn, A.; Holmsen, H.; Heldin, C.-H. Neomycin is a
platelet-derived growth factor (PDGF) antagonist that allows discrimination of PDGF alpha- and
beta-receptor signals in cells expressing both receptor types. J. Biol. Chem. 1992, 267,
15635-15641.

Engstrom, U.; Engstrom, A.; Ernlund, A.; Westermark, B.; Heldin, C.-H. Identification of a
peptide antagonist for platelet-derived growth factor. J. Biol. Chem. 1992, 267, 16581-16587.
Yang, C.J.; Jockusch, S.; Vicens, M.; Turro, N.J.; Tan, W. Light-switching excimer probes for
rapid protein monitoring in complex biological fluids. Proc. Natl. Acad. Sci. U.S.A. 2005, 102,
17278-17283.

.Jiang, Y.; Fang, X.; Bai, C. Signaling aptamer/protein binding by a molecular light switch complex.

Anal. Chem. 2004, 76, 5230-5235.

Vicens, M.C.; Sen, A.; Vanderlaan, A.; Drake, T.J.; Tan, W. Investigation of molecular beacon
aptamer-based bioassay for platelet-derived growth factor detection. ChemBioChem 2005, 6,
900-907.

Green, L.S.; Jellinek, D.; Jenison, R.; Ostman, A.; Heldin, C.H.; Janjic, N. Inhibitory DNA ligands
to platelet-derived growth factor B-chain. Biochemistry 1996, 35, 14413-14424.

Huang, C.C.; Huang, Y.F.; Cao, Z.; Tan, W.; Chang, H.T. Aptamer-modified gold nanoparticles
for colorimetric determination of platelet-derived growth factors and their receptors. Anal. Chem.
2005, 77, 5735-5741.



Sensors 2009, 9 10387

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Huang, C.C.; Chiu, S.H.; Huang, Y.F.; Chang, H.T. Aptamer-functionalized gold nanoparticles
for turn-on light switch detection of platelet-derived growth factor. Anal. Chem. 2007, 79,
4798-4804.

Kim, G.I.; Kim, K.W.; Oh, M.K.; Sung, Y.M. The detection of platelet derived growth factor
using decoupling of quencher-oligonucleotide from aptamer/quantum dot bioconjugates.
Nanotechnology 2009, 20,175503.

Zheng, J.; Nicovich, P.R.; Dickson, R.M. Highly fluorescent noble-metal quantum dots. Annu.
Rev. Phys. Chem. 2007, 58, 409-431.

Negishi, Y.; Nobusada, K.; Tsukuda, T. Glutathione-protected gold clusters revisited: Bridging
the gap between gold(I)—thiolate complexes and thiolate-protected gold nanocrystals. J. Am.
Chem. Soc. 2005, 127, 5261-5270.

Wang, G.; Guo, R.; Kalyuzhny, G.; Choi, J.P.; Murray, R.-W. NIR luminescence intensities
increase linearly with proportion of polar thiolate ligands in protecting monolayers of Ausg and
Auy49 quantum dots. J. Phys. Chem. B 2006, 110, 20282-20289.

Huang, C.C.; Chiang, C.K.; Lin, Z.H.; Lee, K.H.; Chang, H.T. Bioconjugated gold nanodots and
nanoparticles for protein assays based on photoluminescence quenching. Anal. Chem. 2008, 80,
1497-1504.

Huang, C.C.; Liao, H.Y.; Shiang, Y.C.; Lin, Z.H.; Yang, Z.; Chang, H.T. Synthesis of
wavelength-tunable luminescent gold and gold/silver nanodots. J. Mater. Chem. 2009, 19,
755-759.

Wang, J.; Meng, W.; Zheng, X.; Liu, S.; Li, G. Combination of aptamer with gold nanoparticles
for electrochemical signal amplification: Application to sensitive detection of platelet-derived
growth factor. Biosens. Bioelectron. 2009, 24, 1598-1602.

Wang, J.; Li, L.; Xu, Y.; Cheng, G.; He, P.; Fang, Y. Simultaneously fluorescence detecting
thrombin and lysozyme based on magnetic nanoparticle condensation. Talanta 2009, 79, 557-561.
Wang, J.; Munir, A.; Li, Z.; Zhou, H.S. Aptamer-Au NPs conjugates-enhanced SPR sensing for
the ultrasensitive sandwich immunoassay. Biosens. Bioelectron. 2009, 25, 124-129

Maehashi, K.; Matsumoto, K.; Takamura, Y.; Tamiya, E. Aptamer-based label-free
immunosensors using carbon nanotube ficld-effect transistors. Electroanalysis 2009, 21,
1285-1290.

Shangguan, D.; Li, Y.; Tang, Z.; Cao, Z.; Mallikaratchy, P.; Sefah, K.; Yang, C.; Tan, W.
Aptamers evolved from live cells as effective molecular probes for cancer study. Proc. Natl. Acad.
Sci. U.S.A. 2006, 103, 11838-11843.

Chen, H.; Medley, C.D.; Sefah, K.; Shangguan, D.; Tang, Z.; Smith, J.E.; Meng, L.; Tan, W.
Molecular recognition of small-cell lung cancer cells using aptamers. ChemMedChem 2008, 3,
991-1001.

Shangguan, D.; Meng, L.; Cao, Z.; Xiao, Z.; Fang, X.; Li, Y.; Cardona, D.; Witek, R.P.; Liu, C.
Tan, W. Identification of liver cancer-specific aptamers using whole live cells. Anal. Chem. 2008,
80, 721-728.



Sensors 2009, 9 10388

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Tang, Z.; Shangguan, D.; Wang, K.; Shi, H.; Sefah, K.; Mallikaratchy, P.; Chen, W.; Li, Y.; Tan,
W. Selection of aptamers for molecular recognition and characterization of cancer cells. Anal.
Chem. 2007, 79, 4900-4907.
Daniels, D.A.; Chen, H.; Hicke, B.J.; Swiderek, K.M.; Gold, L. A tenascin-C aptamer identified by
tumor cell SELEX: Systematic evolution of ligands by exponential enrichment Proc. Natl. Acad.
Sci. U.S.A. 2003, 100, 15416-15421.

Shamah, S.M. Healy, J.M.; Cload, S.T. Complex target SELEX. Acc. Chem. Res. 2008, 41,
130-138.

Guo, K.T.; Paul, A.; Schichor, C.; Ziemer, G.; Wendel H.P. Cell-SELEX: Novel perspectives of
aptamer-based therapeutics. Int. J. Mol. Sci. 2008, 9, 668-678.
Phillips, J.A.; Lopez-Colon, D.; Zhu, Z.; Xu, Y.; Tan, W. Applications of aptamers in cancer cell
biology. Anal. Chim. Acta 2008, 621, 101-108.

Nery, A.A.; Wrenger, C.; Ulrich, H. Recognition of biomarkers and cell-specific molecular
signatures: Aptamers as capture agents. J. Sep. Sci. 2009, 32, 1523-1530.
Chen, X.; Huang, Y.F.; Tan W. Using aptamer-nanoparticle conjugates for cancer cells detection.
J. Biomed. Nanotech. 2009, 4, 400-409.
Farokhzad, O.C.; Karp, J.M.; Langer, R. Nanoparticle—aptamer bioconjugates for cancer targeting.
Expert Opin. Drug Deliv. 2006, 3, 311-324.

Huang, Y.F.; Lin, Y.W.; Lin, Z.H.; Chang, H.T. Aptamer-modified gold nanoparticles for
targeting breast cancer cells through light scattering. J. Nanopart. Res. 2009, 11, 775-783.

Yan, J.; Estevez, M.C.; Smith, J.E.; Wang, K.; He, X.; Wang, L.; Tan, W. Dye-doped
nanoparticles for bioanalysis. Nanotoday 2007, 2, 44-50.

Yao, G.; Wang, L.; Wu, Y.; Smith, J.; Xu, J.; Zhao, W.; Lee, E.; Tan, W. FloDots: Luminescent
nanoparticles. Anal. Bioanal. Chem. 2006, 385, 518-524.

Herr, J.K.; Smith, J.E.; Medley, C.D.; Shangguan, D.H.; Tan, W. Aptamer-conjugated
nanoparticles for selective collection and detection of cancer cells. Anal. Chem. 2006, 78,
2918-2924.

Smith, J.E., Medley, C.D., Tang, Z., Shangguan, D., Lofton, C.; Tan, W. Aptamer-conjugated
nanoparticles for the collection and detection of multiple cancer cells. Anal. Chem. 2007, 79,
3075-3082.

Chen, X.; Estévez, M.C. Zhu, Z.; Huang, Y.F.; Chen, Y.; Wang, L.; Tan, W. Using
aptamer-conjugated fluorescence resonance energy transfer nanopaticles for multiplexed cancer
cell monitoring. Anal. Chem. 2009, 81, 7009-7014.

Zheng, D.; Seferos, D.S.; Giljohann, D.A.; Patel, P.C.; Mirkin, C.A. Aptamer nano-flares for
molecular detection in living cells. Nano Lett. 2009, 9, 3258-3261.

© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. This

article is an open-access article distributed under the terms and conditions of the Creative Commons

Attribution license (http://creativecommons.org/licenses/by/3.0/).



