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ABSTRACT

Molecular imaging has greatly advanced basic biology
and translational medicine through visualization and
quantification of single/multiple molecular events
temporally and spatially in a cellular context and in
living organisms. Aptamers, short single-stranded nu-
cleic acids selected in vitro to bind a broad range of
target molecules avidly and specifically, are ideal mo-
lecular recognition elements for probe development in
molecular imaging. This review summarizes the current
state of aptamer-based biosensor development (probe
design and imaging modalities) and their application in
imaging small molecules, nucleic acids and proteins
mostly in a cellular context with some animal studies.
The article is concluded with a brief discussion on the
perspective of aptamer-based molecular imaging.
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INTRODUCTION

Molecular imaging is to visualize and quantify a molecular
event temporally and spatially in a cellular context and in
living organisms (Massoud and Gambhir, 2003; Weissleder
and Pittet, 2008; Pysz et al., 2010). In basic biology, mo-
lecular imaging has been applied widely to study different
molecular events including gene expression, molecular traf-
ficking/localization and molecular interactions. In translational
medicine, it has been used routinely in disease target valida-
tion, drug discovery and diagnosis. Molecular imaging is
rapidly emerging as an interdisciplinary subject and has
greatly advanced both basic biology and translational medi-
cine.

In targeted molecular imaging, a biosensor is developed to
specifically recognize and image a target molecule. The rec-

ognition elements used in a biosensor can be either small
molecules (e.g., metabolites, enzymatic substrates and neu-
rotransmitters), antibodies or aptamers. In this review, we will
focus only on molecular imaging using nucleic acid aptamers
as recognition elements in biosensors.

Aptamers are short ssDNAs/RNAs (in the range of 15—150
nt, ideally 20—40 nt) that bind their targets with high affinity (Kq:
pmol/L—pmol/L) and specificity. Aptamers are selected in vitro
by Systematic Evolution of Ligands by EXponential enrich-
ment (SELEX), which was first established in 1990 (Ellington
and Szostak, 1990; Tuerk and Gold, 1990). Aptamers have
been selected for a broad range of targets including small
molecules, carbohydrates, peptides/proteins, nucleic acids,
lipids and complex targets including protein complexes, viral
particles, cells, tissues and small living organisms (Wang,
2008). Aptamers are ideal probe reagents for biosensor de-
velopment in molecular imaging with their properties of broad
target range, high specificity and affinity, capability of in vitro
chemical synthesis and maodifications for improving function-
ality and pharmacokinetics (biostability with half-life of 1-10
days in serum with chemical modifications and circulation
half-life of minutes without PEGylation and days with PEGy-
lation) (Keefe et al., 2010), flexibility and often induced-fit in
structural/conformational changes upon target binding, lack
of immunogenicity and the capability of functioning both in
vitro and in vivo.

Aptamers have great potential in therapy (Keefe et al.,
2010), diagnosis (Brody et al., 2010), in vitro bioanalysis (lliuk
et al., 2011) and in vivo imaging (Hong et al., 2011;
Lopez-Colon et al., 2011). The combination of aptamer with
nanotechnology is also an actively studied field (Yang et al.,
2011). In this review, we focus only on aptamer-based mo-
lecular imaging with a comprehensive summary of target
molecules imaged. We first summarize the principles of ap-
tamer-based biosensor development (probe design and im-
aging modality) in the context of molecular imaging. Then we
describe the application of aptamer-based biosensors in im-
aging various molecular events including small molecules,
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nucleic acids and proteins.
APTAMER-BASED BIOSENSOR DEVELOPMENT

Aptamer-based biosensor development for in vitro bioanaly-
sis has been thoroughly reviewed (lliuk et al., 2011) and will
not be covered here. Here, we describe the principle of ap-
tamer-based biosensor development in the context of mo-
lecular imaging. An aptamer-based biosensor for imaging
usually consists of an aptamer probe and an imaging modal-
ity. In the probe, there is a sensing domain and a signaling
domain. The sensing domain first recognizes a target mole-
cule by a recognition element (an aptamer). The recognition
event is then transduced to a signaling domain to give out a
signal through a reporter, which can be measured by an im-
aging modality. The reporters can be fluorophores, radionu-
clides, magnetic reagents, microbubbles and other contrast
reagents (reagents for enhancing image contrast). Corre-
spondingly, the imaging modalities can be fluorescence mi-
croscopy, radiography, magnetic resonance imaging (MRI),
ultrasound imaging and computed tomography (CT) (Fig. 1).
The aptamer-based biosensor development is discussed
below, including the principles of aptamer probe design, dif-
ferent imaging modalities, signal amplification for imaging and
multiplex imaging.

Aptamer probe development

Aptamer probe development is an essential part of ap-
tamer-based molecular imaging. For successful molecular
imaging, a probe should possess physical properties includ-
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Figure 1. Biosensor for molecular imaging. A biosensor
consists of a probe and an imaging modality. The probe has a
sensing domain to bind a target molecule and a signaling do-
main to generate signals that can be imaged by an imaging
modality. CT, Computed tomography; FM, fluorescence mi-
croscopy; MRI, magnetic resonance imaging; PET, positron
emission tomography; SPECT, single photon emission com-
puted tomography.

ing high affinity (particularly slow off-rate), high specificity and
high sensitivity to achieve high signal/noise ratio. It should
also have good pharmacokinetic properties for clinical appli-
cation which include high stability in vivo, low immunogenicity,
low toxicity and easy cell and tissue penetration. Finally, a
probe should be easily produced with low cost (Chen and
Chen, 2010). Aptamers can meet all these criteria except for
easy cell penetration due to their relatively large size (5-10
kDa) in comparison to small molecules. Thus imaging cell
surface molecules would be the most straightforward appli-
cation for aptamer probes. However, for intracellular targets,
an aptamer probe can be delivered into cells by transforma-
tion, transfection, microinjection or expression inside cells
either independently or as an RNA tag.

Based on the types of target molecules imaged, different
aptamer probes have been developed. For small molecule
and protein imaging, an aptamer probe recognizes its target
molecule by direct aptamer-target interaction (Fig. 2, 1-6).
On the other hand, for RNA imaging, single or multiple copies
of an aptamer probe need to be coupled to its target RNA
either through physical linkage (Fig. 2, probe 7-9) or through
hybridization (Fig. 2, probe 10-11). Individual examples of
these probes are summarized in Table S1 and discussed in
detail in the main text below.

Aptamer probes can be generated through rational design
using aptamers that have been selected towards specific
target molecules. In rational design, the most straightforward
way is to link a reporter to an aptamer (Fig. 2, probe 1) or to
the aptamer ligand (Fig. 2, probe 8a). Through specific bind-
ing, the reporter is enriched on the target molecule by way of
the aptamer probe. The unbound reporters are then either
washed away or confined in a particular compartment (e.g.,
nuclei) in the context of cell culture or cleared from body fluid
and untargeted tissues in living organisms. The drawback of
the probe 1 and 8a is low signal/noise ratio due to insufficient
separation of the bound from the unbound reporters. To in-
crease signal/noise ratio, smart probes have been developed
mostly based on fluorescence properties including fluores-
cence quenching (Fig. 2, probe 2—4), Férster resonance en-
ergy transfer (FRET) (Fig. 2, probe 5) or a “light-up” property
(Fig. 2, probe 6, 7, 8b, 9 and 11). In fluorescence quenching,
emission energy from a fluorophore donor is lost due to ab-
sorption by a proximate quencher. In FRET, emission energy
from a donor fluorophore is used to excite a nearby acceptor
fluorophore for fluorescence emission. Both fluorescence
quenching and FRET are distance dependent. An aptamer
probe can be designed such that the distance between
fluorphore donor and fluorophore acceptor/quencher in the
probe changes upon target binding. Fluorescence change
due to distance change, either intramolecular (Fig. 2, probe 2,
3 and 5) or intermolecular (Fig. 2, probe 4) is then used to
image a target molecule. For fluorescence light-up property, a
fluorogen, which is nonfluorescent, can become fluorescent
due to aptamer binding changing the microenvironment or the
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Figure 2. Probe design for aptamer-based molecular
imaging. Aptamer probes have been developed to image a
broad range of target molecules. For small molecule and pro-
tein imaging, an aptamer probe recognizes its target molecule
(@) by direct aptamer-target interaction (probe 1-6). For RNA
imaging, single or multiple copies of a probe need to be cou-
pled to a target RNA ([JUG20)) either by physical linkage
(probe 7-9) or by hybridization (probe 10-11). Signal from a
probe can be either directly from a reporter conjugated to the
probe (probe 1) or to the aptamer ligand (probes 8a and 10) or
through various mechanisms including Foérster resonance en-
ergy transfer (probe 4), fluorescence quenching (probe 2),
dequenching (probe 3) and light-up property (probe 7, 8b, 9,
11). Individual examples of these probes are summarized in
Table S1 and discussed in detail in the main text. A, accepter;
D, donor; F, fluorophore; F’, fluorogen; L, ligand; Q, quencher;
R, reporter; T, target.

chemical property of a fluorogen (Fig. 2, probe, 6, 7 and 11).
Alternatively, split nonflurorescent proteins can become fluo-
rescent due to reconstruction of functional fluorescent pro-
teins upon aptamer binding (Fig. 2, probe 8b and 9). In addi-
tion, aptamer modularity and allostery have been utilized in
smart probe design too (Fig. 2, probe 6, 10 and 11).

In addition to the approach of rational design of existing
aptamers, novel signaling aptamers can be generated by in
vitro selection. One approach is to utilize the property that
fluorescence is sensitive to the local chemical environment.
In this approach, fluoresceinated uridine-incorporated RNAs
were used to select ATP aptamers. The selected aptamers
showed maximal twice increase in fluorescein fluorescence
intensity due to the local chemical environment change upon
ATP binding (Jhaveri et al., 2000). In another approach, the
combination of structure switching and fluorescence
quenching was used to in vitro select structure-switching
signal aptamers. In the selection pool design, a constant
region was flanked by two short random sequences with
additional 5" and 3' constant regions for polymerase chain
reaction (PCR) amplification. The generated aptamers were
then captured by a resin-coupled ssDNA complementary to
the central constant region of the aptamers. The aptamers
were then eluted by target binding, which disrupted the hy-
bridization between the aptamers and the resin-coupled
ssDNA. After successful selection of the signaling aptamers,
a final signaling probe consists of the selected aptamer, the
short oligonucleotide that hybridizes to the middle of the ap-
tamer and an additional short oligonucleotide that hybridizes
to the terminal (either 5’ or 3' end) of the aptamer. In the two
short oligonucleotides, a fluorophore was linked to one and a
quencher to the other. The fluorophore/quencher pair was
positioned at proximity to have quenching effect. Binding of a
target molecule to the probe displaces the middle hybridized
short oligonucleotide and gives out a fluorescence signal
(Nutiu and Li, 2005).

Imaging modality

Depending on the types of reporters/contrast reagents, dif-
ferent imaging modalities have been used in molecular im-
aging. These imaging modalities have been comprehensively
reviewed (Massoud and Gambhir, 2003; Weissleder and
Pittet, 2008; Pysz et al., 2010). Here briefly described is the
principles of these imaging modalities in the context of ap-
tamer-based molecular imaging. Most of the imaging modali-
ties utilize the probe 1 design in Fig. 2 to achieve targeted
imaging except fluorescence microscopy, which can take
advantage of all the probe design in Fig. 2 for best perform-
ance (Table S1).

Among the imaging modalities, fluorescence microscopy is
the most widely used in basic research mostly in a cellular
context. Fluorescence microscopy in a cellular context has
temporal resolution of picoseconds to seconds (Suhling et al.,
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2005), spatial resolution of 10—200 nm and sensitivity of up to
a single molecule (Toomre and Bewersdorf, 2010). However,
whole-body fluorescence microscopy on animals only has
temporal resolution of seconds to minutes, spatial resolution
of millimeters and depth penetration of 1-6 cm due to light
absorption by tissues. The reporters in fluorescence micros-
copy are fluorophores with emission of either visible light or
near-infrared light, which can be detected by a photomultiplier
detector. Fluorescence microscopy is the dominant imaging
modality for aptamer-based molecular imaging mostly in a
cellular context and with some success on animal models
(Table S1).

Imaging modalities from nuclear medicine have been ap-
plied in diagnostic molecular imaging, mostly on living or-
ganisms. For radionuclide reporters, 2D scintigraphy or 3D
tomography can be used for imaging. The most commonly
used 3D tomographies for radionuclide imaging are positron
emission tomography (PET) and single photon emission
computed tomography (SPECT). In PET, radionuclides in-
cluding 18F, 68Ga, 87r and "?l emit positrons to collide with
electrons in a living organism to produce pairs of high-energy
y-ray. In SPECT, radionuclides including 67Ga, 9ngc, "R
and '®| emit low-energy y-ray. With the combination of
computed tomography with imaging y-ray by a y-camera, 3D
imaging can be achieved for both PET and SPECT without
depth limitation and with temporal resolution of seconds to
minutes and spatial resolutions of 1-2 mm. PET has a detec-
tion limit of 107%-10™"" mol/L, which is an order of magnitude
more sensitive than SPECT. In aptamer-based molecular
imaging, radionuclides including %"Tc and *’Ga have been
used as reporters for 2D-scintigraphy (Charlton et al., 1997,
Hicke et al., 2006; Hwang do et al., 2010).

In computed tomography (CT), 3D images are recon-
structed from a series of 2D X-ray images taken rotating
around a single axis. There is no depth limit for CT with
temporal resolution of minutes and spatial resolution of
50-200 pym. The sensitivity of CT is not well defined. Based
on the ability of gold to induce X-ray attenuation, a prostate
specific membrane antigen (PSMA) aptamer-conjugated gold
nanoparticle was used as a contrast reagent to image
PSMA-positive LNCaP cells in vitro (Kim et al., 2010).

Ultrasound are sound waves with frequencies of >20 kHz.
The 3D images can be constructed from ultrasound imaging
based on the reflection signature of the subjects. Ultrasound
imaging has depth limitation of millimeter to centimeters with
temporal resolution of seconds to minutes and spatial resolu-
tion of 50-500 ym. Based on the property that air-bubbles
can scatter ultrasonic energy, an aptamer-conjugated nano-
bubble was used as a contrast reagent to image CCRF-CEM
cells in cell culture (Wang et al., 2011).

Magnetic resonance imaging (MRI), another in vivo imag-
ing modality, is based on nuclear magnetic resonance. MRI
has no depth limit with temporal resolution of minutes to
hours and spatial resolution of 25—-100 ym. The sensitivity of

MR is low (10'5—10'3 mol/L). In MR, a strong magnetic field is
applied to align magnetized nuclei. The aligned magnetic
nuclei can be altered by a resonance frequency from a gra-
dient radio frequency transmitter when it is on. When the
radio frequency transmitter is off, the relaxations of the nuclei
spin are recorded to produce 3D images. The relaxations of
nuclei in different tissues are different, thus producing con-
trast imaging, which can be further enhanced by contrast
reagents. Aptamer conjugated contrast reagents can achieve
targeted MRI. Aptamer conjugated magnetic beads, CoFe;Oa,
FesO4 nanoparticles have been applied in targeted imaging in
animal models (Hwang do et al., 2010; Yu et al., 2011).

Signal amplification

To achieve high signal/noise ratio, sensitivity and resolution in
imaging, different approaches have been used.

The signal/noise ratio can be increased either by de-
creasing noise or increasing the signal or both. To this end,
aptamer probes usually utilize fluorescence properties in-
cluding fluorescence quenching (Fig. 2, probe 2—-4), FRET
(Fig. 2, probe 5) and light-up fluorophores (Fig. 2, probe 6, 7,
8b, 9 and11). In addition, the binding of an aptamer probe to
its target can enrich reporters at the site, thus increasing the
local signal strength (Fig. 2, probe 1, 8a and 10).

Another way to amplify signal is through multivalency. This
is achieved through either multivalency of aptamer or multi-
valency of the reporters. For example, single molecule imag-
ing of MRNA has been achieved by tagging an mRNA with 24
units of MS2 aptamers, which accumulate MS2-GFP fusion
proteins on the mRNA (Fusco et al., 2003). On the other hand,
a nanoparticle doped with thousands of fluorescent dyes can
greatly increase the signal by several orders of magnitude
(Knopp et al., 2009). Such nanoparticle-aptamer conjugates,
if biocompatible, have the potential to dramatically amplify the
signal for sensitive imaging.

Although enzymatic amplification (substrate conversion,
PCR, rolling circle amplification, aptazyme) has been
achieved in vitro for biosensors (Zhou et al., 2010), little has
been done with these in aptamer-based molecular imaging.
Allosteric aptazymes may have the potential for use in signal
amplification for aptamer-based molecular imaging. This
requires further investigation.

Multiplex imaging

Multiplex imaging has two aspects. One is to image multiple
molecules simultaneously and the other is to image a single
molecule with multiple imaging modalities. The former is im-
portant for understanding molecular interactions and the in-
terplay of multiple events in biological systems and for diag-
nostic imaging of disease signatures. The latter offers the
opportunity to study the different aspects of a single molecule
event by different imaging modalities and the flexibility of a
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broad range of imaging and the potential to overcome the
shortcomings and utilize the strength of individual imaging
modalities.

Aptamer-based multiplex imaging of multiple molecules
simultaneously has been achieved. To study the trafficking of
two mRNAs ASH1 and IST2 in yeast cell, 12x Box and 6x
MS2 aptamers were used as tags for the mRNAs respectively.
The expressed tagged mRNAs were then imaged by
AN22-GFP and MS2-RedStar respectively and their traffick-
ing was monitored in real-time. As two localized mRNAs,
ASH1 and IST2 were cotransported directionally by a com-
mon ribonucleoprotein particle to the target site but not the
nonlocalized mRNA HOM2 (Lange et al., 2008). In addition to
trafficking, spatial distribution of multiple molecules can be
studied simultaneously by aptamer imaging as well. Nucleolin
and o3 integrin, two proteins highly expressed in many
cancer cells, were imaged simultaneously on their cellular
distribution by a quantum dot 655 (QD655) conjugated with a
nucleolin-binding aptamer AS1411 and a QD605 conjugated
with an ayBs integrin-binding arginine-glycine-aspartic acid
(RGD) peptide (Ko et al., 2009). On the other hand, an
RGD-conjugated QD525 (the fluorophore donor) and an
AS1411-conjugated Cy3 (the fluorophore acceptor) were
used together to image the colocalization of nucleolin and
a,B3 integrin based on FRET. Although nucleolin and a3
integrin were highly coexpressed, they were only partially
colocalized in Hela cells (Kang et al., 2009b). To study can-
cer marker signature, three different aptamers (TTA1 ap-
tamer against tenascin-C, AS1411 aptamer against nucleolin
and MUC-1 aptamer against MUC-1) were conjugated re-
spectively to QDs with different emission wavelengths (605
nm, 655 nm, 705 nm). The aptamer-QD conjugates were
then applied simultaneously to image the expression patterns
of the three proteins in different cancer cell lines by confocal
microscopy. Different cancer cell lines had different expres-
sion signatures, among which C6 and HeLa cell lines showed
coexpression of the three proteins on the cell surface of a
single cell. This indicates that multiplex aptamer imaging has
the potential for obtaining protein expression signatures for
cancer diagnosis (Kang et al., 2009a).

Another aspect of aptamer-based multiple molecule im-
aging is to image protein-protein/RNA interaction in real time.
To study the interaction of fragile X mental retardation protein
(FMRP) to its native RNA binding site, an MS2 aptamer tag
was inserted near the FMRP native binding site in an mRNA.
With coexpression of MS2-split Venus and FMRP-split Venus,
fully functional Venus was reconstructed and gave out fluo-
rescence when FMRP-split Venus binding to its native RNA
site brought together the MS2-split Venus binding to the MS2
aptamer tag nearby. To determine the interaction of two RNA
binding proteins, FMRP and human zipcode-binding protein 1
ortholog IMP1, a vector was constructed to contain a MS2
aptamer tag without RNA binding sites for FMRP and IMP.
The MS2-FMRP-split Venus could recruit IMP1-split Venus

but not control protein to give out fluorescence and vice versa.
This indicated that FMRP-IMP1 interaction was independent
of their RNA binding sites and the interaction of the two pro-
teins could be imaged by Venus fluorescence (Rackham and
Brown, 2004).

In addition to multiplexing on molecules, multiplexing on
imaging modalities has been done. To achieve multiple mo-
dality imaging of a single probe, a nanoparticle consisting of
cobalt ferrite, fluorescent rhodamine and 5Ga-citrate was
conjugated to an aptamer AS1411 for targeting nucleolin. The
developed probe was applied in cell culture to image nucleo-
lin-expressed C6 glioma cells by fluorescence microscopy. In
vivo imaging of the tumor model in nude mice was also
achieved by scintigraphy with “Gaasa reporter and by MRI
imaging with cobalt ferrite as a reporter (Hwang do et al,,
2010).

Finally, it is possible to integrate aptamer imaging with
therapy. A probe was developed to contain a quantum dot, a
PSMA aptamer and a doxorubicin. The probe was internal-
ized into the prostate cancer cell line LNCaP after it bound to
cellular surface PSMA. After probe internalization, doxorubi-
cin was released from the probe to kill the cancer cells and
both quantum dot and doxorubicin became unquenched and
fluorescent for cell imaging (Bagalkot et al., 2007). In another
study, a gold nanoparticle was conjugated to a PMSA ap-
tamer loaded with doxorubicin. The gold nanoparticle, as a
targeted contrast reagent for CT imaging, showed four times
higher intensity in PMSA-expressing cell (LNCaP) than that in
PMSA-negative cell (PC3 cells). The probe also selectively
inhibited growth of PMSA-positive cells in cell culture (Kim et
al.,, 2010). Yet another probe was developed with a super-
paramagnetic iron oxide nanoparticle conjugated with a
PMSA aptamer and loaded with doxorubicin. The probe was
used to image LNCaP cells both in vitro by fluorescence mi-
croscopy and in vivo on a tumor-bearing mice model by MRI.
The probe accumulated on the tumor site and effectively
inhibited tumor growth in vivo. Thus the probe had the capa-
bility of imaging the tumor, targeted delivery of drug and si-
multaneously monitoring the therapeutic effect (Yu et al,
2011).

To conclude the first part of the review, aptamer-based
biosensor development has been discussed on probe design,
imaging modality and multiplex imaging in the context of mo-
lecular imaging. In the second part of the review, application
of aptamer-based biosensors for imaging different types of
target molecules will be highlighted.

TARGETS DETECTED BY APTAMER-BASED
MOLECULAR IMAGING

Aptamer-based molecular imaging has been applied to image a
broad range of target molecules including small molecules,
RNAs and proteins. Most of the imaging studies are done in the
context of cell culture and some in animal models (Table S1).
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Small molecules

Small molecules including ions and metabolites play impor-
tant roles in cell metabolism and function. However, there are
limited tools available for sensing, imaging and quantifying
small molecules in vivo. Some ions and metabolites can be
imaged specifically inside cells with genetically encoded
fluorescent protein sensors but such sensors are difficult to
be engineered for a broad range of small molecules (Bermejo
et al., 2011; Palmer et al., 2011). On the other hand, aptam-
ers can be selected for a broad range of target molecules and
each aptamer is specific to its target molecule. Thus there is
great potential for wide application of aptamer-based small
molecule imaging in studying cellular metabolism. There
have already been some attempts of imaging K*, ADP, ATP
and S-adenosylmethionine (SAM) with aptasensors.

To image K" inside cell, a probe (Fig. 2, probe 5) using the
thrombin aptamer (with G-quartet structure) as the recogni-
tion element was developed based on the fact that G-quartet
structure is sensitive to K*. In the probe (PSO-5), a bioti-
nylated neutral peptide was linked to the 5' end of the throm-
bin aptamer with TAMRA fluorophore linked to the probe at
the peptide site and FAM fluorophore at the 3' end of the
thrombin aptamer. Then a biotinlyated nuclear export signal
peptide (B-NES) was synthesized. Both PSO-5 and B-NES
could be captured by streptavidin, a protein with four biotin
binding sites. With a ratio of 1:3:1 of PSO-5, B-NES and
streptavidin, a ternary complex formed. This ternary complex
was retained in the cytoplasm instead of the nucleus for K*
imaging. In the absence of K*, the thrombin aptamer was
unstructured and TAMRA and FAM were far away from each
other. In the presence of K*, the thrombin aptamer formed a
G-quartet structure, bringing TAMRA and FAM close enough
to generate FRET signal for K* imaging. When introduced
into HeLa Cells, the ternary complex imaged cytosolic K*
concentration and dynamics spatiotemporally in real-time.
The probe also had >200 times selectivity of K'/Na* (Ohtsuka
etal., 2012).

ATP, the cellular energy source and a substrate for vari-
ous signal transduction and metabolism, is another molecule
actively studied. An aptamer nano-flare (Fig. 2, probe 4) was
developed to image and quantify cellular ATP concentration.
In the aptamer nanoflares, ATP aptamers were conjugated to
a gold nanoparticle and hybridized to Cy5-labeled comple-
mentary DNA reporters. The Cy5 fluorescence is quenched
by the gold nanoparticle. When ATP binds to its aptamer, the
hybridized Cy5-DNA reporters are released and the
quenched Cy5 becomes fluorescent. The aptamer nanoflares
could readily enter HelLa cells and selectively measure in-
tracellular ATP concentration at 0.1-3 mmol/L range (Zheng
et al., 2009). Instead of direct conjugation, an ATP aptamer
labeled with carboxyfluorescein (FAM) was absorbed by a
grapheme oxide nanosheet to form an aptamer/grapheme
oxide nanocomplex, in which FAM fluorescence was

quenched by the nanosheet. Upon ATP binding, the FAM
labeled ATP aptamer could be released from the nanocom-
plex and became fluorescent. The aptamer/grapheme oxide
complex was applied to image intracellular ATP in cell culture
(Wang et al., 2010). In another study of imaging and quanti-
fying ATP in yeast cells, a probe (Fig. 2, probe 3) based on
ATP aptamer was embedded inside a polyacrylamide nano-
particle. Texas red (the reporter) and Black Hole 2 (the
quencher) were conjugated to the 5’ and 3' ends of the probe
and were close to each other due to a hairpin structure.
Binding of ATP to the ATP aptamer in the probe changed the
hairpin structure, resulting in Texas red moving away from
Black Hole 2 and therefore increasing fluorescence. The
probe was applied to image and measure total intracellular
ATP concentration (2.9-5.1 mmol/L) (Nielsen et al., 2010).
Using the same design but with a newly selected ATP ap-
tamer that can distinguish ATP from ADP and AMP and the
reporter-quencher pairs of Alexa Fluor 488-Black Hole 1 and
Texas red-Black Hole 2, the same group developed new
probes to image and measure the dynamics of intracellular
ATP in yeast with time resolution of seconds and ATP con-
centrations of 0.5-8 mmol/L. The ATP concentration oscil-
lated and varied under different conditions (Ozalp et al.,
2010a, 2010b).

Finally, based on the concept of aptamer modularity and
allostery (Stojanovic and Kolpashchikov, 2004), aptasensors
have been developed to image the dynamics of ADP and
SAM in real time in E. coli (Paige et al., 2012) (Fig. 2, probe 6;
Fig. 3A). In the aptasensors, there is a sensing aptamer do-
main, a transducer (a weak stem structure) and an activat-
able signaling aptamer domain. The sensing aptamer domain
can recognize a small molecule target (e.g., ADP or SAM).
Without binding of the small molecule target to the sensing
aptamer domain, the signaling aptamer domain (e.g., modi-
fied spinach aptamer) is unstructured and cannot bind to its
ligand [e.g., 3,5-difluoro-4-hydroxybenzylidene imidazolinone
(DFHBI)], the reporter. When the small molecule target binds
the sensing aptamer domain, the transducer is stabilized,
which facilitates the signaling aptamer domain to form its
stable conformation for binding to the reporter for generating
signal for imaging the small molecule target. Here the light-up
property of spinach-DFBHI interaction is utilized for imaging,
in which DFBHI is a fluorogen and fluoresces upon spinach
binding (Paige et al., 2011). This allosteric aptasensor can
potentially be a general approach for small molecule imaging
by incorporating different sensing aptamer domains for dif-
ferent small molecule targets.

RNAs

RNAs are essential components in cells. They include mes-
senger RNA (mRNA), ribosomal RNA (rRNA), transfer RNA
(tRNA), small nuclear RNA (snRNA), microRNA (miRNA),
small interference RNA (siRNA), antisense RNA and other
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Figure 3. Some examples of aptamer-based molecular imaging. (A) Imaging cellular S-adenosylmethionine (SAM) in live E.
coli by fluorescence microscopy using the probe 6 in Fig. 2. Only the image taken at 180 min after the treatment of methionine, the
SAM precursor is shown here. The image is color-coded to show the fold increase in fluorescence intensity relative to 0 min. SAM
level is heterogeneous among cells with some higher than average (arrow), some slow in increase (arrow head) and some first in-
crease and then decrease (double arrow). (from part of the Fig. 1c in Paige et al., 2012). (B) Imaging 5S RNA tagged with spinach in
live HEK293 T cells by fluorescence microscopy using the probe 7 in Fig. 2. The nuclear borders are shown with dash-lines. (from
part of the Fig. 4c in Paige et al., 2011). (C) Imaging Ash1 mRNA movement using MS2-GFP system by fluorescence microscopy
using the probe 8a in Fig. 2. The diagram shows the moving trajectory of an Ash1 mRNP particle from a mother cell to a bud in 240
s over 43 ym. (from Fig. 4G in Bertrand et al., 1998). (D) Imaging protein tyrosine kinase-7 (PTK7), a marker of CCRF-CEM tumor,
in a CCRF-CEM tumor-bearing mouse by a fluorescence imaging system using the probe 3 in Fig. 2. Only the image taken 120 min
after the injection of the aptamer probe is shown here. The fluorescence intensity is color-coded and the tumor is highlighted with a
pink circle. (from part of the Fig. 5A in Shi et al., 2011). (E) Imaging tenascin-C, a tumor marker, in a MDA-MB-435 breast tumor
bearing nude mice by 2D-sctintigraphy using the probe 1 in Fig. 2. (from part of the Fig. 6 in Hicke et al., 2006). The figures above
are reprinted with permission from the American Association for the Advancement of Science (A and B), Elsevier (C), the National
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noncoding RNA (ncRNA). They are involved in all aspects of
cellular activities including transcription, RNA splicing, RNA
modification, translation and gene regulation. To understand
RNA functions, it is important to elucidate its metabolism,
dynamics, trafficking and cellular localization. One way to
tackle these issues is by molecular imaging of RNA mole-
cules. RNA imaging has been achieved at the single mole-
cule level using hybridization-based probes including fluo-
rescence in situ hybridization (FISH) and molecular beacons
(Bao et al., 2009; ltzkovitz and van Oudenaarden, 2011).
These hybridization probes can detect endogenous RNAs
without tagging but usually require invasive delivery of the
probes. Instead of FISH and molecular beacons, the main
focus here is on aptamer-based RNA imaging, a different
imaging methodology. In aptamer-based RNA imaging, one
or multiple copies of an RNA aptamer tag are usually inserted
into the untranslated region of a target RNA. The target RNA
is then imaged by the aptamer tag-ligand binding. The ligand
can be an activatable fluorogen ligand, a fluoro-
phor-conjugated ligand, a split fluorophore-conjugated split
ligand or a split fluorophore conjugated with two ligands (Fig.
2, probe 7-9). Imaging of endogenous RNAs by aptamer
probes based on hybridization has also been proposed and
demonstrated as proof-of principle in test tube, but it has not
been implemented in a cellular context or in vivo (Fig. 2,
probe 10—11). Different types of aptamer-based RNA imaging
are discussed below with specific examples referenced.

RNA imaging based on aptamer tag bound by
ligand-fused fluorescent proteins

Different aptamer-fluorescent protein pairs have been de-
veloped for real time RNA imaging in cell culture. In this ap-
proach, an aptamer tag is inserted into a target RNA and the
aptamer ligand is fused to a fluorescent protein. The target
RNA is then imaged by the fluorescent protein through ap-
tamer-ligand interaction. The aptamer-fluorescent protein
pairs include MS2-GFP/paGFP/YFP/RedStar/mRFP/split
Venus, AN22-GFP/RedStar, UTA-GFP, split elF4A- split GFP
and HTLV-1 Rex/ AN22-split EGFP. A comparison of these
pairs is listed in Table 1. Recently, aptamers have been de-
veloped to directly bind different fluorescent proteins (Shui et
al.,, 2012). Such pairs may have the potential in imaging
without fusing a ligand to a fluorescent protein.

In the imaging system, multiple copies of an aptamer tag
are inserted into the untranslated regions of a target RNA
with coexpression of a fluorescent protein fused with a ligand
that can bind to the aptamer tag on the target RNA. The in-
sertion site of the aptamer tag into the target RNA should be
carefully selected and tested with minimal interference of the
function, stability and trafficking of the target RNA. To achieve
good signal/noise ratio, the optimal expression level of the
target RNA and the ligand-fused fluorescent protein needs to
be empirically determined. To decrease background, a nu-
clear localization signal is usually attached to the fluorescent
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Table 1 The properties of aptamer-fluorescence protein (FP) pairs in RNA imaging

Ligand Aptamer tag Kg (nmol/L)  Fusion FP Applicability

MS2 (129 aa) ACAUGAGGAU(U/C)ACCCAUGU <5 MS2-FP, Broad cell types
19 nt/aptamer, 4-24 aptamers/tag MS2-split FP

AN22 (22 aa) GCCCUGAAAAAGGGC 22 4xAN22-3xEGFP Broad cell types
15 nt/aptamer, 4—12 aptamers/tag

HTLV-1 Rex (16 aa) AGGCGACGGTACGCAAGTACTCTTGCGCCGGCCT, 30 Rex-NEGFP Broad cell types

& 34 nt/aptamer, 1 aptamer/tag &

AN22 (22 aa) GGCCUAGGGCCCUGAAAAAGGGCCCUUUCC, 22 AN22-CEGFP
30 nt/aptamer, 1 aptamer/tag

U1A (95-102 aa) GAAGAGCCAUUGCACUCCGGUUCUUC 0.14 U1A-GFP Bacteria and yeast
18 nt/ aptamer, 4—16 aptamers/tag

elF4A (406 AA) GGGGACCGCGCCCCACAUGUGAGUGAGGCCGAAAC 27 elF4A(1-215)-NEGFP  Bacteria
GUAGAUUCGACAGGAGGCUCACA, 58 nt/aptamer, 2 and elF4A(216—406)-
aptamer/tag CEGFP

Note: source of aptamer sequence and affinity. MS2 aptamer (Lim and Peabody, 1994), AN22 aptamer (Austin et al., 2002), HTLV-1 Rex
aptamer (Yiu et al., 2011), U1A aptamer (Zeng and Hall, 1997) and elF4A aptamer (Oguro et al., 2003).

protein to localize the protein in the nucleus, thus not inter-
fering with imaging in the cytoplasm. Another way to de-
crease background is to use split fluorescent proteins, which
will fluoresce only when reconstructed by aptamer binding.
The drawback of split fluorescent proteins is that the interac-
tion of the two protein halves is usually irreversible and not
suited for imaging RNA dynamics.

Aptamer-fluorescent protein imaging systems have been
used to study transcription, RNA processing, transport, lo-
calization, translation and turnover at the single molecule and
single cell level. Unlike the average population behavior,
single molecule and single cell shows heterogeneity and
diversity of individual molecules and cells. This will be dis-
cussed in more detail below.

To study mRNA transcription dynamics, a developmental
gene dscA was tagged with 24 units of MS2 aptamer for RNA
imaging in social amoeba Dictyostelium. The transcription of
dscA gene was discontinuous with a pulsing mode of on and
off (mean interval and duration of 5-6 min) and various per-
centages (5%—40%) of cells expressing dscA. Transcription
memory and synchronism in transcription initiation in adjacent
cells was also observed for dscA gene (Chubb et al., 2006).
To further determine the transcription pulse behaviors among
genes, transcription of five housekeeping genes and five de-
velopmental genes were studied in Dictyostelium using
MS2-GFP tagging system. Distinct transcription pulse duration
(mostly <10 min), frequency (2—6 pulses/h) and intensity (0-8
folds difference) among the genes with various percentage of
cells (1%—-90%) expressing the genes. With the progress of
development stages, the percent of cells expressing the
genes increased for most developmental genes but de-
creased for most of the housekeeping genes. For transcription
pulse behavior (pulse duration, frequency and intensity) at
different development stages, most development genes had
constant transcription pulse behavior while housekeeping
genes showed tunable transcription pulse behavior
(Muramoto et al., 2012). To measure the mRNA transcription

kinetics (kinetic parameters in promoter binding, initiation and
elongation), a gene array of 200 copies of a gene cassette
(CFP-SKL) each tagged with 24 units of MS2 aptamer was
inserted into a single locus on a chromosome of human U20S
cells. The transcription of the gene cassette was imaged with
coexpressed YFP-Pol Il (for Pol Il imaging) and MS2-GFP (for
nascent MRNA imaging). The onset of transcription was very
inefficient. In the transcription onset, 13% of Pol Il binding to
promoters proceeded to initiation step, among which only
8.6% engaged in elongation, resulting a net 1% of Pol Il in
successful transcription. The mean residence time of Pol |l for
promoter binding, initiation and elongation were 6, 54 and
~500 s respectively for this 3.3 kb gene. In the elongation
stage, there was a rapid elongation at the rate of 72 nt/s with a
probabilistic (4.2%) long pausing (4-5 min) for individual
elongating Pol Il. This resulted in a probability of 26% Pol I
pausing at a single gene locus. The elongation pausing kinet-
ics of Pol Il (Darzacq et al., 2007) and the potential different
initiation rate of Pol Il (Muramoto et al., 2012) may explain the
mRNA transcriptional pulsing dynamics. To correlate chroma-
tin structure with transcription, a 200-copy gene array system
as mentioned above with additional tetracycline inducible
elements was integrated into chromosome 1 heterochromatic
region in human U20S cells. Each copy of the gene array had
256 copies of Lac operator and 24 copies of MS2 aptamer
coding sequences. Chromatin structure was thus imaged with
CFP-Lac repressor, mRNA with MS2CP-YFP and proteins
(Histones and HP1) with tagged YFP. The histone exchange
(HP1a depletion and H3.3 deposition) transformed the gene
array from a silenced mode into an active mode of transcrip-
tion. The transcription showed a dynamic mode of rapid in-
crease upon induction, peak and then decrease over time.
This imaging system allowed to integrate the real-time imag-
ing of chromatin structure with transcription activation (Janicki
et al., 2004). Transcription dynamics and diversity in individual
E. coli. cells have also been studied by both MS2-GFP and
split elF4A-GFP system. It was proposed that the dynamics of
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promoter open complex formation resulted in transcription
dynamics in individual cells, which led to translation diversity
based on MS2-GFP imaging (Smolander et al., 2011). In split
elF4A-GFP study, it was shown that upon induction, 50% of
cells showed a rapid increase in transcription which peaked at
50-70 min and then decreased to basal level at 75-125 min
while another 50% of cells showed no response to induction
(Valencia-Burton et al., 2009).

Eukaryotic mRNAs need cotranscriptional/posttranscripti-
onal processing including RNA splicing in the nucleus before
their export to the cytoplasm. In mRNA splicing, introns are
removed and exons are joined to form mature mRNAs. To
image cotranscriptional splicing in vivo in human U20S cells,
a model system with 4 units of MS2 aptamer in the intron
(MINX construct) was constructed. The kinetics of splicing
was measured by fluorescence recovery after photobleaching
with mean splicing time of 162 s. The splicing kinetics was
best fit with a three-step model in which splicing was regu-
lated by three successive rate-limiting steps (Schmidt et al.,
2011). In addition, UTA-GFP system has been used to study
the relationship of pre-mRNA processing and nuclear export
in yeast. Different mMRNAs (Rpl25, Pgk1 and Ssa4) had dif-
ferent maturation pathways but utilized the same export ma-
chinery. Mutations in export machinery and 3' processing
(polyadenylation) abolished nuclear export of all the mRNAs
tested. However, defects in splicing machinery only affected
the export of MRNA with introns (Rpl25). In addition, different
ribonucleoprotein (RNP) packages affected RNA export, for
example, Hrp1 as a component of RNP of a heat-shock RNA
(Ssad) facilitated only heat-shock RNA export but not
non-heat-shock RNA (Rpl25 and Pgk1) export under ethanol
stress (Brodsky and Silver, 2000).

After processing, mature mRNAs are exported from the
nucleus to the cytoplasm and their corresponding locations.
With CFP mRNA as a model, the mMRNA movement in the
nucleus was studied by MS2-YFP system. CFP mRNP
movement followed simple diffusion model with a velocity of
~0.55 pym/s and a diffusion coefficient of 0.04—0.09 pmzls.
Among all the CFP mRNPs, 58% of the mRNPs showed
diffusive movement, 42% corralled and <1% static. The cor-
ralled movement might reflect the heterogeneous nature of
nucleoplasm (Shav-Tal et al., 2004). In the cytoplasm, single
mRNA movement was proposed to follow a stochastic model
based on imaging studies by MS2-EGFP system. In the
model, MRNAs move along the cytoskeleton with continu-
ously switching among static (anchoring), diffusional and
directed (active transport) modes with sequence-dependent
probabilities. Corralled movement of mRNA probably results
from the restricted diffusion of mMRNA in cytoplasmic micro-
domains. Localization signal on mRNA (e.g., zipcode for 3
actin) can increase the frequency and length of directional
movement without changing the velocity, thus facilitating
mRNA transport and localization (Fusco et al., 2003). This
model has been supported by mRNA transport and localiza-

tion studies on ASH1 (Fig. 3C) and IST2 in yeast (Bertrand et
al.,, 1998; Lange et al., 2008), Bcd (Weil et al., 2006) and
Oskar (Zimyanin et al., 2008) in Drosophila oocytes, 3-actin
in chicken embryonic fibroblast cells (Yamagishi et al., 2009)
and Arc (Dynes and Steward, 2007) and CaMKlla (Rook et al.,
2000) in rat/mouse neurons using MS2/AN22-fluorescent pro-
tein imaging systems. In the studies, the untranslated regions
(5" and 3' UTR) determined the mRNA transport efficiency and
localization. The mMRNAs moved discontinuously and stochas-
tically with velocities ranging from 20 nm/s to 1 ym/s depending
on its modes of diffusion or active transport on different mo-
lecular motors (actin or microtubule). In addition to nuclear
export, mMRNAs (PGK1 and MFA2P) moved between different
organelles in cytoplasm, for example, between polysomes and
P-bodies as shown by U1A-GFP tagging system (Brengues et
al., 2005). mRNA transport was also coupled to translation
repression during transport (Rackham and Brown, 2004) and
regulated local translation (Bi et al., 2006; Daigle and Ellenberg,
2007; Dictenberg et al., 2008). Finally, the aptamer-fluorescent
protein imaging systems (MS2-GFP and split elF4A-EGFP)
was applied to show the differential spatiotemporal localization
of E. coli RNAs (Valencia-Burton et al., 2007; Valencia-Burton
et al., 2009; Nevo-Dinur et al., 2011), the pri-miRNA localiza-
tion in D-body in Arabidopsis (Fang and Spector, 2007) and
the binding dynamics of noncoding Xist RNA to
X-chromosome (Ng et al., 2011).

RNA turnover is another aspect of RNA metabolism.
MS2-GFP system was applied to show the direct relationship
between nuclear retention and degradation of LYS2 mRNA in
the nucleus in yeast (Das et al., 2006). With the caveat that
the aptamer tag has no effect on RNA turnover (stability and
degradation), the aptamer-fluorescent protein imaging sys-
tems have the potential application in studying RNA turnover
in real-time in vivo.

RNA imaging based on aptamer-fluorogenic dye pair
(light-up probes)

In aptamer-fluorescent protein system for RNA imaging, the
large size of the fluorescent protein (27 kDa for each GFP)
may interfere with RNA properties including processing, traf-
ficking and turnover. Moreover the fluorescence from unbound
fluorescent proteins can cause significant high background in
imaging. In addition, real-time and dynamic RNA imaging can
be affected by the long maturation time during synthesis and
the slow turnover rate of the fluorescent proteins. To overcome
these shortcomings, small molecules, particular fluorogenic
dyes, have been proposed to replace fluorescent proteins for
real-time and dynamic RNA imaging. For small molecules to
meet with imaging requirement, they need to be permeable to
cell membrane, nontoxic, bind avidly and specifically to their
aptamers but have low nonspecific binding to cellular compo-
nents and low in background signal. Efforts in this direction are
listed in Table 2 and will be described below.
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Table 2 The properties of aptamer-fluorogen pairs for RNA imaging

Fluorogen Aptamer length Ky Fluorescence increase by times Reference

Malachite green 38 nt 0.1-1 pmol/L 2360 Babendure et al., 2003
GFP like fluorophores 80 nt 0.5 pmol/L 2000 Paige et al., 2011
Hoechst 1c 29 nt 35 umol/L 56.2 Sando et al., 2008
Dimethyl indole red 102 nt 86 umol/L 60 Constantin et al., 2008
ASR7 60 nt 2.6 ymol/L 95 Lee etal., 2010
DCF-MPP 110 nt N.D. 13° Sparano and Koide, 2007
Fluorophore-BHQ1 102 nt 4.7 umol/L ~7 Murata et al., 2011

#13-time increase at 100 ymol/L aptamer

N.D., not determined; DCF-MPP, 2, 7’-dichlorofluorescein conjugated with two 1-(4-methoxyphenyl) piperazine

Some fluorogens cannot emit fluorescence due to in-
tramolecular motions that cause excitation energy loss.
However, when the intramolecular motion is restricted, the
excitation energy can be utilized to emit fluorescence. Ap-
tamers can be developed to bind such fluorogens to restrict
their intramolecular motion, thus making the fluorogens fluo-
resce upon aptamer binding. Such aptamer-fluorogenic dye
pairs are thus called light-up probes. The malachite
green-aptamer pair (Babendure et al., 2003) and GFP like
fluorophores-aptamers pairs (Paige et al., 2011) have been
successfully developed with submicromolar affinity and about
2000 times increase in fluorescence quantum yield between
free and aptamer-bound form of the dyes. Hoechst
1c-aptamer pair (Sando et al., 2008) and dimethyl indole red
-aptamer pair (Constantin et al., 2008) are other examples in
which the affinity of the aptamer-dye interaction is 35 and 86
nmol/L respectively and the fluorescence enhancement of the
dyes was exhibited by 56 and 60 folds respectively upon
aptamer binding.

In addition, a fluorogen can be generated by conjugating a
fluorescent dye to a quencher. Then an aptamer can be de-
veloped to either bind the whole dye (ASR7) (Lee et al., 2010)
or just the quencher (MPP in DCF-MPP or BHQ1 in fluoro-
phore-BHQ1) (Sparano and Koide, 2007; Murata et al., 2011),
resulting in fluorescence enhancement of 7—100 times.

Although some fluorogen-aptamer pairs have been de-
veloped as mentioned above and have been used to meas-
ure and monitor transcription in test tube in real-time (Sando
et al., 2008), only the spinach-DFHBI pair (one of the pairs in
GFP like fluorophore-aptamer pairs) (Paige et al., 2011) has
been successfully applied for imaging the highly abundant
cellular RNA, 5S rRNA in cell culture (Fig. 3B). Among fluo-
rogen-aptamer pairs, many of the aptamers have large size
(60-110 nt long). To image low abundance cellular RNAs
(e.g., mRNA), multiple units of an aptamer tag are often
needed. Aptamers with smaller size are needed for tagging
RNA with minimal interference. For small fluorogenic dyes,
there are some issues relating to in vivo application too. For
example, cytotoxicity and strong nucleic staining of malachite
green (our unpublished data) limits its application for in vivo
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for in vivo RNA imaging. Future development of fluoro-
gen-aptamer pairs is in need with high affinity and specificity,
small aptamer size and fluorogens with good cell-permeability,
no toxicity, low background binding/noise and strong fluo-
rescence enhancement upon aptamer binding.

RNA imaging based on hybridization-regulated allosteric
aptamers

In addition to aptamer tagging, hybridization-regulated allos-
teric aptamers have also been developed for RNA meas-
urement in test tube. In this approach, regions accessible for
hybridization on a target RNA need to be identified for probe
design. In addition, hybridization may affect RNA behavior,
e.g., stability. The advantage of this approach is that it can
potentially be used to image and quantify endogenous RNAs.

A targeted reversibly attenuated probe (TRAP) (Fig. 2,
probe 10) is an example of hybridization regulated allosteric
aptamers. In the TRAP, an intervening antisense sequence is
flanked by an aptamer and an attenuator. The aptamer and
the attenuator are complementary to each other to form a
hairpin like structure of TRAP in the absence of a target nu-
cleic acid. In the presence of a target nucleic acid, the target
nucleic acid hybridizes with the intervening antisense se-
quence in the TRAP, thus breaking the hairpin structure
formed between the aptamer and the attenuator. The unhy-
bridized aptamer is then available to bind its ligand, which
signals the presence of the target nucleic acid. The TRAP
has been demonstrated to detect target nucleic acids in test
tube with single nucleotide precision (Cong and
Nilsen-Hamilton, 2005). The aptamer in the TRAP can be
replaced with ribozyme for signal amplification through en-
zymatic reaction too (Burke et al., 2002).

A binary probe (Fig. 2, probe 11) is another example of
hybridization regulated allosteric aptamers. In the probe, a
malachite green aptamer is split into two halves, each linked
to a short nucleotide sequence. The two short nucleotide
sequences are antisense oligonucleotides to a target nucleic
acid. In the absence of the target nucleic acid, the binary
probe cannot come together to form a stable structure of a
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functional malachite green aptamer. However, in the pres-
ence of a target nucleic acid, the hybridization of the an-
tisense oligonucleotides on the binary probes to the target
nucleic acid brings the two halves of the malachite green
aptamer together to become a functional malachite green
aptamer. Binding of malachite green to the functional mala-
chite green aptamer thus signals the presence of the target
nucleic acids (Kolpashchikov, 2005).

Although both TRAP and binary probes have only been
implemented in the test tube, the principles developed have
the potential for in vivo endogenous RNA imaging.

Proteins

Proteins are essential for cellular functions in all aspects.
Imaging proteins in cellular context is important for under-
standing their functions. In addition, many proteins can serve
as disease diagnosis markers. Here we discuss the applica-
tion of aptamers in imaging protein localization and trafficking
in a cellular context, in sensing extracellular signal proteins
and in diagnostic imaging in animal models (Table S1).

Protein localization and trafficking in cells by aptamer
imaging

Protein localization and trafficking have been extensively
studied by fusing the target proteins with fluorescent proteins
as reporters. However, this tagging approach images the
fusion proteins instead of the endogenously expressed target
protein. As an alternative approach, direct aptamer probes
can be used to image endogenous proteins. Aptamers can
be labeled with a single reporter (Fig. 2, probe 1) or engi-
neered as smart probes to image the cellular localization or
trafficking dynamics of proteins. For live cell imaging of an
intracellular protein, HIV reverse transcriptase (HIV RT), an
aptamer beacon (Fig. 2, probe 3) was designed. In the ap-
tamer beacon, a short oligonucleotide was added to com-
plement part of an HIV RT aptamer to form a stem-loop
structure. A TAMRA/DABCY pair was then conjugated re-
spectively to the 5’ and the 3’ end of the aptamer beacon. In
the absence of HIV-RT, TAMRA was quenched by adjacent
DABCYL due to proximity in the stem-loop structure. In the
presence of HIV-RT, binding of HIV-RT to its aptamer broke
the stem-loop structure, thus making DABCYL far away from

TAMRA, which then emitted fluorescence for HIV-RT imaging.

The aptamer beacon was delivered into HIV-RT transiently
transfected HelLa cells or HIV-RT stably integrated U1 cells
by streptolysin O treatment for reversible permeabilization.
The aptamer beacon was shown to image cytoplasmic
HIV-RT in living cells, which was consistent with imaging with
HIV RT-GFP fusion protein (Liang et al., 2011). In another
example of imaging cellular distribution of PrP°, a silver
nanoparticle functionalized by a PrP° aptamer was applied to
show PrP° cellular distribution on cell membrane, endocytotic

structure, lysosome and mitochondria by both light scattering
microscopy and transmission electron microscopy (Chen et
al., 2010). Direct imaging of protein colocalization (nucleolin
and integrin avBs) based on FRET has also been reported
(Kang et al., 2009b). In addition to cellular localization, fluo-
rescence labeled aptamers have been used to study protein
trafficking including endocytosis of human protein kinase-7
(PTK7) from membrane into endosome (Xiao et al., 2008)
and endocytosis of angiogenin into cytoplasm and nuclei as
scattered spots (Li et al., 2008). Particularly, protein traffick-
ing dynamics has been imaged and quantified in real-time in
living cells by an aptamer probe. In the probe, an aptamer
conjugated with biotin at one end and with/without a fluoro-
phore at the other end was used to recognize the target pro-
tein. Then a streptavidin-conjugated nanoparticle (quantum
dot, silver nanoparticle or gold nanoparticle) was recruited to
the target protein through biotin-streptavidin interaction. The
target protein was then imaged by single/dual colors and the
protein dynamics was determined by single particle tracking.
The system was applied to image two membrane proteins
nucleolin and PrP° and the endocytosis dynamics of PrP°
without changing its endocytosis behavior. PrP°® endocytosis
was mediated through a clathrin-dependent pathway with
three distinct movement phases. On the cell membrane, the
PrP°® showed slow membrane diffusion with a velocity of 0.1
um/min. In the cytoplasm, PrP° showed continuous and di-
rectional movement with a velocity of 0.6 um/min for vesicle
transport into the lysosome. A small portion of PrP° could
escape from the lysosome and get into the Golgi and the
endoplasmic reticulum where PrP°® showed confined diffusion,
which was nondirectional and discontinuous with a velocity of
0.2-0.6 pm/min (Chen et al., 2012).

Extracellular signaling protein sensed by aptamer
imaging

In addition to imaging protein localization and trafficking, ap-
tamer probes have been used to sense extracellular signaling
molecules, e.g., platelet-derived growth factor (PDGF). For
real-time imaging and quantifying extracellular PDGF, two
different aptamer probes were constructed based either on
fluorescence quenching (Fig. 2, probe 2) or on FRET (Fig. 2,
probe 5). In the aptamer probes, a PDGF DNA aptamer with
additional sequence hybridized to a complementary short
oligonucleotide biotinylated at the 5’ end. The aptamer probes
were thus coupled to the cell surface though streptavidin,
which bound the cell surface biotinylated by sulphonated
biotinyl-N-hydroxy-succinimide (NHS-biotin). In the absence
of PDGF, the PDGF aptamer probes were in a open confor-
mation. Binding of PDGF to the aptamer probes resulted in a
closed conformation of the PDGF aptamer probes, which
brought the labeled dyes (FAM vs Dabcyl and Cy3 vs Cy5)
close enough to generate either quenching or FRET signal.
The PDGF aptamer probes could quantify PDGF concentra-
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tion added in cell culture medium and secreted by neighbor-
ing cells with single-cell resolution. The aptamer
probe-coupled stem cells still retained their homing ability to
bone marrow, indicating the feasibility for the cell-surface
coupled aptamer sensors for in vivo tracking and quantifica-
tion of extracellular signaling molecules (Zhao et al., 2011).

Diagnostic imaging of protein markers by aptamers

Many proteins can serve as disease makers. Aptamers
against such protein markers have great potential for diag-
nostic imaging with many advantages over antibodies due to
their small size, no immunogenicity and easy chemical syn-
thesis and chemical modification. The first success of in vivo
aptamer diagnostic imaging was on human neutrophil elas-
tase, a marker of inflammation. An aptamer against human
neutrophil elastase was labeled with %"Tc and injected in-
travenously to image an inflammation model in rat by scinti-
graphy. The ¥MTc-labeled aptamer could image inflammation
with peak signal/noise ratio of 4.3 + 0.6 at 2 h, which was
superior to IgG with peak signal/noise ratio of 3.1 + 0.1 at 3 h
(Charlton et al., 1997). Another successful example of ap-
tamer diagnostic imaging was on tenascin-C, a cancer
marker for various solid tumors. Aptamer TTA1 against
tenascin-C was labeled with either *™Tc or rhodamine red
and applied to image various tumor bearing mouse models
including breast cancer (MDA-MB-435) and glioblastoma
(U251) by either scintigraphy or fluorescence microscopy.
The rhodamine red-labeled TTA1 aptamer accumulated at
the blood vessels of the tumor by 10 min and diffused through
the tumor tissue in 3 h. The *™Tc-labeled aptamer showed
tumor imaging with high signal/noise ratio over time (50 at 3 h,
180 at 16 h) due to fast tumor penetration (6% injected
dose/g at 10 min), fast blood clearance (half-life <2 min in
blood) and long tumor retention (>20 h) (Fig. 3E) (Hicke et al.,
2006).

In addition to scintigraphy imaging, whole-body fluores-
cence microscopy has been applied for diagnostic aptamer
imaging of cancers. To image Ramos B-cell lymphoma in a
nude mice model, TDO5 aptamer was labeled with Cy5 and
injected intravenously to specifically recognize immunoglobin
heavy mu chain, a marker for Ramos B-cell lymphoma. After
the injection, the Cy5-TD05 aptamer was rapidly taken up by
the mouse body in just 4 min and cleared away from the body
in 2-3 h but retained at the tumor site and intestine up to 6 h.
The recognition of Cy5-TD05 to Ramos tumor was specific
with an average signal/noise ratio of ~70 at 5 h (Shi et al.,
2010). To image CCRF-CEM cancer in nude mice, an acti-
vatable probe (Fig. 2, probe 3) was constructed to recognize
PTK?7, a marker for CCRF-CEM cancer. The probe was la-
beled with Cy5 at the 5' end and BHQ2 at the 3’ end. In the
absence of PTK7, the probe formed a hairpin structure and
Cy5 was quenched by the adjacent BHQ2. In the presence of
PTK?7, Cy5 emitted fluorescence due to conformational

change of the probe upon PTK7 binding, which placed BHQ2
far away from Cy5. The probe was injected intravenously to
image CCRF-CEM tumor model in nude mice (Fig. 3D). The
activatable probe was superior to Cy5-labeled aptamer (the
always-on probe) on sensitivity and rapidity of diagnosis.
When applied to tumor mouse model, the activatable probe
was rapidly taken up in mouse in 5 min and significantly en-
riched at tumor site as early as 15 min and retained for more
than 2 h after probe injection. On the other hand, the free
probes were essentially cleared from the nontumor sites at 1
h. Recognition of the activatable probe was specific to the
CCRF-CEM tumor (Shi et al., 2011).

Ultrasound imaging has been widely used for diagnosis.
However, the conventional contrast reagents used in ultra-
sound imaging are often nonspecific. A contrast reagent
conjugated with an aptamer has the potential to achieve tar-
geted ultrasound imaging. To achieve targeted ultrasound
imaging, sgc8c aptamer against PTK7 was conjugated to
nanobubbles through thiol-maleimide chemistry. The aptamer
conjugated nanobubbles were successfully used to image
CCRF-CEM cells, which highly express PTK7 in cell culture.
The ultrasound imaging was consistent with optical imaging.
This demonstrated the feasibility to use the aptamer for tar-
geted ultrasound imaging (Wang et al., 2011).

Computed tomography (CT) can achieve diagnostic im-
aging with or without contrast reagents. With ap-
tamer-conjugated contrast reagents, targeted CT imaging
could potentially be achieved. As an initial effort for targeted
CT imaging in cell culture system, a gold nanoparticle (the
contrast reagent) was functionalized with a short oligonucleo-
tide, which was hybridized to a complementary short oli-
gonucleotide extended from a PSMA aptamer. The ap-
tamer-gold nanoparticle (5 nmol/L) was applied to image
PSMA positive LNCaP prostate cancer cell with four times
higher CT contrast than PSMA negative PC3 cell line (Kim et
al., 2010).

Magnetic resonance imaging (MRI) is another widely used
technique in diagnostic imaging. Similarly, targeted MRI can
be achieved through aptamer-conjugated contrast reagent. In
fact, a PSMA aptamer conjugated with a superparamagnetic
iron oxide nanoparticle has been successfully applied to im-
age LNCaP xenograft mouse model (Yu et al.,, 2011). An-
other example is a nucleolin aptamer conjugated with a co-
balt—ferrite nanoparticle for imaging rat glioma (Hwang do et
al., 2010).

PERSPECTIVE

We have evidenced many successes in applying ap-
tamer-based molecular imaging on various molecules in-
cluding small molecules, nucleic acids and proteins. These
studies have promoted our further understanding of funda-
mental biology and shown the potential for aptamer-based
imaging in translational medicine including diagnostic imag-
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ing and image-guided therapy. However, most of the ap-
tamer-based molecular imaging has been done in a cellular
context with limited examples of animal studies. For clinical
translation of aptamer-based molecular imaging, interdisci-
plinary efforts are required from biology, chemistry, engi-
neering, pharmacy and clinical medicine. Rapid and high
throughput methodologies are in need for selecting avid and
specific aptamers for a broad range of target molecules for in
vivo application. New engineering approaches and re-
porter-labeling chemistries are expected to improve aptamer
probes for high signal/noise ratio in imaging. For imaging
intracellular targets, efficient and noninvasive intracellular
delivery methods of aptamer probes need development.
Good pharmacokinetic properties of aptamer probes are key
to their in vivo application, which can be modulated by dif-
ferent chemistries. Finally, trials of aptamer probes for imag-
ing in preclinical setting (animal models) and clinical setting
need scientists and medical practitioners to explore the com-
binations of aptamer probes with different imaging modalities.
We expect the interdisciplinary effort will bring aptamer-based
molecular imaging to new horizons.

For aptamer-based small molecule imaging, there are only
a few successful examples so far. Many aptamers have been
selected in vitro to bind a broad range of small molecules,
indicating the potential for aptamer-based small molecule
imaging. The challenge will lie in the ability to select highly
specific and avid aptamers for individual small molecules for
in vivo application. With the ability of an aptamer to form a
coherent yet malleable structure in controlling the chemical
reactivity of its target (e.g., a metabolite) (Wang et al., 2009),
there is great potential in combining imaging with phenotypic
and functional studies of metabolites in cellular metabolism.

For aptamer-based RNA imaging, current methods mostly
rely on aptamer-fluorescent protein tagging systems to image
mRNAs. The large size of the fluorescent proteins and the
aptamer tags can potentially alter the target RNA behavior.
Aptamer-small molecule tagging systems and nontagging
systems could potentially be developed as new imaging ap-
proaches to overcome the limitations of currents methods.
Other than mRNAs, aptamer-based RNA imaging technolo-
gies have the potential for studying a broader range of RNAs
including noncoding RNAs on their biogenesis, cellular local-
ization, trafficking and function.

For aptamer-based protein imaging, aptamers developed
against different epitopes of a protein have potential in imag-
ing protein dynamics, conformational changes and molecular
interactions inside cells. Multiplex imaging of different pro-
teins may help to elucidate the interaction network, devel-
opmental signature and the resulting phenotypes. Ap-
tamer-based diagnostic imaging of proteins as disease
markers and image-guided therapy will also be actively in-
vestigated. In addition, aptamer-based molecular imaging
may be used to study stem-cell development and monitor
stem cells in experimental therapeutics.
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