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Abstract
With many desirable properties such as ease of synthesis, small size, lack of immunogenicity, and
versatile chemistry, aptamers represent a class of targeting ligands that possess tremendous
potential in molecular imaging applications. Non-invasive imaging of various disease markers
with aptamer-based probes has many potential clinical applications such as lesion detection,
patient stratification, treatment monitoring, etc. In this review, we will summarize the current
status of molecular imaging with aptamer-based probes. First, fluorescence imaging will be
described which include both direct targeting and activatable probes. Next, we discuss molecular
magnetic resonance imaging and targeted ultrasound investigations using aptamer-based agents.
Radionuclide-based imaging techniques (single-photon emission computed tomography and
positron emission tomography) will be summarized as well. In addition, aptamers have also been
labeled with various tags for computed tomography, surface plasmon resonance, dark-field light
scattering microscopy, transmission electron microscopy, and surface-enhanced Raman
spectroscopy imaging. Among all molecular imaging modalities, no single modality is perfect and
sufficient to obtain all the necessary information for a particular question. Thus, a multimodality
probe has also been constructed for concurrent fluorescence, gamma camera, and magnetic
resonance imaging in vivo. Although the future of aptamer-based molecular imaging is becoming
increasingly bright and many proof-of-principle studies have already been reported, much future
effort needs to be directed towards the development of clinically translatable aptamer-based
imaging agents which will eventually benefit patients.
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INTRODUCTION
Aptamers, single-stranded DNA or RNA sequences typically generated through the process
termed “Systematic Evolution of Ligands by EXponential enrichment (SELEX)” [1,2], have
recently emerged as a promising class of ligands with superb potential for diagnostic and
therapeutic applications [3]. Alternatively, a MonoLEX method has also been reported
which comprises a single affinity chromatography step, followed by physical segmentation
of the affinity resin and a polymerase chain reaction (PCR) amplification step of bound
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aptamers [4]. Aptamers (with molecular weight of 5–40 kDa) can fold into well-defined 3D
structures and bind to their target molecules with high affinity and specificity. To date,
aptamers have been selected against a wide range of targets such as proteins, phospholipids,
sugars, nucleic acids, whole cells, among others [3]. Since wild-type RNA and DNA
molecules can be easily degraded by nucleases, various strategies have been adopted to
synthesize aptamers with enhanced in vitro/in vivo stability, such as the use of polyethylene
glycol (PEG) conjugation [5], unnatural internucleotide linkages [6], chemically modified
oligonucleotides [7–9], Spiegelmers (where the sugars are enantiomers of wild-type nucleic
acid sugars) [10,11], among many others [3]. In the two decades since aptamers were first
selected through SELEX, Pegaptanib (Pfizer/Eyetech), an aptamer that binds to human
vascular endothelial growth factor (VEGF), has been approved by the United States Food
and Drug Administration (FDA) for clinical use in treating age-related macular degeneration
(AMD) [12]. In addition, a variety of aptamers against other molecular targets are currently
under clinical investigation [3].

The field of molecular imaging, “the visualization, characterization and measurement of
biological processes at the molecular and cellular levels in humans and other living systems”
[13], has expanded tremendously over the last decade. Commonly used molecular imaging
modalities include molecular magnetic resonance imaging (MRI), bioluminescence,
fluorescence, targeted ultrasound, single photon emission computed tomography (SPECT),
and positron emission tomography (PET) [14]. Capable of giving whole body readouts in
intact systems which is much more relevant and reliable than in vitro/ex vivo assays, non-
invasive molecular imaging of molecular markers of various diseases can allow for much
earlier diagnosis, earlier treatment, and better prognosis that will eventually lead to
personalized medicine [14,15]. Continued development and wider availability of scanners
dedicated to small animal imaging studies, which can provide a similar in vivo imaging
capability in mice, primates, and humans, can enable smooth transfer of knowledge and
molecular measurements between species thereby facilitating clinical translation of novel
imaging agents and/or techniques.

With many advantages over other commonly used targeting ligands (e.g. antibodies) such as
easier synthesis, lower batch-to-batch variability, better thermal stability, smaller size, lower
immunogenicity, more versatile chemistry, among others [3], aptamers possess enormous
potential in molecular imaging applications. In this review, we will summarize the current
status of molecular imaging with aptamer-based agents.

OPTICAL IMAGING
Optical imaging, which typically includes bioluminescence and fluorescence, is a relatively
low-cost method suitable primarily for small animal studies [16,17]. Fluorescence imaging
with aptamer-based agents has been well documented in the literature. Since many aptamers
have relatively weak binding affinities to their targets, in many cases aptamers were
conjugated to various nanoparticles (NPs) to improve the binding avidity and targeting
efficacy. For example, gold-silver nanorods (NRs) have been used as a nanoplatform for
multivalent binding of multiple aptamers to enhance both the signal intensity and binding
affinity for cancer cell recognition [18]. Up to 80 fluorophore-labeled aptamers could be
attached on each NR, resulting in enhanced fluorescence signal. Generally speaking,
aptamer-based optical imaging can be divided into two categories: direct targeting and
activatable probes.

Direct Targeting with Aptamers
A number of molecular targets have been explored for aptamer-based optical imaging.
Integrin αvβ3 is a cell adhesion molecule involved in a wide variety of physiological
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processes such as cell growth/migration, tumor invasion/metastasis, angiogenesis, and
wound healing [19,20]. In one study, an RNA aptamer that binds to recombinant integrin
αvβ3 was labeled with Cy5 and tested for its ability to bind to endogenous integrin αvβ3 on
cell surface, as well as to subsequently affect cellular responses [21]. In another report, an
aptamer that binds to angiogenin (a potent angiogenic factor which plays an important role
in tumor angiogenesis [22,23]) with high specificity was employed to study the cellular
internalization of angiogenin [24]. Dynamic confocal imaging in cell culture indicated that
the aptamer-angiogenin conjugate was quickly internalized, which provided the first
evidence that a fluorophore-labeled aptamer could be used for visualizing the spatiotemporal
process of protein internalization in real time. Besides these two angiogenesis-related
proteins, aptamer-based fluorescence imaging has been explored for a variety of other
molecular targets.

Prostate-specific membrane antigen (PSMA)—PSMA, a 100 kDa type II
transmembrane glycoprotein, is one of the best characterized targets in oncology [25].
PSMA expression levels have been shown to exhibit a positive correlation with increased
tumor progression, development of castration resistance, and/or resistance to hormone-based
therapies [26]. In one study, Cy5-conjugated polylactide (Cy5-PLA) NPs were synthesized
[27]. The Cy5-PLA NPs were subsequently conjugated to the A10 RNA aptamer, which
recognizes the extracellular domain of PSMA [28]. In vitro, the Cy5-PLA NP-A10
conjugate was found to only bind to and get internalized by PSMA-positive cells but not
PSMA-negative cells [27]. Interestingly, only the Cy5-PLA NPs were tested in vivo in
normal mice but not the PSMA-targeting conjugate.

Quantum dots (QDs) are inorganic fluorescent semiconductor nanoparticles with many
desirable properties for imaging applications such as high quantum yields, high molar
extinction coefficients, strong resistance to photobleaching and chemical degradation,
narrow emission spectra, large effective Stokes shifts, among others [17,29]. PSMA-specific
aptamers have been conjugated to QDs for imaging of PSMA-positive cells [30]. The
specific binding capability and synthetic accessibility of aptamers, when combined with
photostability and small sizes of QDs, offered a powerful and general tool for cellular
imaging.

Fluorescent resonance energy transfer (FRET) is a commonly used technique for imaging
biologically interacting molecules in cells [31,32]. A Bi-FRET QD-Apt-Dox conjugate (Apt
and Dox denote aptamer and doxorubicin, respectively) was constructed as both an imaging
agent and a drug delivery vehicle (Fig. (1)) [33]. The A10 RNA aptamer was attached
covalently to the QD surface, while Dox was intercalated in the double-stranded stem region
of the A10 aptamer. Since the fluorescence of QD was quenched by the absorbance of Dox
and the fluorescence of Dox was quenched by the A10 aptamer, this QD-Apt-Dox conjugate
is initially in the fluorescence “OFF” state. After the conjugate was taken up by PSMA-
positive cancer cells, Dox was gradually released which led to a recovery of the fluorescence
signal from QD and Dox (i.e. the “ON” state). Therefore, this multifunctional QD-Apt-Dox
conjugate can be used for not only drug delivery to targeted cells, but also for monitoring the
delivery/release of the drug and concurrently imaging the target cells. Cytotoxicity of QD-
Apt-Dox was found to be significantly higher in PSMA-positive cells than PSMA-negative
cells.

Nucleolin—An aptamer called AS1411 was selected against nucleolin, a phosphoprotein
involved in the synthesis and maturation of ribosomes [34,35]. FRET was applied to image
the colocalization of two proteins (i.e. nucleolin and integrin αvβ3) in the membrane of
cancer cells [36]. AS1411 was labeled with a fluorescent dye Cy3 (termed “Cy3-AS1411”)
while arginine-glycine-aspartic acid (RGD) peptides, which are potent antagonists of
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integrin αvβ3 [37,38], were conjugated to QDs (termed “QD-RGD”) [36]. FRET activities
between Cy3-AS1411 and QD-RGD in HeLa human cervical cancer cells revealed that both
nucleolin and integrin αvβ3 were highly expressed. In addition, these studies also provided
information on the geographical colocalization of the two proteins, which may be useful in
determining the molecular/cellular functions of certain genes involved in cancer and/or other
diseases in the future. In a related study, multiplexed fluorescence imaging of two different
QDs (conjugated with AS1411 and RGD peptides, respectively) in cancer cells was reported
[39]. Simultaneous imaging of cellular distribution of nucleolin and integrin αvβ3 in cancer
cells was achieved, demonstrating the feasibility of concurrent visualization of multiple
cancer markers using QDs conjugated with small molecules such as aptamers or peptides.

Recently, chemical modification of AS1411 with Cy3 labeled 5-(N-
benzylcarboxyamide)-2’-deoxyuridine (5-BzdU) was performed [40]. Forty-seven modified
AS1411 aptamers were synthesized by randomly substituting 1–12 thymidines in AS1411
with Cy3-labeled 5-BzdU. Through fluorescence and confocal microscopy studies, several
compounds were identified as possessing significantly increased targeting affinity to cancer
cells but not normal cells. This study suggested that the position and number of substituents
in AS1411 are critical parameters in improving the aptamer function, and chemical
modification of existing aptamers may suffice in enhancing their binding affinity/specificity
without the need to perform additional SELEX procedures.

Other Targets—A wide variety of other molecular targets have been investigated for
aptamer-based imaging. Mucin 1 (MUC1), a protein expressed on most cancers of glandular
epithelial origin, is a promising target for therapeutic interventions in these cancers [41,42].
One report has described the design of a tumor-targeted, pH-responsive conjugate for
chemotherapy of ovarian cancer [43]. QDs were conjugated with DNA aptamers specific for
MUC1 and Dox was attached to the QD via a pH-sensitive hydrazone bond, which can
allow for drug release under the acidic environment inside cancer cells. Confocal
microscopy and in vivo imaging studies confirmed higher cytotoxicity of the MUC1-
targeted conjugate to multidrug-resistant cancer cells, as well as preferential accumulation in
ovarian tumors, as compared to unconjugated Dox.

A QD-Apt complex was synthesized by linking a streptavidin-modified QD to a biotin-
conjugated aptamer via the biotin-streptavidin interaction [44]. The conjugate was shown to
not affect the growth and viability of targeted cells, thereby demonstrating its
biocompatibility and suitability for live cell imaging. In another study, a QD-A22 conjugate
was constructed for virus visualization, where A22 is an aptamer that binds to hemagglutinin
of the influenza A virus [45]. Recently, sensitive colorimetric detection of biomolecules was
achieved, which utilized aptamers immobilized on a gold NP composite film [46].

Aptamer-conjugated NPs have been investigated for the collection and detection of cancer
cells. For example, aptamer-conjugated magnetic NPs were used for selectively targeted cell
extraction, whereas aptamer-conjugated fluorescent NPs were employed for sensitive
detection of cells [47]. In addition, a single-molecule imaging approach has been developed
for investigating the functional heterogeneity of RNA aptamers [48], which may be useful in
elucidating the relationship between biopolymer information and function.

Recently, in vivo fluorescence imaging of tumors using a Cy5-labeled aptamer (TD05,
which was generated by cell-SELEX [49]) was carried out in a xenograft model [50]. It was
demonstrated that this conjugate could effectively recognize tumors with high sensitivity
and specificity. In an interesting report, a fluorogenic cyanine dye, which has low
fluorescence quantum yield, exhibited an 80-fold enhanced fluorescence in glycerol solution
in the presence of double-stranded DNA [51]. An RNA aptamer selected for binding to this
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dye also resulted in a 60-fold fluorescence enhancement. It was suggested that such dye-
aptamer pairs may be incorporated into the future design of fluorescent sensors.

Aptamer-Based Activatable Probes
Different from directly targeted probes where aptamers were conjugated to dyes, QDs, or
other NPs for fluorescence imaging applications, activatable probes can change their optical
properties after biological interactions such as enzyme cleavage [52,53] or nucleic acid
complementation [54,55]. Typically, a fluorescently labeled substrate is designed to be
maximally quenched by a quencher (in some cases the fluorescent dye itself) in close
proximity because of FRET [56,57]. Upon enzyme cleavage or nucleic acid
complementation, the fluorophore and the quencher are separated which results in enhanced
fluorescence signal.

Such strategy was adopted for the imaging of myotonic dystrophy kinase-related Cdc42-
binding kinase (MRCK), an important signal transduction protein which is a downstream
effector of Cdc42 [58]. The aptamer that binds to MRCK was modified into an activatable
probe by adding nucleotides on the 5’ end, which are complementary to its 3’ end, thereby
forming a “molecular beacon” with a fluorophore-quencher pair at the 5’ and 3’ ends,
respectively. This conjugate is hairpin-shaped in the absence of MRCK. When MRCK is
present, the MRCK-aptamer complex forms, leading to a change in fluorescence signal that
is detectable in cell-based studies. In a recent report, an activatable probe targeting
membrane proteins on cancer cells was synthesized and investigated for tumor imaging in
mice (Fig. (2)) [59]. In vivo studies confirmed the presence of activated fluorescence signals
in the targeted tumor. Comparing to a conventional “always-on” probe, the activatable probe
could substantially minimize the background signal originating from non-target tissues,
thereby giving significantly enhanced image contrast.

MAGNETIC RESONANCE IMAGING
MRI detects the interaction of protons (or certain other nuclei) with each other and with the
surrounding molecules in a tissue of interest. Different tissues have different relaxation
times that result in endogenous contrast in MRI [60]. Exogenous contrast agents can further
enhance this by selectively shortening either the T1 (longitudinal) or T2 (transverse)
relaxation time. Traditionally, Gd3+-chelates have been used to enhance the T1 contrast [61]
and iron oxide NPs have been used to increase the T2 contrast [62]. The progress in
activatable fluorescent probes has also inspired the development of activatable probes for
MRI.

A “turn-on” MRI contrast agent was designed based on a SPIO-aptamer conjugate, where
SPIO denotes superparamagnetic iron oxide NPs and an aptamer against adenosine was used
[63]. Target-induced disassembly of clustered NPs in the presence of adenosine led to an
increase in T2, which was detectable in MRI. Recently, the same group reported another
MRI contrast agent for sensing of adenosine [64]. Direct modification of SPIOs with a
biomolecule (i.e. hemin), as well as sequence-specific assembly of the modified SPIO via an
aptamer-small molecule interaction, was reported [65]. However, the SPIO-based agents
were not tested for MRI applications. In another study, a MRI contrast agent based on iron
oxide NPs and aptamers was constructed for the detection of human α-thrombin protein,
where addition of thrombin resulted in aggregation of the NPs thereby reducing the T2
relaxation time [66]. This agent was demonstrated to be thrombin specific with sensitivity in
the nanomolar range (Fig. (3)).

Mesenchymal stem cells (MSCs) represent a promising cell source for cellular
cardiomyoplasty [67,68]. Aptamer-based selection of MSCs was employed to provide
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“ready to transplant” cells directly after isolation [69]. Tracking of newly isolated and
freshly transplanted MSCs with MRI was carried out in a porcine heart perfusion model,
after aptamer-based isolation and appropriate labeling of the cells. This study demonstrated
that isolating MSCs by MSC-specific aptamers linked to magnetic NPs is feasible and
effective, which combines specific separation and labeling into a “one stop shop” strategy.

A SPIO-based agent was developed for combined prostate cancer imaging and therapy
applications, where the A10 aptamer was attached to thermally cross-linked SPIO, which
could act as both a MRI contrast agent and a carrier for Dox [70]. The conjugate was
demonstrated to be capable of detecting prostate cancer cells with high sensitivity and
specificity, corroborated by another recent study [71]. In an intriguing report, aptamer-
conjugated magnetic NPs were developed as “nanosurgeons” for selective removal of target
cells by controlling the conjugate with an externally applied rotational magnetic field [72]. It
was suggested that these “nanosurgeons” may become a useful tool for selective surgery and
cell manipulation studies.

TARGETED ULTRASOUND
Ultrasound is the most commonly used clinical imaging modality because of its safety, low
cost, ease of use, and wide availability [73,74]. However, it is not until recently that
ultrasound studies using aptamers as the targeting ligands were reported. An aptamer was
covalently conjugated to nanobubbles for targeted ultrasound imaging [75]. Upon
optimization of the conjugation chemistry, various experiments were carried out to evaluate
the performance and consistency of the prepared nanobubbles, such as size distribution,
conjugation efficiency, etc. Ex vivo ultrasound imaging was also performed and compared
with optical imaging. It was suggested that aptamer-conjugated nanobubbles can be useful
probes for molecular imaging, with potential applications in dose quantification of targeted
ultrasound-triggered drug delivery. In another report, a computational modeling approach
was adopted to maximize aptamer-microbubble binding to the target molecules [76]. This
model gave useful insights into the key parameters (e.g. microbubble size, drag forces,
number/type of targeting ligands, etc.) for stable microbubble binding, which may allow a
flexible, prospective design and optimization of microbubbles to facilitate clinical
translation of ultrasound-based molecular imaging.

SPECT AND PET IMAGING
Radionuclide-based imaging techniques (i.e. SPECT and PET) have much higher clinical
potential than the other molecular imaging modalities, since SPECT and PET have superb
tissue penetration capability and they are highly quantitative [14,52]. Labeling of single-
stranded oligonucleotides with radioisotopes (e.g. 99mTc, 111In, 125I, etc. for SPECT
or 11C, 18F, 76Br, 64Cu. etc. for PET) can result in valuable radiopharmaceuticals with
promising applications [77–79]. However, oligonucleotides are intrinsically poor
pharmaceuticals because of their low stability, poor membrane passage, and various
undesirable and sometimes unpredictable side effects. Aptamers are a promising class of
oligonucleotides that is well suited for imaging applications.

The source of SPECT images is gamma ray emission [80]. The gamma camera can be used
in planar imaging to obtain 2D images, or in SPECT imaging to obtain 3D images. In one
early study, in vivo imaging of inflammation in a rat model was achieved using 99mTc-
labeled aptamers [81]. The enzyme elastase, which binds to the surface of activated
neutrophils [82], was chosen as the target. An aptamer inhibitor of elastase, isolated in a
previous report [83], was tested for imaging applications. Higher target-to-background ratio
than antibody-based agents was observed.
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Almost a decade later, another aptamer (termed “TTA1”) which binds to tenascin-C (an
extracellular matrix protein overexpressed in many solid tumors [84,85]) was labeled
with 99mTc for tumor imaging (Fig. (4)) [86]. Biodistribution and imaging studies of 99mTc-
labeled TTA1 were performed in several xenograft models, which exhibited rapid blood
clearance (with a circulation half-life of < 2 min) and tumor penetration. The durable tumor
retention in combination with fast blood clearance yielded an excellent tumor-to-blood ratio,
and various tumors were clearly visualized by planar scintigraphy. Besides 99mTc, TTA1
was also labeled with a fluorescent dye for optical imaging applications. Intravenous
injection of the fluorescently labeled TTA1 into mice resulted in bright perivascular
fluorescence in a xenografted tumor within 10 minutes post-injection, with the fluorescence
signal gradually diffusing throughout the tumor over time.

Subsequently, aptamers that bind to MUC1 were labeled with 99mTc through a cyclen-based
ligand, which has a sulfur-containing arm that increases the stability of the ligand-metal
complex [87]. In this study, a series of aptamers targeting MUC1 were selected through
SELEX and chemically modified to improve the in vivo stability. Both monomeric and
tetrameric aptamer conjugates (based on monovalent and tetravalent bifunctional chelators,
respectively) were synthesized and investigated in vitro and in vivo, with the tetrameric
aptamers exhibiting superior tumor retention and pharmacokinetic properties than the
monomers. However, it was concluded that the ligands were not ideal for metal binding, and
additional ligands would need to be explored in the future. In a follow-up report, these
aptamers were conjugated to MAG2 (a commonly used chelator for 99mTc [88]) and labeled
with 99mTc for imaging of breast cancer [89]. Although efficient radiolabeling of the
aptamers was achieved, the tumor uptake was very low while radioactivity in the intestines
was high.

PET, a nuclear medicine imaging technique which produces a 3D image or map of
functional processes in the body, was first developed in the mid-1970s [90,91]. PET has
higher sensitivity than SPECT [92]. With the continuous developmental effort, state-of-the-
art small animal PET scanners can now have spatial resolution (< 1 mm) comparable to
SPECT and they are also becoming increasingly widely available [93,94]. To the best of our
knowledge, there is only one report on labeling aptamers for potential PET imaging
applications [95]. In this study, the choice of chelators and radiolabeling parameters such as
pH and temperature were investigated for the development of 64Cu-labeled RNA aptamers
for potential PET imaging. However, no in vivo studies were reported.

OTHER IMAGING TECHNIQUES
Besides the abovementioned studies where aptamers were labeled with various tags for
molecular imaging applications with each modality, aptamers have also been explored for
several other imaging techniques such as computed tomography (CT), surface plasmon
resonance (SPR), dark-field light scattering microscopy and transmission electron
microscopy (TEM) [96], as well as surface-enhanced Raman spectroscopy (SERS) imaging
[97].

Computed Tomography
CT is a medical imaging method where digital geometry processing is used to generate a 3D
image of the internals of an object from a large series of 2D X-ray images taken around a
single axis of rotation [98]. Current CT contrast agents are typically iodine-based molecules,
which exhibit non-specific distribution and rapid clearance [99,100]. Iodinated NPs and
polymer-coated Bi2S3 NPs have also been investigated as CT contrast agents [101–104].
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Recently, a drug-loaded aptamer-gold NP bioconjugate was reported for combined CT
imaging and therapy of prostate cancer [105]. By functionalizing the surface of gold NPs
with an aptamer that recognizes PSMA, molecular CT imaging was achieved in cell culture,
where the PSMA-targeted NPs exhibited several fold higher CT intensity in the targeted
cells when compared with control cells. In addition, Dox-loaded NPs were also significantly
more potent against the targeted cells than control cells. Although detectable by CT, the
major role of gold NP in this conjugate was to serve as a drug-loading platform rather than
an imaging contrast agent. The poor sensitivity of CT severely limits the clinical potential of
molecular CT imaging using a targeted contrast agent.

Surface Plasmon Resonance
Surface plasmons are surface electromagnetic waves that propagate in a direction parallel to
the metal/dielectric (or metal/vacuum) interface. Since the wave is at the boundary of the
metal and the external medium (e.g. air or water), these oscillations are very sensitive to
changes such as adsorption of molecules onto the metal surface [106,107]. By patterning the
surface with different biopolymers and using adequate optics and imaging sensors, SPR
images can be generated based on the amount of adsorbed molecules.

RNA microarrays created on chemically modified gold surfaces were employed for SPR
measurement of DNA-RNA hybridization and RNA aptamer-protein binding [108]. SPR
imaging enabled identification of the best aptamer to factor IXa from among those
previously selected via SELEX. More importantly, single-base variations from this sequence
were shown to completely destroy the aptamer-factor IXa interaction. Using a similar
strategy, the adsorption of proteins onto a RNA microarray was detected by the formation of
a surface aptamer-protein-antibody complex (Fig. (5)) [109]. A combination of RNA
aptamers and antibodies was used to detect protein biomarkers at picomolar concentrations,
with a sensitivity level comparable to those achieved with conventional ELISA assays.
However, this technique requires both an RNA aptamer and an antibody that bind to
different sites on the target protein, which is quite challenging in many scenarios. Recently,
the same group also reported rapid microarray SPR detection of DNA and proteins in
microliter volumes using microfluidic chips [110]. A detection limit of 10 femtomolar or 30
zeptomoles was achieved.

In another report, SPR imaging was used for affinity analysis of aptamer-protein interactions
with microfluidic chips [111]. Such aptamer affinity screening by SPR imaging was
suggested to be advantageous over other competing methods because it does not require
labeling, can be used in real-time, and is potentially high-throughput. In addition, the ability
to provide both qualitative and quantitative results on a multichannel chip makes SPR
imaging a powerful tool for studying biological interactions in a multiplexed format.
Recently, aptamer-based biochips for label-free detection of plant virus coat proteins by SPR
imaging was also reported [112].

MULTIMODALITY IMAGING
Among all molecular imaging techniques, no single modality is perfect and sufficient to
obtain all the necessary information for a particular question [14]. For example, it is difficult
to accurately quantify fluorescence signal in living subjects, particularly in deep tissues;
MRI has high resolution yet it suffers from low sensitivity; Radionuclide-based imaging
techniques have very high sensitivity but have relatively poor spatial resolution.
Combination of multiple molecular imaging modalities can offer synergistic advantages
over any modality alone. Multimodality imaging using a small molecule-based probe is very
challenging due to the limited number of conjugation sites and the potential interference
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with its target binding affinity. On the other hand, NPs have large surface areas where
multiple functional moieties can be incorporated for multimodality molecular imaging.

A multimodality probe was constructed for concurrent fluorescence, gamma camera, and
magnetic resonance imaging in vivo (Fig. (6)) [113]. A cobalt-ferrite NP coated with
rhodamine was modified with the AS1411 aptamer, which was then conjugated to a
chelating agent and further labeled with 67Ga (termed “MFR-AS1411”). Cellular
distribution of nucleolin was evaluated by fluorescence confocal microscopy with MFR-
AS1411, which exhibited specific fluorescence signals in nucleolin-expressing cancer cells.
In vivo, MFR-AS1411 specifically targeted the cancer cells as evidenced by both gamma
camera imaging and dark T2 signals inside the tumor region of mice injected with MFR-
AS1411, suggesting that this agent may be useful for multimodality imaging of disease,
theranostics, and potentially also the study of cellular metabolism.

CONCLUSIONS AND FUTURE PERSPECTIVES
Significant progress has been made over the last two decades since SELEX was first
reported [1,2]. With many desirable properties, aptamers represent a class of targeting
ligands that possess tremendous potential in both imaging and therapeutic applications
[3,114–116]. As therapeutics, one aptamer (i.e. Pegaptanib) has been approved by the FDA
and many others are in late phase clinical trials [3,12]. As imaging agents, aptamers have
been surprisingly understudied. Nonetheless, molecular imaging with aptamer-based agents
has been achieved with many imaging modalities (Table 1). Non-invasive molecular
imaging of various disease markers with aptamer-based probes has potential clinical
applications in many aspects: lesion detection, patient stratification, new drug development/
validation, treatment monitoring, dose optimization, among others [15,117,118]. Much
further effort should be directed towards the development of clinically translatable aptamer-
based imaging agents, which can help paving the road to 21st century personalized
medicine.

Each imaging modality has its advantages and disadvantages in terms of sensitivity, spatial
resolution, tissue penetration, clinical potential, etc. [14]. Optical imaging is mostly
applicable to preclinical studies, where light penetration is not a major issue, while
ultrasound, MRI, SPECT and/or PET are more clinically relevant. Optical imaging in the
near-infrared (700–900 nm) region can offer better light penetration and will find many
applications in the clinic such as breast cancer imaging, intraoperative imaging, or imaging
tumors that are accessible by endoscopy or near the skin surface [17,119]. Combination of
various imaging modalities can give complementary information, as illustrated in one study
mentioned above [113]. More aptamer-based multimodality imaging probes should be
developed in the future. Strategies that combine radionuclide-based imaging (very sensitive
and highly quantitative) and non-radionuclide based approaches, e.g. optical imaging which
can significantly facilitate ex vivo validation of the in vivo data [120,121] and/or MRI which
can provide anatomical information with high resolution [122,123], are of particular interest.
For example, one clinical scenario where a PET/optical agent is particularly useful is that an
initial whole body PET scan can be carried out to identify the location of tumor(s), and the
optical component can subsequently help pinpointing the tumor position during surgical
resection.

To date, researchers have identified high-affinity aptamers that target a broad array of
protein families including cytokines, proteases, kinases, cell-surface receptors, cell-adhesion
molecules, among others [3,114–116]. Since aptamers can be selected against most protein
targets, the possible applications of aptamer-based molecular imaging range far and wide.
One disadvantage of aptamers is the hard-to-predict and poorly understood
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pharmacokinetics, toxicity, and certain other properties upon systemic delivery. Although
aptamers are unlikely to elicit an immune response, at least at the antibody level, the safety
profile of each individual aptamer (conjugate) must be examined carefully. However, this
aspect is not of major concern for imaging applications since only trace amount of aptamers
will be needed, in contrast to the large doses necessary for therapeutic purposes.

One major advantage of aptamers is that they are quite specific and have high binding
affinity, which makes them suitable for drug delivery and internal radiotherapy applications.
Besides the imaging agents described in this review, aptamers can also be used to deliver
other anti-cancer agents such as therapeutic radioisotopes (e.g. α-particle emitters such
as 211At and 225Ac, β-particle emitters such as 90Y, 67Cu, 131I, 177Lu, 186Re, and 188Re, and
Auger electron emitters such as 111In and 125I) [124]. With more and more academic groups
and companies getting involved in aptamer-based research after the earliest aptamer
intellectual property expires [125], the development of aptamer-based imaging agents will
speed up and aptamers will find their own niches in molecular imaging and revolutionize
cancer diagnosis and clinical patient management. The future of aptamer-based molecular
imaging is becoming increasingly bright since many proof-of-principle studies have already
been reported, yet much remains to be done before aptamer-based imaging agents can reach
clinical trials and eventually the day-to-day management of patients.
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Fig. 1.
A QD-Apt-Dox conjugate. A. QD-Apt-Dox is initially “off” as the fluorescence of QD is
transferred to Dox and the fluorescence of Dox is quenched by the aptamer, both by
fluorescence resonance energy transfer. B. Once QD-Apt-Dox is inside cancer cells, Dox is
gradually released from the conjugate and the fluorescence of QD is recovered. C.
Microscopy images of PSMA-positive cells after incubation with QD-Apt-Dox. QD and
Dox are shown in green and red, respectively. Scale bar: 20 µm. Adapted from [33,126].

Hong et al. Page 17

Curr Med Chem. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Fluorescence imaging with an aptamer-based activatable probe. A. A schematic
representation of the imaging strategy based on cell membrane protein-triggered
conformation alteration. The probe is consisted of three fragments: a cancer-targeted
aptamer sequence (A-strand), a poly-T linker (T-strand), and a short DNA sequence (C-
strand) complementary to a part of the A-strand, with a fluorophore (F) and a quencher (Q)
attached at either terminus. When no target is present, the probe is hairpin-structured with
quenched fluorescence. When the probe binds to targeted cancer cells, its conformation is
altered which results in enhanced fluorescence signal. B. Serial in vivo fluorescence imaging
of tumor-bearing mice after intravenous injection of the activatable probe, a control probe,
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or an “always-on” probe. The circles in the images denote the tumor sites. Adapted from
[59].
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Fig. 3.
Molecular MRI with an aptamer-based probe. A. The iron oxide nanoparticles (red spheres)
were modified with DNA aptamers that binds to fibrinogen-recognition exosite of thrombin
(blue lines) or heparin-binding exosite of thrombin (green lines). Addition of thrombin
consisting of both fibrinogen (blue donuts) and heparin (green donuts) exosites results in
nanoparticle aggregation, which leads to reduced T2 relaxation time. B. T2-weighted
magnetic resonance images of 1:1 nanoparticle mixture in the presence of various
concentrations of thrombin (in the unit of nanomolar). Adapted from [66].
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Fig. 4.
SPECT imaging with a 99mTc-labeled aptamer. A. Structure of the aptamer. Pyrimidines are
2’-F and purines are 2’-OMe, except at arrowheads, where purines remain 2’-OH. The non-
binding control aptamer has 5-nucleotide internal deletion. B. Serial gamma camera imaging
of tumors (arrowheads) after intravenous injection of 99mTc-labeled aptamers. Adapted from
[86].
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Fig. 5.
Detection of protein biomarkers using RNA aptamer microarrays and enzymatically
amplified surface plasmon resonance (SPR) imaging. A. In step a, the target protein binds to
the surface-immobilized aptamer. In step b, a horseradish peroxidase (HRP)-conjugated
antibody to the target protein is introduced to create a surface aptamer-protein-antibody
sandwich structure. In step c, this surface is exposed to the substrate 3,3’,5,5’-
tetramethylbenzidine (TMB), which reacts with HRP to form a dark blue precipitate on the
array elements containing the complex, detectable by SPR imaging. B. Pattern of the three-
component RNA microarray for detection, each color represents the use of a RNA aptamer
against a different target. C. A SPR difference image obtained for R2. Adapted from [109].
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Fig. 6.
Multimodality imaging with an aptamer-based probe. A. A schematic illustration of the
probe MFR-AS1411. B. Serial gamma camera imaging of tumor-bearing mice after
intravenous injection of MFR-AS1411 or a control probe which contains a mutated aptamer.
Arrows indicate tumors. C. Magnetic resonance images of tumor-bearing mice before and
after injection of MFR-AS1411. Dark signal intensities at tumor sites (arrowheads) were
detected in mice injected with MFR-AS14110. D. Ex vivo fluorescence imaging of major
organs. Dashed ovals indicate the tumors. Adapted from [113].
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Table 1

A tabulated summary of aptamer-based molecular imaging.

Target Image tag Imaging technique In vivo study? Ref.

Integrin αvβ3 Cy5 Fluorescence No [21]

Angiogenin Cy5 Fluorescence No [24]

PSMA Cy5, quantum dot Fluorescence No [27,30,33]

Nucleolin Cy3, quantum dot Fluorescence No [36,39,40]

MUC1 Quantum dot Fluorescence Yes [43]

Hepatoma cells Quantum dot Fluorescence No [44]

Hemagglutinin Quantum dot Fluorescence No [45]

Cells Magnetic and fluorescent NPs Fluorescence No [47]

Guanosine triphosphate Tetramethylrhodamine Fluorescence No [48]

Ramos cells Cy5 Fluorescence Yes [50]

MRCK Fluorophore-quencher pair Fluorescence No [58]

Cancer cells Fluorophore-quencher pair Fluorescence Yes [59]

Adenosine Gadolinium, iron oxide NPs MRI No [63,64]

Thrombin Iron oxide NPs MRI No [66]

MSC SPIO MRI Yes [69]

PSMA SPIO MRI No [70]

PSMA SPIO MRI Yes [71]

Leukemia cells Nanobubbles Ultrasound No [75]

Elastase 99mTc SPECT Yes [81]

Tenascin-C Rhodamine red/99mTc/111In Fluorescence/SPECT Yes [86]

MUC1 99mTc Autoradiography Yes [87]

Prion protein Silver NPs Dark-field light scattering No [96]

Adenosine Gold NPs SERS No [97]

PSMA Gold NPs CT No [105]

Nucleolin Cobalt-ferrite NPs/rhodamine/67Ga MRI/fluorescence/SPECT Yes [113]
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