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Abstract

In the past two decades, aptamers have emerged as a novel class of molecular recognition probes 

comprising uniquely-folded short RNA or single-stranded DNA oligonucleotides that bind to their 

cognate targets with high specificity and affinity. Aptamers, often referred to as “chemical 

antibodies”, possess several highly desirable features for clinical use. They can be chemically 

synthesized and are easily conjugated to a wide range of reporters for different applications, and 

are able to rapidly penetrate tissues. These advantages significantly enhance their clinical 

applicability, and render them excellent alternatives to antibody-based probes in cancer 

diagnostics and therapeutics. Aptamer probes based on fluorescence, colorimetry, magnetism, 

electrochemistry, and in conjunction with nanomaterials (e.g., nanoparticles, quantum dots, single-

walled carbon nanotubes, and magnetic nanoparticles) have provided novel ultrasensitive cancer 

diagnostic strategies and assays. Furthermore, promising aptamer targeted-multimodal tumor 

imaging probes have been recently developed in conjunction with fluorescence, positron emission 

tomography (PET), single-photon emission computed tomography (SPECT), and magnetic 

resonance imaging (MRI). The capabilities of the aptamer-based platforms described herein 

underscore the great potential they hold for the future of cancer detection. In this review, we 

highlight the most prominent recent developments in this rapidly advancing field.

1. Introduction

Cancer is the second leading cause of death worldwide.1 Therefore, the implementation of 

highly sensitive and specific imaging modalities for timely cancer diagnosis and progression 

monitoring are of great clinical significance. To this end, molecular recognition probes such 

as monoclonal antibodies have significantly improved the performance of routine cancer 

diagnostics. A plethora of antibody-based methods, such as flow cytometry, cancer 

biomarker assays, immunohistochemical (IHC) staining, in vivo imaging, and many others 

have been widely used.2, 3 The suitability of protein antibodies for in vivo cancer 

applications, however, is severely hampered by several factors, such as their high 
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immunogenicity, thermal instability, laborious and limited methods for chemical 

modification, and high production cost.4 In this respect, aptamers are considered excellent 

alternatives to supplement or replace antibody-based methodologies.

In the past two decades, aptamers have emerged as a novel class of oligonucleotide-based 

molecular recognition probes,5, 6 comprising multifunctional short RNA or single-stranded 

DNA oligonucleotides (usually 20–80 bases in length, molecular weight ~ 6–30 kDa) with 

unique three-dimensional structures that can recognize and bind to their targets with high 

specificity and affinity. Aptamer sequences are developed through an in vitro selection 

process known as SELEX (systematic evolution of ligands by exponential enrichment), 

which entails a series of repetitive selection and amplification steps after exposure to the 

target cell type or ligand.4, 7

Aptamers offer many competitive advantages over protein antibodies that significantly 

enhance their clinical applicability and suitability. Their most critical attribute, to recognize 

and bind to their cognate targets with high affinity and specificity, is achieved through the 

round-by-round SELEX process applied for their development. This target-specific binding 

takes place through a structural recognition process similar to the one mediating antibody-

antigen reactions, and thus aptamers are often referred to as “chemical antibodies”. Their 

dissociation constants (Kd) are typically in the pico- to nanomolar range, which is 

comparable to that of antibodies.8–10 Notably, aptamers discriminate between closely related 

proteins or other molecules,11–14 a highly desirable feature rendering high specificity to 

aptamer-based diagnostics or therapeutics. Importantly, aptamers recognize a wide range of 

potential biological targets including ions, drugs, peptides, nucleic acids, proteins, viruses, 

live cells and tissues,15–22 and have the ability to change conformation upon binding to their 

targets.23 Furthermore, as small-sized oligonucleotides, aptamers are virtually 

nonimmunogenic and nontoxic in contrast to protein antibodies.24, 25 Due to their low 

molecular weights, aptamers penetrate tissue barriers and are rapidly internalized in tumor 

cells resulting in improved tumor-to-blood and tumor-to-normal tissue ratios, and thus high 

therapeutic indices or analytical sensitivities.26, 27 Aptamers also exhibit fast renal filtration 

and short circulating half-lives,28 which are beneficial for in vivo diagnostics as side effects 

due to fast blood clearance are avoided.29

For in vivo therapeutic purposes, oligonucleotide aptamers are synthesized by simple 

chemical procedures followed by a series of chemical or structural modifications to improve 

their bioavailability.4, 7 Aptamers are chemically and thermally stable and are rapidly and 

reproducibly synthesized at low cost as compared to antibodies. For example, we calculated 

that the cost per assay with the fluorophore-labeled CD4 aptamer, which was used as a flow 

cytometric probe in multicolored cell-phenotyping, was about 0.002 dollar per assay, 

whereas the cost per assay of CD4 antibody was 2 dollars.30 Importantly, aptamers are also 

easily modified by incorporation of different functional moieties, and aptamer-based 

analytical reagents can be easily stored or regenerated and reused.31

Many advances have been made in various biomedical fields since the onset of aptamer 

technology two decades ago. As chemical antibodies, aptamers provide an extremely 

advantageous alternative or supplement for protein antibodies in disease diagnostics and 

Sun et al. Page 2

Analyst. Author manuscript; available in PMC 2016 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



therapeutics.7 Herein, we highlight recent significant advances on aptamers as promising 

molecular recognition probes for targeting tumor biomarkers, cancer cell detection, tumor 

tissue IHC staining, and in vivo tumor imaging. Their applications in theranostics, 

combining concurrent real-time diagnostic and therapeutic competencies, will not be 

discussed as they have been presented in detail in one of our recent reviews.32

2. Cancer cell detection and biomarker analysis

Several valuable diagnostic biomarkers, such as circulating tumor cells (CTCs) and soluble 

tumor-related proteins may be present in the patient’s bloodstream even in the early stages 

of cancer. Accurate and sensitive detection of these biomarkers is of great significance for 

timely disease diagnosis and prognosis, evaluation of therapeutic effectiveness, and 

monitoring cancer recurrence and metastasis. However, it is a technical challenge to detect 

these biomarkers with high sensitivity due to their ultra-low concentration in the blood.33 In 

this respect, we and others recently developed an arsenal of detection methods using 

aptamers as sensitive recognition probes in combination with techniques based on 

fluorescence, colorimetry, magnetism, electrochemistry, and others. Several significant 

advances are outlined in this review.

2.1. Circulating tumor cell (CTC) detection

Fluorescent reporters provide one of the most widespread assaying strategies for CTC 

detection. Due to their high target-specific affinity, fluorophore-labeled aptamers can be 

used as simple, sensitive and versatile imaging probes not only for CTC detection but for 

other imaging purposes as well (Fig. 1a). Our recent study was the first to provide 

compelling evidence that aptamers can be used as alternatives or supplements to antibodies 

for multi-color flow cytometric analysis of cancer cells.34 In this study, we validated 

aptamer effectiveness in CTC detection by using the fluorophore Cy5-labeled CD30 aptamer 

probe to target CD30-positive lymphoma cells by multi-color flow cytometry. Firstly, 

CD30-positive anaplastic large cell lymphoma (ALCL) cells were mixed with fresh 

nucleated cells from the bone marrows of healthy donors to mimic a heterogeneous cell 

specimen, and the proportion of ALCL cells was adjusted to 0.5% and 13%. Then, the Cy5-

labeled CD30 aptamer (FITC-labeled CD30 antibody as standard control) and AmCyan-

labeled CD45 antibody were simultaneously incubated with the as-prepared cells. After 

incubation, the stained cells were subjected to flow cytometric analysis by using an LSRII 

flow cytometry (BD Bioscience, San Jose, CA, USA) with three-color channels. The 

individual cellular populations in the cell mixture including nucleated red blood cells, blasts, 

lymphocytes, granulocytes, monocytes and CD30-positive lymphoma cells were separated 

and gated based on the side scatter (SSC) and CD45 panels. Notably, as depicted in Fig. 1b, 

the CD30 aptamers could bind and detect target lymphoma cells with nearly identical 

staining patterns and numbers as the CD30 antibodies.34 In another study, we also 

investigated the applicability of the CD4 aptamers versus the CD4 antibodies for 

multicolored cell phenotyping in patients’ pleural fluids.30 In this study, cells from patients’ 

pleural fluids were collected and incubated simultaneously with different fluorophore-

labeled CD4 aptamers (CD4 antibodies as standard control), CD8 and CD45 antibodies, and 

were then followed by flow cytometric analysis. The distribution of cell populations 
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including CD4+ lymphocytes, weakly CD4+ monocytes and CD4−/CD8+ lymphocytes was 

gated according to the side scatter (SSC) and CD45 panels. As expected, the CD4 aptamers 

showed similar staining patterns and numbers for the as-prepared cells as the CD4 

antibodies. It was concluded from our studies that aptamers can be used as sensitive and 

specific probes in a similar fashion to clinically validated antibodies, for flow cytometric 

analysis (Fig. 1c).30

In another recent study, our group developed a cancer cell-activated fluorescent aptamer-

reporter system for sensitive detection of CTCs.35 By developing this aptamer probe, we 

addressed an important issue also encountered with antibody fluorescent imaging probes: the 

reported ‘always-on’ signal aptamer probes are limited by the high non-specific background 

noise when the unbound probes are not entirely removed from the assays. Notably, our new 

signal ‘turn-on’ aptamer probes exhibit high sensitivity but undetectable background noise. 

These new ‘turn-on’ probes are based on several unique attributes of oligonucleotide 

aptamers, specifically their switchable-conformation combined with the principle of 

fluorescent resonance energy transfer (FRET) between the fluorophore and the quencher 

molecules. In the fluorescent aptamer probe we developed, the 5′- and 3′-termini of the 

biomarker-specific aptamers were conjugated with the fluorophore reporter and paired 

quencher molecule, respectively. In the absence of cells of interest, the intact aptamer-

reporter remained optically silent (signal OFF-state) due to proximity of the paired quencher 

to the fluorophore. The aptamer-reporter specifically targeted the CTCs when it was added 

to whole blood of the patient, and was subsequently internalized into the cell lysosomes. The 

degradation of the aptamer sequences within the nuclease-rich lysosomes resulted in 

separation of the fluorophore from the paired quencher molecule, resulting in a bright 

fluorescent signal (signal ON-state) within minutes with no background noise (Fig. 2a). By 

using this cancer cell-activated aptamer-reporter system, we demonstrated a rapid one-step 

and high-throughput assay for CTC detection in whole blood samples, which is an ideal 

model for point-of-care testing (POCT).35

In another study, Zhao et al. developed target-triggered analytical or therapeutic entities 

with superb sensitivity and specificity based on the ability of aptamers to switch 

conformation upon ligand binding (Fig. 2b).36 In this platform, three aptamers specific for 

MUC1 (mucin 1), HER2 (human epidermal growth factor receptor 2), and estrogen receptor 

were used. A fluorophore and a paired quencher molecule were conjugated at the 5′- and 3′-

termini of the aptamer sequences, respectively. In the absence of target biomarkers, the 

paired quencher molecules quenched the fluorescence. The interaction of the aptamer with 

biomarkers of interest, however, changed the sequence conformation, which induced the 

release of the fluorophore from the paired quencher molecule, and thus the emission of 

bright fluorescent signals exclusively in the presence of ligands. The ability of this 

activatable aptamer-reporter to simultaneously detect three different cellular biomarkers thus 

confers higher selectivity and sensitivity in cancer cell detection. Remarkably, in the breast 

cancer cell (MCF-7 cell) study model, the limit of detection (LOD) was as low as 10 cells 

mL−1.36

Several simple aptamer-based colorimetric assays, which are very promising due to their 

simplicity for POCT, have also been recently developed for CTC detection,37–39 but their 
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sensitivity is unsatisfactory due to their high LODs (hundreds to thousands of cells). 

Enhancement of the colorimetric sensitivity was achieved by developing a dual-aptamer 

nanoparticle (NP)-mediated signal amplification visual strategy and the corresponding 

assay.40 In this study, MCF-7 breast cancer cells were first separated and concentrated by 

VEGF (vascular endothelial growth factor) aptamer labeled magnetic beads; then, MUC1 

aptamer labeled bimetallic Pt-Au NPs, which catalyze the colorimetric reaction between 

TMB (3′, 3′, 5′, 5′-tetramethylbenzidine) and H2O2, were incubated with concentrated 

MCF-7 cells, and sensitive colorimetric signals were generated depending on the number of 

target cancer cells. Notably, this dual-aptamer based colorimetric platform has a very low 

LOD (10 cells mL−1 by naked eye), and a wide detection range of 10 – 105 cells mL−1.40

The high sensitivity provided by the previous signal amplification strategy prompted the 

development of another novel ultrasensitive NP-aptamer-based colorimetric assay with LOD 

as low as 5 cells in 100 μL binding buffer.41 In this platform, sgc8c aptamers specific for 

protein tyrosine kinase 7 (PTK7), a biomarker on the surface of leukemia CCRF-CEM cells, 

were conjugated to iodide-responsive Cu-Au NPs. Upon specific binding of the sgc8c 

aptamers to the PTK7-positive CCRF-CEM cells, sensitive colorimetric signals were 

induced by changes in the concentration of the sgc8c aptamer-modified Cu-Au NPs, which 

affect the colorimetric response of the iodide-catalyzed H2O2-TMB reaction.41

Electrochemistry is another highly sensitive, simple, and stable method that has been widely 

applied in conjunction with aptamers to detect CTCs. The emerging aptamer-based 

electrochemical assays have shown great promise in vitro. For example, an ultrasensitive 

electrochemical assay was developed using a specific aptamer (namely TS11a) for 

hepatocellular carcinoma cells as a capturing probe, and the gold surface as an 

electrochemical sensor (Fig. 2c).42 In this study, the amino-labeled TS11a aptamers were 

conjugated with carboxylic groups on the surface of gold disk electrodes through the 

EDC/NHS reaction. When the specific hepatocellular carcinoma cells (cell line HepG2 in 

this study) were captured by immobilized TS11a aptamers, the interfacial electron-transfer 

resistance between the redox probe and the gold electrode surface was increased 

dramatically due to blocking direct access between the redox probes and the electrode 

surface; the changes of resistance were strictly related to the number of captured cells. Thus, 

the recording of changes in resistance is a sensitive measure of captured cancer cells. As 

shown in the model, this assay exhibited an ultra-sensitive LOD (2 cells mL−1) and a wide 

linear detection range (102–106 cells mL−1).42 In another example, an electrochemical assay 

with superb analytical sensitivity for colon CTCs (LOD of 40 cells mL−1, and a linear range 

of 1.25 × 102 to 1.25 × 106 cells mL−1) was developed using a MUC1 aptamer as a capture 

probe and the carbon nanosphere as an electrochemical sensor.43

In addition to the aforementioned analytical strategies, many other aptamer-based signal-

readout techniques based on chemiluminescence,44 electrochemiluminescence,45, 46 and 

photoelectrochemistry47 have been developed and exhibited excellent sensitivity, specificity, 

and stability for CTC detection. Apart from their detection, capture and isolation of CTC is 

critical as they are involved in metastasis and recurrence. In this vein, effective CTC capture 

and isolation can contribute significantly to the advancement of cancer research and 

treatment. To achieve this aim, aptamer-based capturing and isolation platforms have also 
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been investigated, and have shown optimal efficiency in obtaining CTCs with high purity 

and viability.48–52 A summary of aptamer-based analytical methods for CTC detection is 

listed in Table 1.

2.2 Detection of tumor-related soluble biomarkers

In addition to CTC detection, the recognition of soluble tumor-related biomarkers such as 

carcinoembryonic antigen (CEA), epidermal growth factor receptor (EGFR), HER2, prostate 

specific antigen (PSA), VEGF, and many others, facilitates timely cancer diagnosis and 

effective therapeutic response monitoring. Similar methods are applied for the construction 

of aptamer-based analytical scaffolds for CTC and tumor-related soluble biomarker 

detection. Representative platforms of the tumor-related biomarkers reported in the last 2 

years are listed in Table 2.

3. Immunohistochemical staining of tumor tissues

Histopathological evaluation is still the “gold standard” for cancer diagnosis. In addition to 

traditional staining of tumor tissues with haematoxylin and eosin (H&E staining), IHC study 

of cellular biomarkers can improve the diagnostic sensitivity, especially for poorly or 

undifferentiated tumors that cannot be identified by cell morphology alone. Heretofore, 

antibodies have been the only clinically validated and commercially available probes for 

IHC staining. In recent years, however, aptamers have been evaluated for their applicability 

in IHC staining as alternatives or supplements for antibodies. Our group was the first to 

validate the potential of aptamers for IHC staining on formalin-fixed paraffin embedded 

(FFPE) patient tissues.66 Utilizing RNA-based CD30 aptamers as recognition probes and 

CD30 antibodies as standard control, we evaluated the advantages of aptamers versus 

antibodies for IHC staining of lymphoma tissues. As shown in Fig. 3a, the aptamer achieved 

IHC staining at simpler reaction conditions than the antibody, such as lower temperature 

antigen retrieval (37 versus 96 °C for antibody), and shorter probing reaction times (20 

versus 90 min for antibody). Importantly, the aptamer probe demonstrated nearly identical 

but slightly different IHC staining profiles in FFPE lymphoma tissues as compared to the 

standard antibody. The CD30 antibody staining was concentrated at the cell membrane and 

Golgi zone; however, the CD30 aptamer stained the cell membrane and the cytoplasm of 

lymphoma cells. As discussed, this may be due to the fact that (i) small-sized aptamers have 

better penetration than antibodies, and can access specific targets within the fixed tissues 

more efficiently, and/or (ii) aptamers and antibodies recognize different epitopes. Notably, 

the aptamer probe exhibited considerably less background staining in tumor necrotic areas 

with respect to the standard control antibody. As showed in Fig. 3b, the CD30 antibody 

showed non-specific staining (brown color) in tumor necrotic areas (depicted in red arrows 

and circles) whereas the CD30 aptamer did not.66

As mentioned, an increasing number of aptamers have been developed as probes for IHC 

staining.67–69 Dr. Tan’s group developed a fluorophore-labeled, DNA-based EpCAM 

(epithelial cell adhesion molecule) aptamer to stain frozen and paraffin-embedded sections 

of colorectal cancer tissues. The study demonstrated that the EpCAM aptamers specifically 

recognized and stained nests of colorectal cancer tissue with undetectable background noise 
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or cross-reaction with non-specific tissue. Moreover, the reaction time of the EpCAM 

aptamers was shorter compared to the EpCAM antibodies.70

Apart from cancer cell detection by IHC staining, monitoring the sentinel lymph node is also 

critical, as the disseminating cancer cells usually move first to this node during metastasis.71 

To this end, Dr. Yang’s group developed a panel of aptamers, which specifically targeted 

lymph node tissue of colon cancer metastatic sites. Furthermore, the fluorescent-labeled 

aptamer with the best binding affinity for target cells exhibited high detection rates in 

specifically imaging metastatic tumors and lymph node tissues with metastasis. These 

results constitute an important stride in the early detection of cancer metastasis.72

In another study, Gupta et al. minimized nonspecific binding of the negatively charged 

aptamers to positively-charged cellular components such as histones by the addition of an 

anionic competitor. This development produced a class of novel aptamers, namely the ‘slow 

off-rate modified aptamers’ (SOMAmer®, SomaLogic Inc., Boulder, CO, USA) with higher 

binding affinities and slow dissociation rates.73 The presence of an anionic competitor 

during the selection process provided rapid and specific binding of the fluorophore-labeled 

HER2 SOMAmer to HER2 in human breast carcinoma cells, and the slow off-rate of the 

aptamer from the HER2 protein contributed to its selectivity.73

4. In vivo tumor imaging

Currently, the main non-invasive in vivo imaging technologies available for cancer pre- and 

post-treatment assessment are optical imaging, computed tomography (CT), radionuclide 

imaging including positron emission tomography (PET) and single-photon emission 

computed tomography (SPECT), ultrasound (US) imaging, and magnetic resonance imaging 

(MRI).74 The value of these imaging technologies in cancer diagnosis notwithstanding, they 

are not cancer- or tumor-type specific.

Based on the high resolution and spatial visualization of fluorescent imaging, we developed 

RNA- and DNA-based aptamer-IRD800CW reporters for in vivo imaging of CD30-positive 

lymphoma (Fig. 1a). After being systemically administered into a xenograft mouse, the 

aptamer probes rapidly targeted and accumulated in CD30-positive tumors (<10 min), owing 

to their small size and simple structure, but they did not react with CD30-negative tumors in 

the same mouse. The fluorescent signals from the target tumor sites were 4–8 times higher 

than those in control tumors in the same mouse. The imaging signal was stable for up to 60 

min and 24 h for the RNA- and DNA-based aptamer probes, respectively, which may also 

make them suitable for targeted cancer therapy (Fig. 4a).29 Similar studies have been 

reported for specific in vivo tumor imaging with the pancreatic ductal adenocarcinoma 

aptamer-Cy5 reporter,75 the A549 lung adenocarcinoma aptamer-Cy5 reporter,76 and the 

dual-functional nucleolin aptamer (AS1411) conjugated with the blood-brain barrier 

targeting peptide aptamer-Cy3 reporter.77 The aforementioned aptamer-fluorescent reporters 

targeted tumor sites specifically they were retained therein, and showed strong fluorescent 

signals without significant non-specific accumulation in normal tissues.

As mentioned in the CTC section, this type of aptamer-fluorescent reporter model is 

considered an ‘always-on’ imaging probe. The construction of specific target-activated, 
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signal ‘turn-on’ imaging systems, similar to those discussed in the CTC section, is a viable 

method for in vivo imaging. For example, another noteworthy cancer cell-activated 

fluorescent imaging platform, based on the FRET principle (Fig. 4b) has been developed. In 

this system, single-walled carbon nanotubes (SWNT) were used as aptamer carriers and 

fluorescence quenchers whereas Cy5 fluorophore-labeled sgc8c activatable aptamers were 

used as recognition probes and fluorescent reporters for in vitro cancer cell detection and in 

vivo cancer imaging.78 Firstly, Cy5 fluorophore-labeled sgc8c aptamers were conjugated 

through pi-pi stacking interactions with SWNT, which quenched the fluorescent signals. The 

conjugated Cy5-sgc8c aptamer/SWNTs were injected into tumor-bearing mice, and 

remained optically silent until reaching the tumor. When they encountered the tumor sites, 

however, the Cy5-sgc8c aptamers bound to specific cancer cells and separated from SWNT, 

thus resulting in dramatically enhanced fluorescence signals. This versatile activatable 

aptamer-fluorescence probing platform based on aptamer/carbon nanotube ensembles 

significantly improved the fluorescence signal-to-noise ratio in the tumor-bearing mice.78 In 

another notable approach, a target-triggered fluorescent imaging system was developed 

based on conformation-switchable sgc8c aptamers labeled with a fluorophore and a paired 

quencher. The activatable aptamer probe resulted in significantly enhanced image contrast, 

shortened diagnosis time, and high specificity in differentiating the target cells.79

Although nanomaterials such as quantum dots (QDs) display superb photostability for 

cancer cell detection as compared to the traditional fluorophores, which are limited by 

photobleaching,80 the inherent cytotoxicity of QDs hindered their widespread applicability. 

In order to improve the biocompatibility and reduce the cytotoxicity of QD-based imaging 

agents, Zhang et al. developed an MUC1 aptamer-functionalized CdTe:Zn2+ doped QD 

imaging probe for specific in vivo applications (Fig. 4c).81 The in vivo evaluation of the 

MUC1 aptamer-QDs in tumor-bearing mice revealed enhanced biorecognition and 

fluorescence sensitivity capabilities, photostability, improved biocompatibility, and reduced 

cytotoxicity.81

Magnetic nanomaterials based on MRI provide another successful imaging platform. The 

lack of water-solubility and the suboptimal biocompatibility of magnetic nanoparticles 

(MNPs) for in vivo imaging were overcome by a similar strategy applied for the construction 

of aptamer-QD imaging probes: the MNPs were coated with a surfactant (e.g., carboxyl 

polysorbate 80), and functionalized on the surface with specific aptamers to improve water-

solubility, biorecognition, and biocompatibility. Based on this strategy, several aptamer-

targeted MNP imaging agents, such as VEGF receptor 2 aptamer-magnetic nanocrystal 

probes for in vivo imaging of glioblastoma,82 EpCAM aptamer-magnetic nanocrystal probes 

for in vivo imaging of gastric carcinomas,83 and integrin αvβ3 aptamer-MNPs probes for in 

vivo imaging of epidermoid carcinoma were recently developed (Fig. 4d).84 All the previous 

MRI probes showed reduced cytotoxicity, improved biocompatibility even at high 

concentrations, and importantly, high sensitivity and selectivity in tumor imaging.

Radionuclide imaging including PET and SPECT have excellent applicability for in vivo 

tumor imaging due to their enhanced sensitivity. To further improve their specific tumor-

targeting ability, radionuclide imaging reagents based on highly specific aptamers have been 

widely developed and evaluated for their clinical applicability. Notable examples include the 
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HER2 aptamer labeled with 99mTc for SPECT imaging of ovarian carcinoma,85 the EGRF 

variant III aptamer labeled with 188Re for SPECT imaging of glioblastoma,86 and the 

tenascin-C aptamer labeled with 18F or 64Cu for PET imaging of tenascin-C positive 

tumors.87 In these studies, the radionuclide-labeled aptamer probes showed great tumor 

targeting ability and rapid accumulation rates at the tumor sites. In addition, these probes 

demonstrated fast clearance from the blood resulting in enhanced tumor-to-blood and tumor-

to-background ratios, which buttressed their use as highly sensitive and selective imaging 

contrast agents. Their advantages notwithstanding, the reports of non-specific accumulation 

of radionuclide-labeled aptamer probes in the liver85, 88 underscored the necessity to further 

optimize this type of imaging probes.

Aptamer targeted-multimodal imaging probes based on several imaging techniques provide 

a route to circumvent the specific disadvantages of each one, e.g., poor tissue penetration for 

fluorescence, low spatial resolution for PET, and suboptimal sensitivity for MRI.74, 89 

Recently, Dr. Tan’s group developed a dual-activatable fluorescence/MRI bimodal platform 

for sensitive and selective cancer imaging (Fig. 4e). In their study, Cy5-labeled sgc8 

aptamers were synthesized and used as fluorescent reporters and targeting ligands, and 

redoxable MnO2 nanosheets were used as aptamer nanocarriers, fluorescence quenchers, and 

intracellular GSH-activated MRI contrast agents. Subsequently, the Cy5-labeled sgc8 

aptamers were conjugated with redoxable MnO2 nanosheets through pi-pi stacking 

interactions. The resulting fluorescent/MRI probes were inactive in the absence of specific 

cancer cells. However, when sgc8 aptamers bound to specific cancer cells, the fluorophore 

Cy5 was activated due to separation from the quencher, and the endocytosed MnO2 

nanosheets were reduced by intercellular GSH to generate Mn2+ for MRI detection. 

Although the imaging capability of this probe was only evaluated for an in vitro cancer cell 

model, this novel dual activatable fluorescence/MRI bimodal platform showed great 

potential for highly sensitive and selective in vivo imaging.90 More recently, an AS1411 

aptamer-targeted multimodal in vivo imaging probe, capable of simultaneous fluorescence 

imaging, radionuclide imaging, and MRI, was also developed.91 In this study, the AS1411 

aptamer was used as a targeting ligand, and three different imaging agents, including cobalt-

ferrite NPs for MRI, fluorescent rhodamine for fluorescence imaging, and the 

radionuclide 67Ga-citrate for PET imaging were combined for multimodal imaging. The 

resulting probe specifically targeted tumor sites with high sensitivity but non-specific 

accumulation in the liver was also reported.91 A summary of aptamer-based analytical 

platforms for in vivo imaging applications is listed in Table 3.

5. Current challenges and future directions

Aptamers have emerged as a class of molecules that demonstrate significant potential as 

versatile biorecognition probes in early cancer diagnosis. Due to their competitive 

advantages of high target-specific affinity, rapid tissue penetration, nonimmunogenicity, 

biostability, and ease of modification and production, aptamers have showed superb clinical 

applicability and suitability over protein antibodies.

Although aptamers have great translational potential, since 2004, only one aptamer-based 

drug, namely Macugen (pegaptanib sodium, Pfizer/Eyetech), which is a RNA aptamer-based 
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VEGF inhibitor for treatment of age-related macular degeneration, was approved by FDA 

(US Food and Drug Administration).13 Thus, to accelerate the development of aptamer 

technology for clinical applications and successful commercialization, the following 

challenges need to be thoroughly considered:

i. An obvious impedance for the clinical applications of aptamers is their high 

nuclease-sensitivity and fast renal filtration due to their small size and 

oligonucleotide characteristics, which result in short half-life and suboptimal 

bioavailability. However, this disadvantage can be overcome through different 

chemical or structural modifications, such as substitutions on the aptamer’s 

backbone or side chains, incorporation of unnatural nucleotides, addition of caps at 

the aptamer ends, conjugation of large-sized bioavailable nanomaterials, and many 

more.4, 7 Actually, many aptamers developed and modified by the aforementioned 

strategies have significantly improved bioavailability and are thus suitable for 

clinical applications.4, 92

ii. Another hindrance in the clinical applications of aptamers is that the SELEX 

process to develop them is time-consuming and suffers from a low success rate. A 

typical SELEX process consists of 8–20 rounds of repetitive steps with the entire 

process taking weeks to months, including preparation of the oligonucleotide pool, 

incubation, partitioning, amplification and finally sequencing. These multiple 

selection steps have a degree of uncertainty, especially to generate aptamers against 

“difficult” targets. However, in recent years, many improvements to shorten the 

selection period and improve the success rate have been achieved such as magnetic 

beads, affinity chromatography, capillary electrophoresis, microfluidic technology, 

SOMAmer®, and many others.7, 93–95 These improved techniques can usually 

shorten the selection period to 4–8 rounds and improve the total success rate by 

more than 80%.

iii. Although aptamer technology itself has great potential for clinical applications, the 

parameters of aptamer biodistribution and pharmacokinetics are affected when 

aptamers are conjugated to functional moieties such as imaging molecules, 

radionuclides, NPs or drugs. For example, radionuclide-labeled aptamer probes 

exhibited non-specific accumulation in the liver,85, 88 indicating that the 

appropriate functional moieties for aptamer conjugation should also be optimized 

and carefully evaluated.

iv. As of October 2015, there were more than 5000 published articles in the PubMed 

database including the term “aptamer”. However, according to our statistics, it 

seems that the researcher interests are mainly focused on how to use aptamers to 

replace and not to supplement the clinically validated antibodies. Also, many 

aptamer-based analytical or therapeutic methods are mainly focused on chemical 

designs or modifications, which to some extent are not in line with the actual 

clinical necessities. Despite their limitations, antibodies have been clinically 

validated and commercially available for many years. Focusing in research areas 

where antibodies are disadvantageous is a viable pathway for aptamers to achieve 

timely and successful industrialization. Importantly, to achieve the most desired 
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goals, aptamer research and development should be tailored to the actual clinical 

applications.

In summary, the studies outlined in this review highlight the immense potential of aptamers 

coupled to nanomaterials such as QDs, SWNTs, and MNPs in constructing aptamer-based 

biosensors with enhanced recognition abilities. Aptamers used in conjunction with 

fluorescence, colorimetry, magnetism, electrochemistry or in vivo imaging modalities such 

as PET and SPECT have provided novel cancer diagnostic strategies with superior 

performance for early, sensitive, and specific detection of cancer biomarkers. Further 

development and adaption of the currently available aptamer-based multifunctional tools 

and their underlying concepts, coupled with the rising interest in this field, will undoubtedly 

lead to the next generation of aptamer-based recognition probes for cancer detection.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Aptamer-based fluorescent probe for multi-color flow cytometric analysis
(a) Design of a simple, sensitive and versatile fluorophore-aptamer probe for cancer cell 

detection or in vivo tumor imaging; (b) Multi-color flow cytometric analysis of lymphoma 

cells by aptamer probes and antibodies. CD30-positive lymphoma cells were mixed with 

fresh normal marrow cells and stained with AmCyan-labeled CD45 antibodies, and Cy5-

labeled CD30 aptamers simultaneously, or FITC-labeled CD30 antibodies as standard 

control. The individual cellular populations in the cell mixture including nucleated red blood 

cells, blasts, lymphocytes, granulocytes, monocytes and CD30-positive lymphoma cells, 

were separated and gated according to the side scatter (SSC) and CD45 panels. Multi-color 

flow cytometric analysis revealed that both aptamer probes and antibodies detected the same 

population of CD30-positive lymphoma cells with identical specificities and sensitivities; (c) 
Cells from patients’ pleural fluids were collected and incubated with different fluorophore-

labeled CD4 aptamers (CD4 antibodies as standard control), CD8 and CD45 antibody 

simultaneously. Multi-color flow cytometric analysis revealed that the CD4 aptamers also 

showed similar staining patterns and numbers for the as-prepared cells as the CD4 

antibodies.
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Fig. 2. Representative aptamer-based analytical models for CTC detection
(a) Tumor-cell activated, signal ‘turn-on’ aptamer reporter for one-step high-throughput 

detection of CTCs in patient whole blood samples; (b) Target-triggered conformation-

switchable aptamer reporter for CTC detection; (c) A simple aptamer-based electrochemical 

sensing platform for CTC detection.
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Fig. 3. Aptamer probes for IHC staining of FFPE tumor tissues
(a) Tissue sections of CD30-positive anaplastic large cell lymphoma (ALCL) were 

immunostained with aptamer probes, or antibodies as standard control. After antigen 

retrieval at 37 °C and probing for 20 min, tissue sections were probed with aptamers and 

lymphoma cells were specifically immunostained. In contrast, antibody immunostaining of 

lymphoma cells required higher antigen retrieval temperature (97 °C) for a long probing 

time (90 min); (b) Aptamer probes showed non-specific staining (brown color) in the tumor 

necrotic area compared to the antibody stain (depicted with red arrows and circles).
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Fig. 4. Representative aptamer-based platforms for in vivo tumor imaging
(a) Studies of RNA- and DNA-based aptamer reporters for in vivo imaging. Both the CD30-

positive lymphoma and CD30-negative control tumors were developed in each mouse. 

RNA-based (upper panel) or DNA-based (lower panel) aptamer probes were systemically 

administered through the tail veins and whole body imaging was carried out. Aptamer 

probes specifically highlighted lymphoma tumors but did not react with the control tumor 

present in the same mouse. (b) Target-triggered fluorescence imaging platform based on the 

principle of FRET for in vivo imaging; (c) Aptamer-targeted QDs for optical imaging; (d) 
Aptamer-targeted MNPs for MRI; (e) Dual-activatable, aptamer-based fluorescence/MRI 

bimodal imaging platform.
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Table 2

Aptamer-based analytical platforms for soluble tumor-related protein detection

Aptamer target Signal-readout technique
Analytical performance

Ref.
LOD Liner range

CEA

Signal amplification based colorimetry 2 pM 5 pM–0.5 nM 53

Chemiluminescence 4.8 pg/mL 0.0654–6.54 ng/mL 54

Surface-enhanced fluorescence 3 pg/mL 0.01–1 ng/mL 55

EGFR Electrochemistry 50 pg/mL 1–40 ng/mL 56

HER2 Activatable fluorescence 38 nM 50–250 nM 57

MUC1

Signal amplification-based electrochemistry 4 pM 4 pM–1 μM 58

Electrochemistry 1 pM 1–100 nM 59

Electrochemistry 2.2 nM 8.8–353.3 nM 60

PSA

Surface acoustic wave analysis 10 ng/mL 10–1000 ng/mL 61

Electrochemistry 0.25 ng/mL 0.25–200 ng/mL 62

Chemiluminescence 1.0 ng/mL 1.9–125 ng/mL 63

Surface-enhanced Raman scattering 4.8 aM 0.01–5 fM 64

VEGF Surface-enhanced Raman scattering 22.6 aM 0.01–1.0 fM 65
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Table 3

Aptamer-based analytical platforms for in vivo imaging applications

Aptamer target Cancer type Signal readout technique Applications Ref.

CD30 ALCL and Hodgkin’s lymphoma Fluorescent reporter (signal always-on) Fluorescent imaging 29

PL45 cells Pancreatic ductal adenocarcinoma Fluorescent reporter (signal always-on) Fluorescent imaging 75

A549 cells Lung cancer Fluorescent reporter (signal always-on) Fluorescent imaging 76

PTK7 Leukemia Cancer cell activated fluorescent reporter 
(signal turn-on) Fluorescent imaging 78

PTK7 Leukemia Cancer cell activated fluorescent reporter 
(signal turn-on) Fluorescent imaging 79

MUC1 Lung cancer Optical nanomaterials QDs Fluorescent imaging 81

VEGF receptor 2 Glioblastoma Magnetic nanomaterials MRI 82

EpCAM Gastric carcinoma Magnetic nanomaterials MRI 83

Integrin αvβ3 Epidermoid carcinoma Magnetic nanomaterials MRI 84

HER2 Ovarian carcinoma Radionuclide 99mTc SPECT imaging 85

EGRF variant III Glioblastoma Radionuclide 188Re SPECT imaging 86

Tenascin-C Tenascin-C positive cancer Radionuclide 18F or 64Cu PET imaging 87

PTK7 Leukemia Target-activated fluorescent reporter and 
MRI contrast probe

Multimodal fluorescent 
imaging and MRI 90

Nucleolin Glioma
Magnetic nanoparticles, fluorescent 

reporters, and the radionuclide 67Ga-citrate

Multimodal MRI, 
fluorescent and PET 

imaging
91
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