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Abstract

Disease-related biomarkers are objectively measurable molecular signatures of physiological 

status that can serve as disease indicators or drug targets in clinical diagnosis and therapy, thus 

acting as a tool in support of personalized medicine. For example, the prostate-specific antigen 

(PSA) biomarker is now widely used to screen patients for prostate cancer. However, few such 

biomarkers are currently available, and the process of biomarker identification and validation is 

prolonged and complicated by inefficient methods of discovery and few reliable analytical 

platforms. Therefore, in this Perspective, we look at the advanced chemistry of aptamer molecules 

and their significant role as molecular probes in biomarker studies. As a special class of functional 

nucleic acids evolved from an iterative technology termed Systematic Evolution of Ligands by 

Exponential Enrichment (SELEX), these single-stranded oligonucleotides can recognize their 

respective targets with selectivity and affinity comparable to those of protein antibodies. Because 

of their fast turnaround time and exceptional chemical properties, aptamer probes can serve as 

novel molecular tools for biomarker investigations, particularly in assisting identification of new 

disease-related biomarkers. More importantly, aptamers are able to recognize biomarkers from 

complex biological environments such as blood serum and cell surfaces, which can provide direct 

evidence for further clinical applications. This Perspective highlights several major advancements 

of aptamer-based biomarker discovery strategies and their potential contribution to the practice of 

precision medicine.
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INTRODUCTION

Modern healthcare has been steadily advancing toward an era of molecular medicine, 

personalized or precision medicine, better known as stratified or P4 (predictive, preventive, 

personalized, and participatory) medicine.1,2 Key tools moving this process forward are 

biomarkers, which are objectively measurable molecular signatures that indicate normal or 

pathogenic biological processes. Over the past few decades, biomarkers have become 

significant players in disease diagnosis and therapy, as well as clinical trials and, hence, 

personalized medicine.3–5 Unfortunately, despite the consistent enthusiasm among 

physicians and biomedical researchers, very few disease biomarkers have been put into 

clinical practice. This deficiency can be attributed to two major reasons: (1) lack of efficient 

methods for biomarker discovery and (2) lack of molecular tools to implement practical 

assays for biomarker validation and application.

Biomarker discovery strategies have long relied on the analysis of genes, proteins, and 

metabolites. Gene transcription and downstream protein expression can be greatly altered 

when physiological status becomes pathogenic, thus making gene transcripts and proteins 

useful biomarkers. Similarly, metabolic pathways can be varied during disease, and primary 

metabolites can therefore serve as disease-related biomarkers as well. Genomics, 

transcriptomics, proteomics, and metabolomics provide additional platforms for more 

complex analysis, where multiple biomarkers can be identified simultaneously. Researchers 

have long relied on these techniques as major methods in biomarker discovery.6–8 However, 

results from genotypic investigation do not always correlate with the phenotypic abundance 

and variation. And the intensive sample processing tends to cause false positive/negative 

results, given the complexity of the biological environment. Moreover, due to the limited 

sensitivity of currently available instruments, to determine biomarkers in low abundance is 

quite challenging.9–11 In this situation, a multiplexed, yet targeted, biomarker discovery 

method would be very beneficial.

Molecular tools for implementing biomarker assays are in even more need. In particular, 

molecular probes used for biomarker investigations must be sensitive and selective and have 

high binding affinities. It is also essential that such probes easily recognize their cognate 

targets under complex biological conditions, such as those found in body fluids or on the 

surfaces of cell membranes. As the probes to beat, antibodies are currently utilized in 

biomedical studies and clinical practices. The interactions between antibodies and antigens 

are well studied, and the affinities are quite satisfying. In the past decades, antibodies have 

become the dominating regimen for biomarker investigations.12 Nevertheless, it is difficult 

to produce antibodies because of their biological complexity, which, in addition to their 

instability and potential immunogenicity, has largely diminished the utility of antibodies as 

effective molecular tools. A more serious concern arises from the involvement of animal 

models in antibody production, which results in poor batch-to-batch consistency and thus 

causes the accuracy of antibody-based assays to be unreliable. For these and other reasons, 

alternative approaches have been suggested to rival antibodies as molecular probes.

The development of aptamers has offered such an opportunity. Aptamers are single-stranded 

synthetic oligonucleotides composed of DNA or RNA, usually having a length of 20–100 
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nucleotides (nt). They demonstrate remarkable binding affinity to a variety of targets, 

ranging from metal ions to small molecules, proteins, and even intact cells.13,14 The 

molecular recognition between aptamers and their targets relies on their nucleotide 

sequences, as well as their unique three-dimensional folded conformations. Aptamers are 

generated via an in vitro selection process15 termed Systematic Evolution of Ligands by 

Exponential Enrichment (SELEX)16 (Figure 1A). Unlike antibodies, which are generated by 

an immunological process, the development of aptamers depends on chemical artistry. 

Briefly, a large chemically synthesized DNA/RNA library (around 1015 unique sequences) is 

iteratively exposed to the target of interest. Bound sequences are retained, amplified by 

polymerase chain reaction, and subjected to repeated rounds of selection until the binding 

sequences are enriched, and those that do not bind are removed. These surviving binders are 

sequenced, recovered, and, finally, characterized as molecular probes.

Aptamers bind with dissociation constants (Kd) in the nanomolar range and exhibit excellent 

selectivity, with the additional advantages of easy synthesis and manipulation, low cost of 

generation, and perfect batch-to-batch reproducibility. More importantly, aptamers are 

chemically synthesized and can be tailored to readily conjugate with other molecules, 

including but not limited to fluorophores, bioaffinity molecules, chemical linkers, and 

nanomaterials, without compromising binding abilities. These merits make aptamers 

valuable molecular tools for biomarker studies.17

Research on SELEX has continued in the past quarter century. With respect to targets of 

interest, in addition to ions and molecules, multiple living species have been used as targets 

in SELEX. The invention of cell-based SELEX ushered in the use of intact cells, especially 

diseased cells, as targets.18,19 Tissue SELEX,20 3D cell-SELEX,21 and in vivo SELEX22 

have also been reported. Other than human-derived samples, parasites, bacterial cells, and 

viruses have also been used to generate aptamers.23 In terms of techniques, capillary 

electrophoresis (CE),24 surface plasmon resonance (SPR),25 microfluidic,26 and even robotic 

SELEX27 have all been reported.

Modification of libraries, the most critical aspect, is currently the very forefront in 

developing SELEX technologies. (Figure 1B) Specifically, efforts of researchers have been 

devoted to solve the problems of (1) poor nuclease resistance of aptamers and (2) limited 

functionality, which results in limited binding affinity, as well as low information density 

carried by natural oligonucleotides. Nucleotide substitution on the 2′-carbon of ribose or on 

the 5′-α-P-site, as well as artificial riboses, such as L-ribose and locked ribose, were 

introduced in the modified library to generate aptamers with enhanced nuclease resistance.28 

Functional groups to mimic amino acid side chains have been added to DNA/RNA libraries 

to enhance binding affinity28–30 (Figure 1C). Artificial expanded nucleobases were 

introduced into libraries to enhance information density and/or introduce functionality.31–33 

(Figure 1D) All these advances in SELEX and aptamer technologies have provided an 

unprecedented opportunity to improve strategies of biomarker discovery and biomarker-

related investigations.
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APTAMER-BASED MOLECULAR RECOGNITION FOR BIOMARKER 

TARGETING

Currently, numerous antibodies are being utilized for immunoassays in both life science 

research and clinical diagnostics. Antibody-based therapeutics have also occupied the list of 

popular pharmaceuticals in the past several years. As molecular probes, aptamers were 

initially intended to rival antibodies. Strategies of aptamer-based biomarker investigations 

were inspired by the antibody-based method. That is, aptamers would be generated against 

known biomarkers, but with much faster turnaround time and fewer tedious procedures. 

Advanced SELEX technology has delivered aptamers and the resultant aptamer-based 

theranostics strategies to target a series of disease-related biomarkers. These include mucin 1 

(MUC1),34,35 carcinoembryonic antigen (CEA),36,37 thrombin,38,39 nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-κB),40–42 epidermal growth factor receptor 

(EGFR),43,44 and alpha-fetoprotein (AFP),45,46 as well as prostate-specific antigen (PSA), 

currently the only FDA-approved biomarker.47–49 Similar to antibodies, aptamers have also 

been found with the ability to regulate their target proteins.14 Hence aptamers could also 

serve as therapeutics for disease treatment. In fact, several aptamers regulating 

plateletderived growth factor (PDGF), vascular endothelial growth factor (VEGF), 

complement component 5 (C5), nucleolin, and other biomarkers have entered clinical trials, 

albeit in modified forms.50,51

In one example, Yang’s group focused on epithelial cell adhesion molecule (EpCAM) on 

cell surfaces.52 EpCAM is a well-recognized transmembrane glycoprotein that has been 

detected in adenocarcinomas, metastases, malignant effusions, and cancer stem cells. It is 

also a potential marker of circulating tumor cells (CTCs) and has been targeted in a FDA-

approved antibody-based detection platform, named CellSearch, for metastatic breast, 

colorectal, and prostate cancer cells. In their SELEX experiment, His-Tag labeled 

recombinant EpCAM was immobilized on Ni-beads, which served as target, while Ni-beads 

served as negative control. This work delivered a group of DNA aptamers recognizing 

EpCAM protein and EpCAM-expressing cell lines, but not EpCAM-negative cell lines. In 

particular, aptamer SYL3C was identified and is currently widely used in the elucidation of 

cancer clinical samples,53immunostaining of cancer frozen tissues,54 and imaging of cancer 

cells.55

Another example is the development of an aptamer targeting human epidermal growth factor 

receptor 2 (ErbB-2/HER2).56HER2 protein belongs to the ErbB family, and this family of 

receptor tyrosine kinases is the very focus of drug development by its overexpression in 

many cancers. To date, synthetic small-molecule drugs and monoclonal antibodies (mAb) 

have been developed to target HER2, and several of them have become first-line therapies in 

the treatment of multiple cancers. More recently, Yarden’s group selected a 14-nt aptamer 

using antibody-immobilized native HER2 protein. They found that a trimeric version of this 

selected aptamer can inhibit cell growth and that the antitumor effect was nearly 2-fold that 

of the anti-HER2 mAb. Mechanistic studies showed that cellular internalization, cytoplasmic 

translocation, and lysosome degradation of the HER2 receptor were induced by aptamer 

binding, thus retarding tumorigenic growth. These results have inspired further research 
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recently leading to combination with a nanocarrier to realize theranostic application.57 These 

works showed the potential of aptamers as alternative therapeutics by their interactions with 

target biomarkers.

APTAMER-BASED CELL SURFACE BIOMARKER ELUCIDATION

While aptamers have shown their utility as molecular tools targeting known biomarkers, they 

can also play critical roles in exploring unknown biomarkers. As previously noted, 

biological complexity poses a major challenge for current analytical platforms in biomarker 

discovery. A prime example is the cellular membrane, where a vast array of proteins are 

anchored to, released from, or highly interacted with membrane components like 

phospholipids and carbohydrates. Notably, the expression level of a membrane protein is 

highly correlated with the physiological or pathological status of the cell, making membrane 

proteins an abundant source of putative disease biomarkers. Nonetheless, lack of efficient 

methods to generate membrane protein-specific molecular probes, like antibodies, makes 

membrane protein studies and biomarker discovery from membrane proteins very difficult. 

After all, recombinant proteins do not always represent their natural conformations on cell 

surfaces in the absence of methods to mimic the complex surroundings. In the meantime, the 

hydrophobicity and low abundance of many membrane proteins usually restrict attempts to 

recover protein samples from their native states.

To overcome this dilemma, a modified SELEX method using intact cells as targets was 

invented. This research was initially motivated to prove that aptamers could recognize 

complex targets, and to accomplish this, red blood cells (RBCs) were used as a model.58 

Subsequent work by Blank et al. using a similar strategy successfully generated an aptamer 

targeting microvessels of rat brain tumor. An aptamer-assisted affinity purification was then 

used to pull down the target proteins, which were subsequently identified by mass 

spectrometry.59 On the basis of these and other proofs of concept,60 a signature method, 

formally termed cell-SELEX, was systematically established by the Tan group.18,19 

Different from traditional SELEX, cell-SELEX generates aptamers capable of distinguishing 

molecular differences between two types of cells, such as diseased and normal cells, two 

different types of diseased cells, or different subtypes of the same diseased cells (Figure 2A).

This subtractive selection strategy is performed by alternately enriching bound sequences on 

target cells while removing those that also bind to the other cell line (counter cells). The 

resultant aptamers are able to selectively bind proteins upregulated on target cells. In their 

pioneering work establishing cell-SELEX, the Tan group incubated CCRF-CEM cells 

(human T-cell acute lymphoblastic leukemia, ALL) with a synthetic DNA library of 1015 

randomized sequences. Ramos cells (Burkitt’s lymphoma) were used for counter selection.

After 20 rounds of selection, bound sequences were enriched in the library pool, as clearly 

indicated by flow cytometry monitoring and by confocal microscope imaging. Cloning and 

DNA sequencing determined sequences of a panel of aptamers, having Kd values in the 

subnanomolar range.
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In essence, cell-SELEX technology circumvents issues related to the complex milieu of cell 

membrane surfaces, where no prior knowledge of the cell surface molecular signature is 

required. Those proteins that could be identified as potential biomarkers retain their native 

states. Meanwhile living cells serve to support facile separation of the bound and unbound 

sequences. Moreover, after several repeated rounds of enrichment, the “survival” (bound) 

sequences can recognize their cognate target biomarkers in very low abundance, or even 

elucidate the trace differences of expression levels of certain biomarkers found on target 

cells compared to counter cells. Additionally, cell-SELEX is essentially a multiplexed 

strategy that probes the cohort of surface proteins. In this process, a panel of molecular 

probes can be generated, after which a panel of corresponding biomarkers can be targeted in 

the same series of experiments.

Upon binding to their cognate target cells, aptamers have nearly fulfilled their primary role 

as molecular probes. The Tan group then moved forward to identify the target proteins, with 

the intention of identifying potential biomarkers for ALL. The target protein of aptamer sgc8 

(specific for ALL cells) was pulled down using aptamer-assisted affinity purification, 

wherein biotinylated sgc8 and streptavidin magnetic beads were employed to capture and 

isolate the target proteins. The recovered proteins were resolved with sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and subsequent liquid 

chromatography-mass spectrometry (LC-MS) analysis (Figure 2B). A transmembrane 

protein, protein tyrosine kinase 7 (PTK7), that was found overexpressed in other tumors but 

previously unknown in ALL, was finally identified as the target.61 Aptamer sgc8 is now 

used in a wide range of biomedical studies as a molecular recognition moiety and, in 

combination with various nanomaterials, for targeted delivery,62–65cancer 

therapy,54,66–68cancer detection,[poo]69,70 and tumor imaging.71–73

This aptamer-assisted affinity purification method, as a form of targeted proteomics, has 

proven to be useful. Similar strategies have been widely used to identify several other cell-

specific protein targets (Table 1). Nonetheless, the efficiency of this method is far from 

satisfying. The removal of nonspecifi-cally bound proteins from the capture beads requires 

stringent washing conditions; yet those aptamers with inferior binding affinity are typically 

insufficient to capture detectable amount of proteins in such harsh conditions, especially 

when confronting rarely expressed protein targets. This largely impedes use of this aptamer-

based method from being generally adopted.

Covalent cross-linking between target protein and aptamer was therefore introduced to 

increase the efficiency of aptamer-based isolation of proteins (Figure 2C). In an early trial, 

chemically modified photoactive 5-dUI (5-iodo-deoxyuridine) was used to replace several 

dTs (deoxythymidine) in the biotinylated aptamer TD05, along with a disulfide bridge 

incorporated, to interact with the target protein of Ramos cells (Burkitt’s lymphoma). In this 

method, cells were lysed only after binding and UV-induced covalent cross-linkage formed 

between the modified aptamer and its target protein. Subsequently, aptamer-tagged protein 

was captured by streptavidin beads and then released by cleaving the disulfide bond. Results 

from SDS-PAGE and LC-MSMS analysis identified the target protein as the 

immunoglobulin heavy mu chain (IGHM) of B-cell receptor, which was known to be highly 

associated with the development of Burkitt’s lymphoma.[poo]74
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The cross-linking strategy allows stringent washing conditions during affinity purification of 

target protein, thus largely avoiding off-target interferences. However, replacing dT with 5-

dUI requires labor-intensive position optimization to avoid diminishing the binding ability of 

the aptamer, which limited the general usage of this method.

Recently, inspired by the method of chromatin immunoprecipitation (ChIP) for studying 

intracellular interactions between DNA and proteins, another cross-linking approach was 

explored using formaldehyde as the cross-linker.75 The interaction between desthiobiotin-

labeled aptamer TOV6 and targeted ovarian cancer TOV21 cells was fixed by introducing 

formaldehyde. Subsequent cell lysis, affinity purification, and stringent washing allowed the 

DNA-protein conjugate to be isolated by biotin competition. This experiment identified 

stress-induced phosphoprotein 1 (STIP) as a potential biomarker for ovarian cancer cells.

Based on the concept of formaldehyde cross-linkage, very recently, Shangguan and Wang et 

al. reported an improved strategy, by which protein selectin L and integrin α4 were 

identified as target proteins of aptamer sgc3b and sgc4e, another two aptamers selected 

along with sgc8, in a parallel mode.76 They used a quantitative proteomic method, termed 

stable-isotope labeling by amino acids in cell culture (SILAC), combined with cross-linked 

aptamer-based affinity purification. A fluorophore was labeled on the aptamer to allow them 

monitor and optimize the binding conditions using flow cytometry. Briefly, the two aptamers 

dual labeled with fluorescein and biotin were incubated separated with heavy Jurkat 6 × 

10−1 cells (cultured with heavy K, [13C6, 15N2]-L-lysine, and heavy R, [13C6]-L-arginine) 

and normal Jurkat 6 × 10−1 cells. These aptamers were originally selected against CCRF-

CEM cells but were also positive for binding Jurkat 6 × 10−1 cells. Following previous 

method, similar steps of binding, cross-linking with formaldehyde, cell lysis, and affinity 

purification using streptavidin agarose resin were conducted, followed by mixing the two 

bead portions in a 1:1 ratio. The proteins were eluted by heating at 95 °C for 1 h followed by 

analysis with SDS-PAGE and LC-MS/MS. As a result, 71 proteins were identified from the 

mixture. Quantitative analysis was achieved by calculating heavy/light (H/L) ratios, and 

potential protein targets were thus determined by meticulous comparison. The authors 

suggested that this method could be developed for general protein target elucidation, either 

two aptamers at a time or a single aptamer, using a random or scrambled sequence as the 

control bait.

APTAMER-BASED MULTIPLEXED BIOMARKER DISCOVERY PLATFORM

Aptamers selected against all kinds of protein targets have been reported and used in 

bioanalysis and biomedicine. However, proteins positively identified as biomarkers remain 

scarce. In addition, biomarkers expressed in complex biological environments, such as 

serum, cell surface matrix, or tissue slice, are much more clinically relevant. Therefore, a 

multiplexed biomarker discovery platform is very much needed. Based on their previous 

decade of aptamer research, SomaLogic developed such an aptamer-based platform, named 

SOMAscan, that can screen thousands of proteins in a small volume of biological sample, 

such as serum or plasma. Aptamers, called “SOMAmers”, used on this platform are 

composed of functionalized nucleotides with modifications (Figure 1D).32 With their 
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increased functionality, combined with a strategy of slow off-rate selection, SOMAmers 

typically have binding affinity in the sub-nanomolar or even picomolar range.

This biomarker discovery strategy combines aptamer and DNA microarray 

technologies.97–99 (Figure 3) Briefly, a mixture of biotinylated aptamer having a 

photocleavable group and a fluorescent tag is incubated with the test samples, followed by 

capture using streptavidin beads (Catch-1). The beads are stringently washed to remove 

unbound protein before a secondary biotin is labeled on each aptamer-captured protein. The 

aptamer–protein complex is released from the beads by UV light irradiation, and then an 

anionic competitor, dextran sulfate, is added to elute the nonspecifically bound proteins. 

Next, secondary streptavidin beads are incubated with the aptamer–protein complex, and the 

aptamer is released by subsequent elution with basic solution. The eluted aptamers are then 

subjected to DNA microarray to determine the identities and corresponding proteins.

In their earliest trial, this strategy was used to screen biomarkers for plasma from subjects 

with chronic kidney disease (CKD).97 Two well-known CKD biomarkers plus 58 potential 

biomarkers were identified, demonstrating the potential utility of this technology to rapidly 

discover unique protein signatures characteristic of various disease states. This technology 

has now been used to identify biomarkers from bronchoalveolar lavage fluid of pediatric 

patients with cystic fibrosis (CF) lung disease,100 from serum of malignant pleural 

mesothelioma (MM) patients,101 from blood of non-small cell lung cancer (NSCLC) 

patients,102 from blood of myocardial injury patients,103 from serum of tuberculosis (TB) 

patients,104 and from serum of Duchenne muscular dystrophy (DMD) patients.105 This 

platform was even used to identify biomarkers from cancerous exosomes (cell-derived 

vesicles that are present in many, or potentially all, biological fluids, including blood, urine, 

and cultured medium of cell cultures).106 At this time, 1129 proteins can be screened using 

this platform.103

PERSPECTIVE

A quarter century has elapsed since aptamer and SELEX technologies were first reported. It 

was anticipated that these single-stranded oligonucleotide probes would rival antibodies in 

affinity assays and therapeutic uses, and excel in biomarker discovery for disease 

theranostics. This demand is growing along with the trend of current medical practice 

toward emphasizing molecular-level and personalized modes. Personalized medicine takes 

into account individual variability, such as individual disease-related biomarkers, so that 

medical decisions can be tailored based on their predicted response or relative risk. This thus 

requires technologies with fast turnaround time to identify individual biomarkers, as well as 

molecular tools for disease theranostics.

This challenge has been partially met by the generation of thousands of aptamers and 

numerous aptamer-based methods for disease diagnosis and therapy. For example, only 

within the past decade, a panel of aptamers have been developed targeting PSA.47,107,108 

These alternative molecular probes have been developed into a variety of biosensors,49,109 

which largely enriched the diagnosis approaches that used to merely rely on antibodies. 

However, the goal of aptamers rivaling antibodies is far from being realized. In fact, the 
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overall number of well-validated aptamer probes remains limited, which restricts aptamer-

based technology to the “proof-of-concept” phase. Several major barriers are hampering 

general applications of aptamer as molecular probes, thereby impairing the development of 

aptamer-based biomarker strategies. Generation of aptamers need a more effective way that 

requires improvements in SELEX technology, specifically to further shorten turnaround time 

and to enhance the binding affinity of selected aptamers.

One concern is associated with the natural shortcomings of DNA/RNA molecules as binding 

moieties. Aromatic ring stacking by nucleobases, hydrogen bonding between nucleo-bases 

and electrostatic interactions with the negatively charged backbone are the only significant 

interactions that can be derived from DNA/RNA molecules. Moreover, the presence of only 

two pairs of building blocks (A-T and C-G) provides very low information density, which 

corresponds to a very limited number of folding patterns. SOMAmers set an impressive 

precedent of how introduction of functional groups can help generate aptamers with 

enhanced binding affinity. A very recent publication by the Mayer group introduced an 

intriguing method exploiting click-chemistry to add functionality to oligonucleotide libraries 

for SELEX,30 which could further expand the possibility of introducing various functional 

groups in a versatile way. Hirao’s group introduced a fifth nucleotide appended with a 

hydrophilic group into a library for selecting aptamers with enhanced affinity.30 Another 

expanded genetic system used in SELEX was jointly reported by the Benner and Tan groups, 

in which a pair of artificial nucleotides was incorporated into the DNA library to select 

aptamers toward living cells31,32 and cell surface targets.110 ntroduction of this base pair not 

only added functionality to the library reservoir but also largely increased information 

density, providing much larger folding possibility of oligonucleotides, eventually making the 

entire selection process more efficient. These new generations of SELEX will increase in 

popularity and effectiveness when the related chemical biological technologies are fully 

equipped, especially the engineering of more effective polymerases to better accept artificial 

nucleobases and more efficient sequencing technologies for artificial nucleobase-containing 

DNA/RNA molecules.

Of course, every technical success relies on advances in device engineering, analytical 

method development, and instrument design. Particularly, with regard to SELEX, more 

efficient separation methods, PCR with higher fidelity and efficiency, and improved 

sequencing technology are always in great need. Toward this end, Soh’s group displayed 

every single sequence of a DNA library on particle surfaces by emulsion PCR, and 

employed advanced FACS sorting to screen aptamers with high-affinity to provide a rapid 

and economical method to generate high-quality aptamers.111 Many other advances utilizing 

novel technologies, such as microfluidic devices and DNA microarray technologies, for 

SELEX have already been reported by the Soh group and others.24,112 All of these efforts 

redound to greater control of the chemistry/biology interface, such that the resultant 

molecular tools can be put into clinical use to expand the practice of precision medicine.

When it comes to cell-SELEX, the phenotypic heterogeneity between passages of cells is 

always one of the greatest reasons to hinder the successful delivery of aptamers. Plus, the 

massive amount of cells required for SELEX experiment limited the cell targets to those 

immortalized cells that are suitable for being cultured in laboratories. It is thus urgent to 
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develop improved cell-SELEX method with reduced selection cycles, while applying 

miniaturized selection strategies and devices that requires much smaller scale of cells.

Efforts to improve strategies related to the biomarker process are also being made, in 

particular to increase the efficiency of purification while also lowering the limit of detection. 

The cross-linking methods effectively enhance the affinity between an aptamer and its 

protein, but a means to avoid off-target conjugation is still urgently needed. The Famulok 

group reported a strategy utilizing a phenyl azide as photo-cross-linker and validated the 

chemistry using three structurally different aptamers.113 The Bertozzi group reported a 

proximity-enhanced biorthogonal ligation method for cross-linking between an aptamer 

conjugated to cyclooctyne and azidosu-gar-labeled glycoproteins.114 Most recently, the Tan 

group reported a protein–aptamer template-directed cross-linking method with aptamers 

carrying an F-carboxyl group.115 Of course, lowering the limit of detection also requires 

innovations in downstream proteomic analytical methods, including mass spectrometry or 

DNA microarrays, which are not the focus of this Perspective and have recently been 

reviewed elsewhere. These efforts all give evidence of continuous progress in the field of 

cell-surface biomarker discovery and will, of course, make a significant contribution to the 

overall goal of personalized medicine.
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Figure 1. 
Schematic of SELEX and modification of DNA/RNA library for SELEX. (A) Flowchart of 

SELEX procedure. (B) Modified oligonucleotide library employed in SELEX selection. 

Nucleotide substitution on the 2′-carbon of ribose, on the 5′-α-P-site, or artificial riboses 

were introduced in the modified library to generate aptamers with enhanced nuclease-

resistance. Modified nucleobases and artificial nucleobases were introduced to increase 

functionality or information density. (C) Groups mimicking amino acid side chains are 

added on C5-modified deoxyuridines to increase functionality in the initial library. 

SomaLogic uses these modified nucleobases to generate aptamers with enhanced binding 

affinity. (D) Extended genetic nucleobases (Z and P, Px and Ds) and their structural 

comparison with natural nucleobases. Introduction of artificial nucleobases increases 

information density in the initial library in addition to adding functionality.
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Figure 2. 
Schematic of cell-SELEX and strategy of aptamer-based cell surface biomarker discovery. 

(A) Cell-SELEX technology selects a panel of aptamers capable of distinguishing molecular 

differences between two types of cells. Aptamers are selected to bind with target cells, but 

not counter cells. (B) Aptamer-assisted affinity purification without cross-linking aptamers 

and target proteins as targeted proteomics strategy for cancer cell surface biomarker 

discovery. (C) Aptamer-assisted affinity purification with cross-linking aptamers and target 

proteins as targeted proteomics strategy for cancer cell surface biomarker discovery.
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Figure 3. 
Schematic of SomaLogic proteomics assay.97 Step 1: Biotin (B), photolinker (L), and 

fluorophore (F)-labeled SOMAmers (A) bind with cognate target proteins (T). Step 2: 

SOMAmer–protein complexes are captured by streptavidin (SA)-coated magnetic beads, 

followed by washing unbound proteins and addition of secondary biotin on captured 

proteins. Step 3: UV irradiation cleaves the photolinker, and non-specifically bound protein 

is removed using competitive buffer. Step 4: Biotin-labeled proteins are captured by 
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secondary SA-coated magnetic beads. Step 5: Aptamers are eluted. Step 6: DNA microarray 

analysis is used to quantitate the protein.
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Table 1

Cell Surface Proteins Elucidated as Potential Biomarkers Using Cell-SELEX and Aptamer-Based Targeted 

Proteomics

target aptamer cell line method application

pigpen III. I59 YPEN-1, epithelial aptamer-based 
affinity 
purification + 
SDS-PAGE + 
MS/MS59

glioblastoma angiogenesis detection59

TN-C GBI-1077 U251, glioblastoma aptamer-based 
affinity 
purification + 
SDS-PAGE + 
LC-MS/MS77

tumor diagnosis by MRI,78 cancer imaging79

IGHM TD0580 Ramos, Burkitt’s lymphoma 5-dUI 
photocross-
linking + 
aptamer-based 
affinity 
purification + 
SDS-PAGE + 
LC-MS/MS74

aptamer—micelles for cancer detection/drug 
delvery,81 cancer cell detection82, aptamer 
particles for circulating tumor cell detection,83 

F-apt/SWNT for cancer cell probing,84 

aptamer-mediated cell targeting68

PTK7 Sgc818 CCRF-CEM, acute lymphoblastic 
leukemia

aptamer-based 
affinity 
purification + 
SDS-PAGE + 
LC-MS/MS61

activatable aptamer probe for in vivo cancer 
imaging,71 logic-gate based cancer 
theranostics,64,69,70 aptamer—drug conjugates 
for targeted therapy67

CXorfl7, 
Gal-3, 
GPNMB, 
LPL, SGP-1, 
LACTB/
CD80, CD40, 
CPNE2

not identified17 immature dendritic/mature dendritic aptamer-based 
affinity 
purification + 
SDS-PAGE + 
LC-MS/MS17

immunological studies and clinical 
applications of DC-based cancer vaccines 17

hemagglutinin PP385 vaccinia virus infected HeLa AlphaScreen85 diagnostic and/or therapeutic tools for 
infectious disease85

Axl GL21.T86 U87MG, glioma phospho-
receptor tyrosine 
kinase array 
analysis + filter 
binding 
analysis87

Axl inhibitor,87 aptamer-miRNA conjugate 
for targeted delivery88 and therapy89

ALPPL-2 SQ-290 Panc-1 and Capan-1, pancreatic 
cancer

aptamer-based 
affinity 
purification + 
SDS-PAGE + 
LC-MS/MS90

5-fluoro-2′-deoxyuridine targeted delivery91

troponin T AraHH00192 mTECs, mouse tumor endothelial aptamer-based 
affinity 
purification + 
SDS-PAGE + 
MALDI-TOF93

antiangiogenic therapy techniques93

STIP1 TOV694 TOV-21G, ovarian cancer formaldehyde 
cross-linking + 
aptamer-based 
affinity 
purification + 
SDS-PAGE + 
LC-MS75

therapeutic tool75

Siglec-5 K1995 NB4, acute myelogenous leukemia aptamer-based 
affinity 
purification + 

detection of small numbers of AML cells in 
human bone marrow specimens95
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target aptamer cell line method application

SDS-PAGE + 
LC-MS/MS95

CD 109 S396 5–8F, nasopharyngeal carcinoma aptamer-based 
affinity 
purification + 
SDS-PAGE + 
LC-MS/MS96

cellular imaging96

Selectin L/
integrin α 4

sgc-3b/sgc-4e18 Jurkat 6 × 10−1, acute lymphoblastic 
leukemia

formaldehyde 
cross-linking + 
SILAC + 
aptamer-based 
affinity 
purification + 
SDS-PAGE + 
LC-MS76

cellular detection76
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