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Abstract

Western medicine often aims to specifically treat diseased tissues or organs. However, the majority 

of current therapeutics failed to do so owing to their limited selectivity and the consequent “off-

target” side effects. Targeted therapy aims to enhance the selectivity of therapeutic effects and 

reduce adverse side effects. One approach toward this goal is to utilize disease-specific ligands to 

guide the delivery of less-specific therapeutics, such that the therapeutic effects can be guided 

specifically to diseased tissues or organs. Among these ligands, aptamers, also known as chemical 

antibodies, have emerged over the past decades as a novel class or targeting ligands that are 

capable or specific binding to disease biomarkers. Compared with other types or targeting ligands, 

aptamers have an array of unique advantageous features, which make them promising for 

developing aptamer–drug conjugates (ApDCs) for targeted therapy. In this Review, we will discuss 

ApDCs for targeted drug delivery in chemotherapy, gene therapy, immunotherapy, photodynamic 

therapy, and photothermal therapy, primarily of cancer.

Graphical abstract

INTRODUCTION TO APTAMERS AND APDCS

Cancer has been one of the major threats to human health for a long time. However, current 

cancer therapy often suffers from limited efficacy with adverse side effects that harm normal 

tissues.1 Targeted therapy aims to increase toxicity specifically in tumor tissues while 

reducing toxicity in healthy tissues. To this end, small molecule drugs were screened to 

specifically bind to cancer-associated biomarkers and inhibit their biological functions in 

Correspondence to: Xiaoyuan Chen.

Notes
The authors declare no competing financial interest.

HHS Public Access
Author manuscript
Bioconjug Chem. Author manuscript; available in PMC 2017 January 19.

Published in final edited form as:
Bioconjug Chem. 2015 November 18; 26(11): 2186–2197. doi:10.1021/acs.bioconjchem.5b00291.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cancer development. Alternatively, the advancement of biotechnologies allowed the 

development of drug– ligand conjugates for targeted therapy. In these conjugates, the ligands 

specifically recognize cancer-associated biomarkers and deliver conjugated drugs to target 

cancer cells but may not necessarily have direct therapeutic effects; drugs are conjugated to 

ligands via functional linkers that ensure the stability of conjugates and also allow 

conditional drug release in cancerous tissues or cells. Among ligands for targeted therapy, 

antibodies are well-established for specific recognition and/or biological regulation, and 

antibody–drug conjugates (ADCs)2 have attracted tremendous attention for targeted cancer 

therapy. Another type of ligands, aptamers, also known as chemical antibodies, are also 

attractive for developing aptamer–drug conjugates (ApDCs) for targeted therapy.

Nucleic acid aptamers are single-stranded oligonucleotides with specific recognition abilities 

to targets. Aptamers are screened through Systematic Evolution of Ligands by Exponential 

Enrichment (SELEX),3, 4 in combination with techniques such as capillary electrophoresis, 

microfluidics, and fluorescence-activated cell sorting. The targets of aptamers range from 

small molecules3, 8, 9 and proteins4, 10–16 to intact cells.17–27 A wide array of aptamers have 

been developed for biomarkers of high therapeutic interest (Table 1). Aptamers bind strongly 

to targets, with binding affinities (Kds of pM–nM) comparable to, or sometimes stronger 

than, those of other molecular ligands.28 Advancement of biochemistry and biophysics has 

facilitated the resolution of the crystal structures of aptamer–target complexes,29–32 which 

not only has elucidated that aptamer–target interactions are attributed to noncovalent 

interactions including hydrogen bonding, van der Waals force, and stacking 

interactions,29–32 but may also facilitate the development of aptamers and ApDCs through 

rational drug design and screening, as well as the discovery of new drugable sites on 

biomarkers.33–42 In addition to target binding, aptamers may also serve as therapeutics per 

se to modulate the biological functions of biomarkers. Pegaptanib (marketed as Macugen), 

an anti-VEGF aptamer that recognizes the majority of human VEGF-A isoforms, has been 

approved by the FDA for the treatment of age-related macular degeneration (AMD).43 

Another example, AS1411, is a nucleolin-targeting aptamer44 currently under Phase II 

clinical investigation for the treatment of acute myeloid leukemia (AML).

Aptamers have some characteristic features or advantages over other recognition ligands.17 

Current technolgies for aptamer identification are efficient and cost-effective. The current 

techniques for nucleic acid manufacture are capable of cost-effective synthesis and 

functionalization. Aptamers are also well-known for their ability for reversible 

conformational configuration after thermal or chemical denaturation and correspondingly 

long shelf life, rapid tissue penetration, low immunogeneity,69 and simplicity of antidote 

development.70, 71 Moreover, aptamers can be developed against toxins or low-

immunogenicity agents that are beyond the capabilities of current antibody development 

technologies. Thus, aptamers may be generated for toxins or low-immunogenicity agents 

and used as carriers in ApDC-based targeted drug delivery. These advantages make aptamers 

attractive for developing ApDCs for targeted therapy.

As another major type of recognition ligands, antibodies have been extensively explored to 

develop ADCs in the past few decades.72, 73 Aptamers, owing to their characteristic features, 

are also promising candidates for applications in targeted therapy. Their high specificity and 
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selectivity make them excellent candidates for targeted delivery of therapeutics. Their 

general chemical and thermal stability and conformational reversibility enable versatile 

designs of ApDCs. Similar to ADCs, an ApDC typically consists of three molecular parts: a 

ligand (aptamer), a linker, and a warhead (drug). Aptamers serve as recognition ligands to 

guide the delivery of therapeutics to target diseased sites and/or regulate the biological 

functions of target biomarkers. The chemical stability, simplicity of chemical modification, 

and ready molecular engineering of aptamers enable easy and programmable conjugation 

with many therapeutics, ranging from chemotherapeutics to photo-therapeutics, toxins, gene 

therapeutics, and vaccines (Table 2). ApDCs have been explored as both molecular ApDCs 

and nanoscale ApDCs.74–82 In this Review, we will mainly discuss molecular ApDCs.

APTAMER–CHEMOTHERAPEUTIC CONJUGATES

Chemotherapy is one of the main treatments for cancer therapy. Conventional chemotherapy 

is limited by adverse side effects in healthy tissues and low maximum tolerated dosage, due 

to the off-target effects of many chemotherapeutics. The ability to deliver chemotherapeutics 

selectively to target cancer tissues is promising to overcome these complications. Aptamers 

are amenable to coupling with a wide range of chemo-therapeutics, owing much to their 

chemical stability and the ability of current technologies to design and site-specifically 

modify aptamers with desired functional groups.

Aptamers can be covalently conjugated with chemotherapeutics. In an early trial, Huang et 

al. conjugated doxorubicin (Dox), one of the most commonly prescribed chemotherapeutics 

in cancer therapy, with a DNA aptamer sgc8, which selectively targets protein tyrosine 

kinase 7 (PTK7) overexpressed on many types of cancers (Figure 1A).85, 112 The 

conjugation was achieved via a hydrazone linker that allows conditional bond cleavage and 

subsequent drug release in acidic environment, such as endosomes or lysosomes. The 

resulting conjugate was studied in vitro in CEM, a human lymphoblastic leukemia cell line. 

This ApDC delivered Dox selectively to CEM cells, released Dox in endosome, and 

inhibited cancer cell proliferation. In contrast, the efficiency of drug delivery and cell 

proliferation in nontarget cells was dramatically reduced using this ApDC. This 

demonstrated the principle of ApDC-based targeted delivery of chemotherapeutics. Despite 

the successful demonstration of the concept, this strategy faces challenges such as low copy 

number of drugs conjugated onto each aptamer (1:1 ratio) and suboptimal synthesis yield. To 

overcome these challenges, Wang et al. developed a modular ApDC, in which multiple 

copies of drugs can be site-specifically conjugated onto each aptamer molecule (Figure 

1B).94 Particularly, a phosphoramidite was designed and synthesized to carry an anticancer 

drug, 5-fluorouracil (5-FU), a widely prescribed drug for the treatment of cancers, such as 

colorectal cancer and pancreatic cancer. To enable spatiotemporal controllable drug release, 

a photocleavable (PC) linker was used to link the drug moiety with the backbone of the 

phosphoramidite. The phosphoramidite then served as a modular building block that can be 

conjugated with aptamers simply using automated solid-phase DNA synthesis. Therefore, 

ApDCs with desired copy number and positions of drugs can be logically designed and 

synthesized. In vitro study was conducted in a colon cancer cell line, HCT116, which also 

overexpresses PTK7 for specific sgc8 binding. The corresponding ApDC, sgc8-(5-FU)5, in 

which one sgc8 aptamer carries 5 copies of 5-FU, was proven to selectively deliver the 
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chemotherapeutic into HCT116 cells overexpressing PTK, but not to cells that do not have 

PTK expression. Under light irradiation, the cleavage of the PC linker released the tethered 

5-FU molecules from the aptamer backbone, and consequently inhibited cancer cell 

proliferation. In this study, one aptamer was able to carry multiple copies of drugs, thus 

increasing the drug loading capacity and promising to decrease the cost.

In a recent study, Zhu et al. utilized a simple biocompatible reaction to construct ApDCs 

with multiple copies of drug molecules on one aptamer. It is well-known that a variety of 

anticancer chemotherapeutics inhibit cell proliferation by forming adducts with genome 

DNA in cells to disrupt cell division and induce cell apoptosis (Figure 1C).93 Examples of 

these chemotherapeutics include anthracycline drugs (e.g., Dox, Epirubicin, and 

Daunorubicin) and cisplatin. Inspired by this, they optimized the reaction condition and 

synthesized adducts of anthracyclines with synthetic DNA, including aptamers. The 

conjugation was mediated using formaldehyde, which is commonly used in tissue fixation, 

as a cross-linker to form a methylene linker between the 3-NH2 group of Dox on one side 

and the 2-NH2 on deoxyguanosine (dG) on the other side. These ApDCs, or drug–aptamer 

adducts (DAAs) in this case, were featured as follows: (1) the synthesis of these ApDCs was 

performed simply in physiological buffer at relatively low temperature (10 °C) and the 

products were stable at this temperature or lower for storage; (2) one aptamer carried 

multiple drugs in the ApDCs, with the majority of drugs conjugated with the 2-NH2 on dG; 

and (3) the temperature-sensitive cleavage of the methylene linker allowed gradual drug 

release at physiological temperature. Using sgc8 and nucleolin-targeting aptamer AS1411, 

the corresponding ApDCs were proven to inhibit tumor growth and reduce side effects in a 

leukemia and a liver cancer xenograft model, respectively. Even though this approach is still 

confronted with the challenge of heterogeneity of drug copies on one aptamer and low 

spatial controllability of drug release, it presents a simple ApDC technology and provides 

insight into optimizing it for economical production of ApDCs with high drug loading 

capacity and drug release controllability.

In addition to covalent drug conjugation, noncovalent drug conjugation has also been 

extensively explored to develop ApDCs for chemotherapeutics. One of the most common 

approaches exploits the ability of anthracycline drugs to be intercalated into tandem 5′-

(GC)-3′ or 5′-(CG)-3′ sites in a dsDNA/dsRNA. Combined with the simplicity of 

programmable nucleic acid engineering, these drug-intercalating sites have been exploited 

intrinsically in aptamers or modified on aptamers to form ApDCs.113 In 2006, an ApDC was 

reported to explore a PSMA-targeting RNA aptamer, A10, which had an intrinsic drug-

intercalating site for Dox, for targeted delivery of Dox (Figure 2A).114 Following this work, 

a series of studies have been reported to engineer aptamers with additional drug-intercalating 

sites, with the intention to increase drug loading capacity and maintain the recognition 

abilities of aptamers. In one example, aptamers were engineered to be tethered with a long 

repetitive drug-intercalating dsDNA, to form ApDCs, also named as aptamer-tethered DNA 

nanotrains, with high drug loading capacity for each aptamer (Figure 2B).80 The ApDCs 

demonstrated selectivity in anticancer drug delivery, effectively inhibited tumor growth, and 

reduced side effects in a leukemia xenograft model. By taking advantage of programmable 

DNA engineering, a bispecific aptamer was also developed, in which two aptamers, sgc8 

and sgd5a, specifically recognizing different subtypes of cancer, were engineered into one 
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entity, with a drug-intercalating dsDNA as both the linker and the drug loading sites (Figure 

2C).115 The bivalent aptamer demonstrated the bispecificity in cancer cell detection and 

anticancer drug delivery. Despite extensive effort in the past decade, development of bivalent 

antibodies116, 117 has been challenged by the relatively low predictability and high cost of 

bivalent antibody engineering. In contrast, it is highly predictable and cost-effective to 

engineer bivalent aptamers.

Nanomaterials, owing to their typical high drug loading capacity and the characteristic 

feature of enhanced permeation and retention (EPR) effect in many types of tumors and 

inflammation, have emerged as promising drug carriers for passively targeted drug delivery 

in the treatment of related diseases. Combined with active-targeting aptamers, aptamer–

nanocarrier conjugates have multifaceted values. Particularly for targeted delivery of 

chemotherapeutics, a wide variety of nanomaterials have been explored as the carriers, 

including liposomes, micelles, polymers, DNAs, gold, and magnetic nanoparticle. Among 

these nanocarriers, poly(lactic-co-glycolic-acid) (PLGA) nanoparticles have been explored 

for decades.75, 82, 118–120 Being biocompatible and biodegradable, PLGA has been well 

established and approved by the FDA for a range of clinical applications, including 

sustained drug release. To enhance the cell, tissue, and disease specificity in targeted drug 

delivery, aptamer functionalized PLGA nanoparticles have been extensively studied over the 

past decade.120 In addition, poly(ethylene glycol) (PEG) has also been integrated into these 

nanoparticles, by using amphiphilic PLGA–PEG diblock and PLGA–PEG–aptamer triblock 

polymers for nanoparticle self-assembly (Figure 2D).118, 119 The aptamer-functionalized 

PLGA–PEG nanoparticles are capable of sustained drug release, immune evasion, and 

specific targeting. Particularly, the tumor-specific aptamers modified on nanocarriers 

enhanced the drug delivery efficiency and subsequently improved tumor therapy efficacy.119 

These nanoparticle ApDCs have demonstrated effective delivery of cisplatin into PSMA-

positive prostate cancer.119 Liposomes, another well-established drug delivery system in the 

clinic, can also be conjugated with aptamers for improved targeting and hence improved 

drug delivery efficiency.86, 121, 122 In a study reported by Cao et al., nucleolin-targeting 

aptamer AS1411 was modified on the surfaces of cisplatin-loaded liposome nanoparticles 

for targeted drug delivery in a breast cancer cell line.121 The nanoconjugate delivery system 

selectively delivered the encapsulated drugs into LNCaP cells. Furthermore, by taking 

advantage of the as the antidote, the authors demonstrated the principle of inhibiting the 

drug efficacy by using cDNA of the aptamers.

APTAMER–NUCLEIC ACID THERAPEUTIC CONJUGATES

With the mapping of human genome and human disease genome over the past decades, gene 

therapy has been extensively studied to specifically regulate the expression of certain genes 

related to pathogenesis. Gene therapy has been shown to be promising for the treatment of a 

wide variety of diseases. There have also been many approaches to the delivery of genes or 

gene regulators, including virus-based gene delivery, RNA interference (RNAi), antisense 

oligonucleotides, and most recently genome editing using clustered regularly interspaced 

short palindromic repeats (CRISPR)-Cas systems. Despite their promising efficacy, these 

therapeutics also need guidance for selective delivery to target diseased tissues or organs. 
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Toward this end, aptamers have the potential to play an important role in targeted gene 

therapy, by selective delivery of nucleic acid gene therapeutics.

Again, by taking advantage of the simplicity of programmable nucleic acid engineering, 

aptamers have been widely explored to be conjugated with small interfering RNA (siRNA), 

small hairpin RNA (shRNA), and microRNA (miRNA) for targeted delivery of these 

therapeutics for RNAi-based gene therapy of diseases such as cancer and acquired immune 

deficiency syndrome (AIDS).55, 123–126 In one exceptional example, McNamara II et al. 

developed aptamer-siRNA chimeric RNAs for specific binding of target cancer cells and 

subsequent specific delivery of siRNA into target cells (Figure 3A).125 Particularly, PSMA 

specific A10 RNA aptamer was conjugated with siRNA against polo-like kinase 1 (Plk1) 

and B-cell lymphoma 2 (Bcl2). In the study using LNCaP cells that overexpress PSMA, the 

aptamer-siRNA conjugates (i.e., A10-Plk1 and A10-Bcl2) were internalized in the absence 

of transfection agents, followed by the processing of siRNA by Dicer and eventually led to 

the silencing of these survival genes and inducing apoptosis in LNCaP cancer cells. These 

conjugates did not induce apoptosis in PC-3 cells, which did not overexpress PSMA, 

suggesting aptamer-mediated potency. These aptamer–siRNA conjugates, when 

intratumorally injected to LNCaP tumor mice, specifically inhibited tumor growth. Further, 

Dassie et al. from the same group optimized A10-Plk1 for systemic injection, which showed 

improved regression of LNCaP tumors.126 In particular, these optimizations included (1) 

truncation of aptamer from 71 (A10) to 39 (A10–3.2) nucleotides in order to reduce the 

synthesis and treatment cost; (2) modification with 2′-fluoropyrimidines to increase the 

biostability; (3) systematic engineering of the A10–3.2-Plk1 conjugate to enhance the 

processing efficiency by RNA-induced silencing complex (RISC) machinery and further 

increase the silencing activity and specificity; and (4) modification of the conjugate with a 

20 kDa PEG to increase the in vivo circulation half-life. As a benefit of these optimizations, 

the A10–3.2-Plk1 conjugate silenced the Plk1 gene at a reduced dosage over a prolonged 

period. In a similar manner, A10-Bcl2 aptamer-siRNA conjugate was selectively delivered 

into HER2-positive breast cancer cells, in which the expression of anti-apoptotic Bcl2 was 

suppressed, leading to the sensitization of these cells to the chemotherapeutic drug 

cisplatin.55

Another form of RNAi agent, shRNA, has also attracted much intention and has been widely 

studied for gene therapy. In addition to shRNA generated from transfected plasmids or viral 

genome for a relatively prolonged gene regulation, synthetic shRNA is also a class of potent 

gene regulator for transient gene regulation.106, 127 In a similar manner to siRNA, shRNA 

has been engineered with aptamers to form aptamer–shRNA conjugates for targeted gene 

therapy. In one study reported by Ni et al., a truncated version of PSMA-targeting aptamer, 

A10–3, was conjugated with a shRNA that selectively sensitized PSMA-positive prostate 

cancer cells, but not surrounding normal tissues, to ionizing radiation (IR) during dose-

escalated radiation therapy for localized prostate cancer (Figure 3B).106 Particularly, they 

identified a DNA-activated protein kinase (DNAPK) as a target for radiosensitization. 

Therefore, the DNAPK shRNA was selectively delivered by A10–3 into target prostate 

cancer cells and suppressed the expression of DNAPK in cultured prostate cancer cells, 

xenograft prostate tumors, and ex vivo human prostate tissues. More importantly, combined 
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with IR, the aptamer–shRNA conjugate specifically enhanced the therapeutic response of 

PSMA-positive tumor to IR.

For intracellular delivery of nucleic acid therapeutics, endosome escape is a critical step for 

these therapeutics to reach cytoplasm or even nucleus and then execute therapeutic 

intervention. The mechanism for the endosome escape of the above aptamer–nucleic acid 

therapeutic conjugates has not been fully understood yet.55 The molecular pathway of the 

internalization and endosome escape of aptamers or ApDCs likely depends on the specific 

aptamer targets.

In addition to cancer therapy, aptamer–siRNA/shRNA conjugates have also been explored 

for the treatment of infectious diseases, such as AIDS, and for transfection of immune cells 

that are typically hard to transfect.110, 115, 127, 128 For example, Zhou et al. reported a cell-

type specific delivery of aptamer-siRNA conjugate to dually inhibit HIV infection by both 

aptamers and siRNA in T lymphocytes (Figure 3C).110 The authors used an RNA aptamer 

that not only binds to, but also inhibits the biological functions of glycoprotein 120 (gp120), 

which is exposed on the surface of the HIV envelope and on the surfaces of HIV-1-infected 

cells. For more potent inhibition of HIV infection, a siRNA that inhibits HIV infection by 

targeting HIV-1 tat/rev common exon sequence was also fused with the anti-gp120 aptamer 

to construct an aptamer-siRNA conjugate.

Virus-based gene therapy has been extensively explored in the past decades. Despite the 

controversy over its safety, it is still promising for the treatment of many diseases. Similar to 

RNAi-based gene therapy and chemotherapy, the “off-target” effect is also often an issue in 

virus-based gene delivery. Tong et al. reported a method to covalently modify aptamers on 

the surfaces of viral capsids as multivalent drug delivery vehicles.83 This study provides 

insight into constructing aptamer-virus conjugates for targeted delivery of therapeutic 

viruses in gene therapy.

In addition, aptamer-functionalized nanoconjugates with siRNA/shRNA have offered a 

number of advantages, such as high payload capacity, protection of loaded drugs, as well as 

possible sustained release.66, 129, 130 In a recent study, Liang et al. reported the aptamer-

mediated delivery of siRNA loaded in lipid nanoparticles (LNPs) selectively to osteoblast, as 

a potential bone anabolic strategy (Figure 3D).66 Particularly, an aptamer, CH6, was selected 

by cell-SELEX to specifically bind to both rat and human osteoblast. CH6 was 

functionalized onto LNPs that were loaded with osteogenic pleckstrin homology domain-

containing family O member 1 (Plekho1) siRNA, and the CH6-siRNA-LNPs selectively 

delivered siRNA into osteoblast, mediated the uptake of the loaded siRNA into osteoblast, 

induced membrane ruffling and lysosome escape of siRNA, and subsequently induced 

specific silencing of Plekho1, which promoted bone formation, improved bone 

microarchitecture, increased bone mass, and eventually enhanced mechanical properties in 

rodents. It is noteworthy that the osteoblast-specific aptamer significantly decreased the 

uptake of nanotherapeutics in liver and kidney and enhanced the uptake in bone, which 

contributed to the enhanced therapeutic efficacy compared to the nontargeting 

counterparts.66
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APTAMER–PROTEIN/PEPTIDE CONJUGATES

Proteins, as a main class of biologics, have tremendous potential as therapeutics or vaccines. 

Except for antibodies (e.g., HER2-targeting trastuzumab and EGFR-targeting cetuximab) or 

some peptides (e.g., GLP-1-targeting exendin-4), many other proteins or peptides lack the 

ability of specific targeting. It is thus desirable to guide them specifically to target diseased 

tissues or organs. In addition to the use of bivalent or chimeric antibodies, an alternative 

potential approach is to take advantage of aptamers’ ability of specific recognition for 

targeted delivery of therapeutic proteins or peptides.68, 100, 131

Toward this end, Chu et al. reported an aptamer-gelonin conjugate for targeted delivery of 

gelonin into PSMA-positive prostate cancer cells (Figure 4A).100 Gelonin is a small N-

glycosidase and a ribosomal toxin that can cleave a specific glycosidic bond in ribosome 

RNA (rRNA) to disrupt protein synthesis and consequently induce cell death. Gelonin alone 

does not efficiently penetrate cells, thus demanding an external mechanism to facilitate the 

cell internalization. To do this, aptamer A10 was conjugated with recombinant gelonin 

(rGel). The A10-rGel conjugate selectively delivered rGel into PSMA-positive LNCaP cells 

(target), but not to PSMA-negative PC3 cells (nontarget). Compared with free gelonin, the 

toxicity of the conjugate was enhanced by 180-fold in target cells.

Protein enzymes of therapeutic interest have also been developed into ApDCs and 

specifically delivered into cells for the treatment of lysosomal storage diseases.132 

Lysosomal storage diseases are currently treated via enzyme replacement therapy, in which 

lysosomal enzymes are delivered into diseased cells through receptor-mediated endocytosis. 

However, a daunting challenge of the related therapeutics is the limited efficiency of enzyme 

uptake into cells. In an attempt to address this challenge, Chen et al. developed ApDCs by 

taking advantage of the natural transcytosis pathway (Figure 4B).68 Particularly, aptamers 

were selected to specifically bind to the extracellular domain of mouse transferrin receptor 

(TrR). One DNA aptamer, GS24, was verified to be able to hitchhike TrR and be taken up by 

fibroblasts. GS24 was then conjugated with α-L-iduronidase, a lysosomal enzyme. The 

resulting ApDC was taken up into lysosomes of fibroblasts by endocytosis, which eventually 

corrected defective glycosaminoglycan (GAG) degradation in these cells.

In another study, Wengerter et al. developed an aptamer-antigen conjugate and specifically 

delivered the attached ovalbumin peptide SIINFEKL, as a model antigen, to target CD8+ 

dendritic cells (Figure 4C).111 Aptamer-functionalized nanocarriers have also been explored 

for targeted delivery of proteins and peptides.

APTAMER–PHOTOSENSITIZER CONJUGATES

Photodynamic therapy (PDT) is an emerging treatment modality for a variety of diseases. It 

exploits the ability of photosensitizers to convert energy from photons to generate reactive 

oxygen species (ROS) from tissue oxygen.133 These ROS, including free radicals and singlet 

oxygen, are cytotoxic as they can attack and harm their surrounding biomolecules, leading to 

inhibition of cell proliferation, cell cycle arrest, apoptosis, or necrosis in cells. Even though 

the selectivity of the therapeutic activity can be controlled by light (using light to turn on 
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photosensitization) to some extent, it is still demanding to specifically deliver 

photosensitizers into targeted diseased tissues or organs, especially those inside the human 

body that can be reached by light. Toward this end, disease biomarker-targeting aptamers are 

promising for targeted delivery of photosensitizers.67, 95, 134–140

In an early attempt, a photosensitizer, chlorin e6 (Ce6), was conjugated to aptamer TD05, 

which targets IgM µ heavy chain overexpressed in cancers such as B cell lymphoma (Figure 

5A).97 TD05-Ce6 showed selective cytotoxicity in Ramos cancer cells, demonstrating the 

principle of ApDC-based PDT. In a more recent study, an aptamer-photosensitizer conjugate 

was developed using Ce6 and an RNA aptamer, AIR-3A, that specifically binds to 

interleukin 6 receptor (IL-6R).67 IL-6 and IL-6R are involved in various diseases ranging 

from inflammatory diseases such as Crohn’s disease, rheumatoid arthritis, psoriasis, 

systemic sclerosis, and some cancers. IL-6R-targeted drug delivery would thus be promising 

to selectively destroy the related targeted cells. Particularly in this study, the AIR-3A-ce6 

conjugate was rapidly and specifically internalized by IL-6R-positive BaF3/gp130/

IL6R/TNF cells. Compared to unconjugated Ce6, the aptamer-mediated internationalization 

of the conjugate also led to prolonged retention of the photosensitizers in target cells. Under 

light irradiation, targeted cells treated with AIR-3A-ce6 conjugates were selectively killed, 

in contrast to negligible cytotoxicity in target cells induced by free Ce6 or the negligible 

cytotoxicity in IL-6R-negative cells treated with AIR-3A-Ce6 conjugates. Therefore, by 

conjugation with aptamers, the photosensitizer showed cell-type selectivity in PDT, which is 

promising to reduce the “off-target” side effects.

In addition to Ce6, other photosensitizers that have been studied for ApDC-based PDT 

include 5,10,15,20-tetrakis(1-methyl-4-pyridyl)-21H,23H–porphine (TMPyP4)89 and 

porphyrin.141 For example, TMPyP4 was encapsulated into a G-quadruplex, and the PTK7-

targeting aptamer sgc8 was engineered to be fused with a TMPyP4-encapsulating G-

quadruplex, resulting in a chimeric aptamer-TMPyP4 conjugate.89 The conjugate selectively 

delivered the carried photosensitizers into target cancer cells and, upon light irradiation, 

induced selective cytotoxicity in target cells, but not in nontarget cells.

A variety of aptamer–photosensitizer nanoconjugates have also been developed for targeted 

PDT.76, 81, 92, 137, 139, 142 These nanovehicles range from inorganic nanomaterials 76, 81, 142 

to organic nanomaterials, including viral capsids.92 For instance, Stephanopoulos et al. 

dually modified bacteriophage MS2, a 27 nm spherical virus composed of 180 identical 

protein monomers, with aptamers and photosensitizers for targeted PDT (Figure 5B).92 

Specifically, PTK7-targeting aptamer sgc8 was modified on the exterior surfaces of MS2, 

resulting in a targeted multivalent vehicle with about 20 copies of aptamers on each MS2 

using an oxidative coupling reaction targeting an unnatural amino acid on MS2. The interior 

surfaces of MS2 were modified with porphyrins, with approximately 180 porphyrins loaded 

in one MS2 capsid, for the generation of cytotoxic singlet oxygen during PDT. The dual-

modified nanoconjugate was applied for selective PDT in PTK7-overexpressing Jurkat 

leukemia cells.
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APTAMER–PHOTOTHERMAL AGENT CONJUGATES

In addition to serving as drug carriers, nanomaterials can also serve as therapeutics and be 

conjugated with aptamers for ApDC nanoconjugates in targeted therapy. In this regard, 

photothermal nanomaterials have been extensively studied for targeted photothermal therapy 

(PTT). PTT exploits the ability of the related therapeutic materials to generate heat upon 

electromagnetic irradiation and induce toxicity by hyperthermia. Photothermal 

nanomaterials include gold nanomaterials143, 144 (e.g., nanorods, nanoshells, nanocages, 

nanoparticles, and larger-scale nanocomplexes), polydopamine-containing nanomaterials,145 

carbon nanomaterials146 (e.g., nanographene, nanographene-oxide, and carbon nanotubes), 

and hybrid nanocomplexes147 (e.g., gold-graphene oxide complexes). These materials are 

generally amenable for bioconjugation with aptamers for active targeted delivery, in 

combination with EPR effect-mediated passive targeting in targeted PTT.

Huang et al. have developed conjugates of sgc8 and gold nanorods (AuNRs). AuNRs have a 

high hyperthermia effect due to high absorption efficiency of near-infrared (NIR) light.87 

The sgc8-AuNR conjugate selectively bound to CEM cells and induced selective 

cytotoxicity by hyperthermia. Due to the strong surface plasmon absorption in the NIR 

region, AuNRs have also been utilized simultaneously as (1) efficient energy quenchers to 

control the selective action of photosensitizers, and (2) photothermal agents. As such, the 

AuNR–photo-sensitizer conjugates can be used for combinatorial PDT/PTT. In this manner, 

Wang et al. designed and synthesized aptamer-AuNR-Ce6 complexes.76 In these complexes, 

aptamers were engineered to aptamer switch probes (ASPs) comprising aptamers, linkers, 

and aptamer cDNA. One end of ASP was conjugated on the surfaces of AuNRs, and the 

other end was modified with Ce6, such that, in the absence of target cells, Ce6 was brought 

into close proximity and quenched by the gold surface, and the conjugate showed negligible 

phototoxicity due to an effective energy transfer quenching from the excited Ce6 to the 

AuNR. However, upon aptamer binding to target cells, the ASP changed conformation to 

switch Ce6 away from the gold surfaces, thereby producing singlet oxygen upon light 

irradiation for PDT. Furthermore, light irradiation also enabled AuNRs to induce 

hyperthermia effect. The combined hyperthermia and photodynamic effects led to an 

enhanced therapeutic potency in combined PTT/PDT, thus presenting a promising 

therapeutic regimen in targeted cancer therapy.

CHALLENGES OF APTAMERS AND APDCS

Alternatively known as chemical antibodies, nucleic acid aptamers have an array of 

characteristic advantages over their counterparts, especially antibodies.17, 113 Current 

technologies allow facile and simple aptamer screening within days to a few months; 

aptamers can be generated to some targets that are difficult or impossible to generate 

antibodies, for which some examples include toxins or less-immunogenic antigens; current 

solid-phase nucleic acid synthesis technologies allow easy and cost-effective aptamer 

manufacture with little batch-to-batch variation and, more impressively, a wide array of site-

specific customized modifications either during or after synthesis for optimization of 

chemistry, pharmacological properties, and therapeutic abilities; aptamers are typically less 

susceptible to irreversible thermal and chemical (except for nucleases) denaturation than 
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antibodies owing to their ability for easy conformational reconfiguration, enabling aptamer-

based products with likely long shelf-life for storage and transportation at ambient 

temperature. In comparison to antibodies, the generally small sizes of aptamers endow them 

with faster tissue penetration, which is critical for therapeutic applications in targeted drug 

delivery to solid tissues; and finally, aptamers typically have negligible immunogenicity, 

ruling out the risk of side effects resulting from adverse immune responses. Driven by these 

unique features, the past few decades have witnessed the rapid advancement in development 

of aptamers and ApDCs for targeted therapy. In ApDCs, aptamers provide drugs with 

specific targeting ability, and in turn, the conjugated drugs enhance the therapeutic potency 

of aptamers.

Nonetheless, despite these attractive features, the development of aptamers or ApDCs for 

targeted therapy has been lagging. Until now, only one aptamer-based drug, pegaptanib 

(marketed as Macugen), has been approved by the US FDA. Pegaptanib is a PEGylated anti-

VEGF aptamer for the treatment of age-related macular degeneration (AMD). Other than 

pegaptanib, the most advanced aptamer for cancer therapy, AS1411, is currently under Phase 

II investigation.44 The slow development of aptamers or ApDCs for therapeutic applications 

could be attributed to some limitations associated with conventional aptamers or ApDCs. 

First, aptamers generated using conventional SELEX technology may not have potent 

therapeutic effects, although they have high binding affinities. Conventional SELEX 

technology or the derived technologies screen aptamers solely on the binding abilities, 

without the assessment of their abilities to regulate biological functions. Consequently, the 

obtained aptamers are likely to bind tightly to cognate targets but may have suboptimal 

therapeutic effects. For targeted therapy, ApDCs are promising for addressing this limitation 

by conjugating potent therapeutics to aptamers. Second, nucleic acid aptamers and ApDCs 

are often susceptible to cleavage by ubiquitous nucleases in vivo.148 Fortunately, the 

simplicity of customized modifications on nucleic acids has enabled a number of approaches 

to prevent the fast degradation of nucleic acid aptamers and ApDCs. These approaches can 

be mainly classified into two categories: (1) chemical modification of nucleic acids with 

nuclease-resistant moieties,17, 148–150 such as 2′-O-methyl and 2′-fluoro on nucleotides, 

internuleotide phosphorothioated linkers, terminal PEGylations, and L-nucleotides (in the 

case of Spiegelmers); and (2) protection of nucleic acids using larger-scale shields, such as 

nanomaterials that encapsulate nucleic acids or immobilize nucleic acids on the 

surfaces.79, 151 Third, unmodified nucleic acids or ApDCs generally have suboptimal 

pharmacokinetics (PK) and biodistribution resulting from short serum half-lives associated 

with nuclease susceptibility, fast blood clearance, renal filtration, and uptake by 

reticuloendothelial system (RES) organs such as liver and spleen. Even though the short 

blood half-lives of systemically administered nucleic acid aptamers are beneficial to 

generate high signal-to-background contrast in whole body imaging,152 they also result in 

suboptimal efficacy of drug delivery into target tissues.62 To address this issue, modification 

of aptamers with chemical moieties or nanomaterials has again been leveraged. For example, 

aptamers modified with PEG (40 kDa) and 2′-omethyl resulted in prolonged half-

lives.17, 149, 150, 153 This progress holds promise for overcoming the above challenges and 

developing aptamers and ApDCs for targeted therapy.
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CONCLUDING REMARKS

Extensive genome sequencing and proteomic exploration in the past few decades have 

generated a wealth of information at the genomic and proteomic levels. Particularly for 

disease biology, a large part of the information is the mutations at the genetic level and 

correspondingly the changes (overexpression or downregulation) of certain biomolecules in 

a particular disease. The overexpressed biomolecules, often proteins, are used as biomarkers 

not only to “profile” a disease, but also for specific delivery of therapeutics into biomarker-

overexpressing cells or tissues or organs. In addition to small molecule targeted therapeutics 

that act by specifically regulating disease-associated biomarkers, the conjugates of less 

selective therapeutics with biomarker-targeting ligands have emerged as an alternatively 

promising approach for targeted therapy. Aptamers and antibodies are two classes of these 

ligands. For targeted therapy, aptamers and ApDCs are attractive owing to such attributes as 

high binding affinity and selectivity, low manufacturing cost, high thermal and chemical 

stability or conformational reconfiguration, low immunogenicity, and low molecular weight 

and fast tissue penetration.

Meanwhile, many challenges for therapeutic aptamers and ApDCs have come to the 

forefront, particularly issues of manufacture cost, therapeutic formulation, biostability, bio-

availability, and pharmacokinetics. Nonetheless, the attractive advantages of aptamers over 

their counterparts, including antibodies, still offer tremendous opportunities for ApDCs. For 

instance, the development of ADCs has been of tremendous interest in both academia and 

the pharmaceutical industry. The development of ADCs typically involves relatively 

complicated and costly genetic engineering, whereas the engineering of ApDCs is fairly 

straightforward owing to facile, cost-effective, and well-defined modifications and high 

programmability. With further understanding and optimization of aptamers and ApDCs, 

ApDCs are promising to play an important role in the next generation of targeted 

therapeutics.
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Figure 1. 
Chemotherapeutic ApDCs developed by covalent conjugation of aptamers and drugs. (A) 

Aptamer sgc8 was covalently conjugated via hydrazone, an acid-labile linker, with Dox for 

targeted delivery and intracellular release of Dox (structures shown in inlet). (B) ApDCs 

were constructed by automated synthesis using a phosphoramidite that carried a 5-FU 

prodrug moiety via a photocleavable linker (structures shown in inlet). This phosphoramidite 

enabled site-specific conjugation of multiple copies of drugs on one aptamer, with additional 

photocontrollable drug release upon light irradiation after these ApDCs reached or were 

internalized into target cells. (C) ApDCs developed via a simple biocompatible reaction for 

covalent and heat-labile conjugation of one aptamer with multiple copies of drugs. (Shaded 

color of schematic drugs in ApDCs indicates the quenching of drug fluorescence upon 

conjugation.) The ApDCs, or drug–aptamer adducts in this case, were also resistant to 

nuclease degradation. (Reprinted with permission from refs 85 (copyright 2009 John Wiley 

& Sons, Inc.), 93 (copyright 2014 American Chemistry Society), and 94 (copyright 2015 

Macmillan Publishers Limited).)
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Figure 2. 
Chemotherapeutic ApDCs developed via noncovalent complexation of aptamers and drugs. 

(A) ApDC formed by physical intercalation of Dox with PSMA-targeting aptamer A10, 

which has an intrinsic drug intercalation site. (B) ApDC formed by physical intercalation of 

Dox with an aptamer-tethered DNA nanotrain, which was engineered to have up to 160 

drug-intercalating sites (n = 1, 2, 3, …) on average. (C) Bispecific ApDC developed by 

linking two aptamers targeting different biomarkers via a drug-intercalating dsDNA linker. 

(Shaded color of schematic drugs in ApDCs in A–C indicates the quenching of drug 

fluorescence upon conjugation.) (D) PLGA-b-PEG nanoparticulate ApDC developed by 

modifying the nanoparticles with PSMA-targeting aptamers and encapsulating drugs inside 

nanoparticles. (Reprinted with permission from refs 80 (copyright 2013 National Academy 

of Sciences), 114 (copyright 2006 John Wiley & Sons, Inc.), (copyright 2012 John Wiley & 

Sons, Inc.), 118 (copyright 2008 National Academy of Sciences), and 119 (copyright 2011 

National Academy of Sciences).)
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Figure 3. 
ApDCs developed for targeted delivery of nucleic acid therapeutics in the treatment of 

cancer, AIDS, as well as metabolic skeletal disorders. (A) Chimeric aptamer–siRNA as 

ApDC for targeted delivery of siRNA and silencing of Plk1 and Bcl2 in PSMA-positive 

prostate cancer. (B) Chimeric aptamer–shRNA as ApDC for targeted delivery of shRNA and 

silencing of DNA-activated protein kinase (DNAPK) as a target for radiosensitization, which 

resulted in enhanced therapeutic response of PSMA-positive prostate tumor to ionization 

radiation. (C) ApDC developed for targeted delivery of (1) gp120-targeting aptamers and (2) 

siRNA for silencing HIV-1 tat/rev common exon sequence, for dual inhibition of HIV 

infection in T lymphocytes. (D) Lipid nanoparticulate ApDCs, CH6-siRNA-LNPs, for 

targeted silencing of osteogenic pleckstrin homology domain-containing family O member 1 

(Plekho1) gene in osteoblast. (Reprinted with permission from refs 66 (copyright 2015 

Macmillan Publishers Limited), 106 (copyright 2011 American Society for Clinical 

Investigation), 110 (copyright 2006 Macmillan Publishers Limited), and 115 (copyright 

2008 American Society of Gene & Cell Therapy).)
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Figure 4. 
ApDCs developed by conjugation of aptamers with therapeutic proteins, such as 

recombinant gelonin (A), lysosomal enzymes (B), and peptides, such as antigenic ovalbumin 

peptide SIINFEKL (C). (Reprinted with permission from refs 68 (copyright 2008 National 

Academy of Sciences), 100 (copyright 2006 American Association for Cancer Research), 

111 (copyright 2014 American Society of Gene & Cell Therapy).)
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Figure 5. 
ApDCs for targeted delivery of photosensitizers in photodynamic therapy (PDT). (A) ApDC 

developed by direct conjugation of IgM-targeting aptamer, TD05, with photosensitizer Ce6, 

for targeted PDT. (B) Nanoparticulate ApDC developed by (1) modifying the exterior 

surfaces of engineered viral capsid (bacteriophage MS2) with PTK7-targeting aptamer sgc8 

using an oxidative coupling reaction with an non-natural amino acid on capsids, and (2) 

modifying the interior capsid surfaces with photosensitizer porphyrins for PDT in leukemia 

cells. (Reprinted with permission from refs 92 (copyright 2010 American Chemical 

Society), and 97 (copyright John Wiley & Sons, Inc.).)
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Table 1

Examples of Nucleic Acid Aptamers to Targets of Therapeutic Interest

aptamers biomarker targets refs

Vascular endothelial growth factor Age-related macular degeneration (AMD) 43

Nucleolin Cancer 45

Protein tyrosine kinase 7 Cancer 46

Immuno globulin µ heavy chains (IGHM) Cancer 47

Prostate-specific membrane antigen Cancer 48

Tenascin C Cancer 11

Mucin 1 Cancer 49

αvβ3 integrin Cancer 50

NF-κB Cancer 51

E2F transcription factor Cancer 52, 53

HER2 Cancer 54–57

HER3 Cancer 15

EGFR Cancer 58–60

Epithelial cell adhesion molecule (EpCAM) Cancer 61, 62

CD30 Cancer 63

Plasminogen activator inhibitor 1 64

α-thrombin Thrombosis 13

HIV gpl20 Viral infection 16

Immuno globulin E Allergy 65

Osteoblasts Metabolic skeletal disorders 66

Interleukin 6 receptor Inflammatory diseases 61

Transferrin receptor Cancer, lysosomal storage diseases, etc. 68
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Table 2

Examples of Aptamers Used for ApDCs in Targeted Drug Delivery

aptamers therapeutic cargoes refs

sgc8 Chemotherapeutics, photosensitizers, photothermal agents, immunotherapeutics 79, 80, 83–95

TD05 Photosensitizers 96, 97

AS1411 Chemotherapeutics, photosensitizers 81, 98

A10 Chemotherapeutics, siRNA/shRNA 82, 99–106

APT Chemotherapeutics 107–109

CH6 siRNA 66

Anti-gp120 aptamer siRNA 110

Min.2 Antigens 111

AIR-3A Photosensitizers 67

GS24 Enzymes 68
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