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ABSTRACT 

 

Aptamers are highly structured, short single stranded nucleic acids that 

fold into complex three-dimensional structures that drive their binding to 

target. As a consequence of these distict structures, their binding is 

characterized by high affinity and specificity. Aptamers are extremely 

versatile and can bind to a wide range of targets from proteins, peptides to 

whole cells and tissues. Recently, aptamers have attracted much attention 

for their ability to internalize into cells and tissues, and to potentially 

deliver secondary agents along them, such as therapeutic molecules. This 
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is due to their small size, safer profile (low immunogenicity and toxicity) 

and exquisite targeting ability on cell surface markers.  

The following chapter will focus on recent advancements on the 

development of nucleic acid aptamers as alternative delivery systems for 

therapeutic oligonucleotides. It will also discuss key examples of targeted 

delivery of the most common nucleic acid therapeutics, including small 

interfering RNAs, short hairpin RNAs, microRNAs and antisense 

oligonucleotides for a number of disorders. Current potential, challenges 

and ways to address them will also be highlighted.  

 

Keywords: aptamer; therapeutics, DNA, RNA, oligonucleotides, delivery, 

siRNA, shRNA, microRNA, antisense oligonucleotide 

 

 

INTRODUCTION 

 

Aptamers are highly structured, short, single stranded nucleic acids 

(usually 20-100 nucleotides long). They tend to fold into unique three-

dimensional structures which in turn drives their biding to specific targets 

with extreme affinity and specificity (Sun et al. 2014; X. Ni, Castanares, et 

al. 2011). As a consequence of this very distinct molecular recognition of 

targets, aptamers are extremely versatile and can accommodate binding to a 

wide range of targets. Furthermore, the target can be rationally chosen 

against a known protein or you can “blindly” select against more complex 

targets, such as whole cells, and identify novel or even unknown cell 

membrane receptors that are only present, or more abundant, in a specific 

cell type (J. Zhou et al. 2012).  

Aptamer-target binding is best viewed as an antibody-antigen 

interaction. For this reason, aptamers are often referred to as “synthetic 

antibodies” or “nucleotide antibody analogues” (Shangguan et al. 2008; 

Daniels et al. 2003). However, as therapeutics, aptamers possess 

characteristics that outweigh current monoclonal antibodies. The most 

advantageous is their small size (6-30 kDa, ~2 nm in diameter) that allows 

them to easily infiltrate cells and tissues (Dassie et al. 2009a). Being at least 

10 times smaller than antibodies (150-180 kDa, ~15 nm in diameter), 

aptamers have a higher tendency to be non-toxic and non-immunogenic, and 
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thus less likely to trigger an immune response in therapeutic applications 

(White, Sullenger, and Rusconi 2000; Germer, Leonard, and Zhang 2013; 

A.C. Yan and Levy 2009). In addition, the faster aptamer development time 

compared to antibodies, the ease of selectivity against a wide range of targets 

(including compounds that are toxic to animals or non-immunogenic), the 

production via chemical synthesis that reduces lot-to-lot variability and 

ensures long term availability with lower synthesis costs, are only some of 

the additional benefits of aptamers for the manufacturing industry (J. Zhou 

and Rossi 2017).  

The starting point of aptamer selection, is a degenerate library of 

~1x1015 random single stranded nucleic acids (DNA or RNA, typically 

chemically modified for enhanced nuclease resistance) (Ellington and 

Szostak 1990; Tuerk and Gold 1990). Isolation of specific aptamer 

sequences is then achieved from this library by employing SELEX 

(systematic evolution of ligands by exponential enrichment). SELEX, in its 

most basic form, is an iterative process of target binding, partitioning (of 

binders from non-binders) through washes, recovery and preferential 

amplification (Hall et al. 2009; A. Yan and Levy 2014; J. Zhou and Rossi 

2014a; Mi et al. 2010; Darmostuk et al. 2015). This method is, in essence, 

an evolutionary process or Darwinian selection where the “fittest” aptamer 

sequences are captured by the target, thus endure the washing step, while 

non-binders are discarded (Y. Chen et al. 2004). The bound sequences are 

separated from the target and preferentially amplified in order to form the 

next library (or pool) of random sequences. This process is repeated until 

there is enrichment of specific aptamer sequences (J. Zhou and Rossi 2011).  

Aptamer libraries are characterised by high structural complexity and 

diversity (J. Zhou and Rossi 2011). This feature is key to aptamer selection 

for any given target and it is owed to the presence of numerous molecules in 

the starting pool with different base composition. Different sequences then 

fold to create a library of different structures. Some of these may have the 

right structure (i.e., shape) to “fit” to a target, and if they survive the 

selection, they are regarded as potential aptamers for that specific target. Due 

to this high structural complexity, we are able to select aptamers for almost 

any target, be that a peptide, a protein, small molecule, a cell or an entire 
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organ/tissue within a living animal (McNamara et al. 2006b). Furthermore, 

the starting library can accommodate chemical modifications to improve the 

properties of the selected aptamers, including nuclease resistance and 

pharmacokinetic profile (S. Ni et al. 2017; Lipi et al. 2016).  

SELEX is at the heart of aptamer technology and it can be tailored to 

meet different applications including biomarker discovery, diagnostic and 

therapeutic applications. In addition, more steps can be added to the classical 

selection scheme or even modified, favouring thus the identification of 

aptamers with particular characteristics that extent beyond the binding of 

protein receptors. One of the more recent adaptations is the Cell-

internalization SELEX that incorporates steps to ensure the selection of 

aptamers that selectively internalize into target cells upon binding to a 

membrane receptor (W.H. Thiel, Bair, et al. 2012; K.W. Thiel, Hernandez, 

et al. 2012b).  

 

 

CELL-INTERNALIZATION SELEX 

 

In addition to being valuable tools for therapy and diagnosis, the advent 

of Cell-Internalization SELEX in 2012, has made possible the identification 

of cell-internalizing aptamers that could potentially act as targeting moieties 

for the delivery of secondary agents, such as therapeutic molecules (W.H. 

Thiel, Bair, et al. 2012; K.W. Thiel, Hernandez, et al. 2012b). Similarly to 

Cell-SELEX, specific cell-surface molecules or even unknown membrane 

receptors can be directly targeted within their native environment, allowing 

a straight-forward enrichment of cell-internalizing aptamers (J. Zhou and 

Rossi 2011). The fundamental difference between Cell-SELEX and Cell-

Internalization SELEX is that in the latter both the unbound and surface 

aptamers are discarded during washes, while only internalized aptamers are 

recovered (Figure 1). Removal of the surface bound aptamers is a key step 

in this approach and is achieved by incorporating a stringent wash step with 

a high salt solution (0.5M NaCl PBS) and/or low pH (0.2N acetic acid) prior 

to aptamer recovery. Additionally, in order to prevent further receptor-

mediated internalization of aptamers, this wash step is performed at a low 
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temperature (4°C), as it is known to inhibit receptor-mediated endocytosis 

of various molecules, including aptamers (Philippou et al. 2018; Ranches et 

al. 2017).  

 

 

Figure 1. Cell Internalization SELEX process. Aptamer selection strategy. Schematic 

representation of the evolution of internalizing RNA aptamers for a specific cell target 

via 15 Cell-internalization SELEX rounds. The random RNA library is incubated with 

target cells for 15-120 min. The non-binders and membrane bound aptamers are 

removed through washes, PBS wash and salt wash, respectively. Subsequently, 

internalized aptamers are recovered via RNA extraction and preferential RT-PCR. 

Recovered sequences go on to form the next pool of random sequences and this 

process is repeated until there is enrichment of specific sequences.  

The description of this SELEX variation triggered the selection and 

publication of several internalizing aptamers against many disease-relevant 

targets. The pioneers of this method first developed an aptamer capable of 
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internalizing into HER2+ mammary carcinoma cells, followed in the same 

year by another publication of a vascular smooth muscle cell-internalizing 

aptamer (W.H. Thiel, Bair, et al. 2012; K.W. Thiel, Hernandez, et al. 2012b). 

This latter study further highlighted the critical importance of utilizing high 

throughput sequencing with bioinformatics analyses to rapidly identify 

strong aptamer candidates against complex targets, such as whole cells 

(W.H. Thiel, Bair, et al. 2012).  

While the Cell-Internalization SELEX protocol favours the enrichment 

of aptamers that selectively internalize through cell surface receptors, it does 

not guarantee release of the aptamer to the cytoplasm (Hernandez et al. 

2013a; J. Zhou and Rossi 2011; Hernandez et al. 2013b). This is due to the 

fact that oligonucleotides tend to localize first into early endosomes as a 

consequence of receptor-mediated endocytosis (Varkouhi et al. 2011; J. 

Zhou and Rossi 2011). This is a sorting station for the internalized cargo that 

is destined for “recycling back to the plasma membrane, degradation in 

lysosomes or delivery to the trans-Golgi network” (Jovic et al. 2010). The 

translocation of the therapeutic molecule from the endosome to the 

cytoplasm is a crucial aspect for effective aptamer-mediated therapeutic 

delivery. Therefore, incorporating steps to separate endosome-bound from 

cytoplasmic aptamers is essential (Hernandez et al. 2013b). Based on this 

notion, Hüttenhofer and colleagues employed in 2017 an endosome-based 

cell-internalization SELEX approach to enable the enrichment of DNA 

aptamers that specifically internalize into target cells via an endosomal 

pathway (Ranches et al. 2017). The authors first enriched the aptamer pool 

with cell-bound aptamers and then at the 5th round an additional enrichment 

step was incorporated, to partition the cell-bound aptamers and select only 

the endosome-based internalized aptamers. For those aptamers already 

selected with the classic Cell-internalization SELEX approach, the 

Giangrande group offers an alternative approach (Law et al. 2017). This 

group reported a functional assay, termed RNA-RIP, to assess 

internalization and subsequent cytoplasmic release of the RNA aptamer 

using a cellular toxin (saporin) with cytotoxic properties. In this particular 

study, the toxin was conjugated to a prostate-specific membrane antigen 

(PSMA) RNA aptamer (A9g) and upon localization of saporin to the 
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cytoplasm, the toxin exerted its ribosome inactivating protein effects, 

leading to cell death. In this way, the cytoplasmic localization of the anti-

PSMA A9g aptamer was confirmed (Law et al. 2017; Serfass et al. 2017). 

Finally, in a more recent study published by our group, while no means were 

employed to ensure preferential enrichment of cytoplasmic-targeting 

aptamers, the selected aptamer (A01B) showed minimal endosomal 

internalization and subsequent cytoplasmic localization (Philippou et al. 

2018). This internalizing aptamer is the very first skeletal muscle targeted 

aptamer to be reported, and its identification could trigger the development 

of targeted therapies for muscle-related disorders, using A01B as the 

targeting moiety.  

Despite the success of Cell-Internalization SELEX, aptamers selected in 

vitro may not necessarily function in vivo. A possible explanation for this 

difference might be the dependence of aptamers’ on their protein target 

conformation (Mi et al. 2016). The target’s conformation is in turn affected by 

its environment and can vary between in vitro and in vivo settings. For this 

reason, a novel method was recently developed to generate tissue-penetrating 

aptamers directly within living animals(Cheng et al. 2013). This selection 

method is termed in vivo SELEX and rather than using purified proteins or cells, 

the entire animal is used for developing aptamers (Mi et al. 2016; Mi et al. 2010; 

Cheng et al. 2013; H. Wang et al. 2018). Researchers administer the RNA 

library intravenously to the animal, harvest the tissue or organ of interest and 

extract the bound sequences. This technique was used to identify 

2ʹ-fluoropyrimidine-modified RNA aptamers in an animal model of intrahepatic 

colorectal cancer metastases (Mi et al. 2010). The resulting nuclease-resistant 

RNAs specifically localize to targets within intrahepatic tumour deposits. In 

addition, a 2ʹ-fluoropyrimidine-modified RNA library was administered to wild-

type mice, and then brains were harvested for the recovery of aptamers that cross 

the blood-brain barrier via binding to brain capillary endothelial cells (Cheng et 

al. 2013). These examples demonstrate the efficacy of in vivo SELEX as a more 

direct method for generating RNA aptamers that are suitable for use in vivo. 
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APTAMERS AS TARGETING MOIETIES 

 

Tissue specificity is a key challenge for systemic delivery of 

therapeutics (Godfrey et al. 2017). The inability to selectively and 

specifically target a subset of diseased cells in the body results into off-target 

side effects, with the most detrimental being the toxicity. Consequently, 

these drugs are characterized by a poor safety profile and a lower therapeutic 

index. While there are other routes of administration, for diseases with 

multiple affected organs/tissues, the systemic route of administration is the 

only available option. As a result, most of the therapeutic molecule is 

distributing to liver, kidney and other organs of the excretory system. 

Eventually, the amount of the molecule that reaches the target is 

unsatisfactory to induce a therapeutic effect, thus reducing its therapeutic 

efficacy.  

By impacting absorption, distribution, metabolism and elimination 

(ADME) of a drug, its therapeutic efficacy can be maximized and the side 

effects minimized (Wen, Jung, and Li 2015). This can be achieved by 

conjugating the therapeutic molecule with targeting moieties that can assist 

their entry into cells. Among these, aptamers as the targeting moiety, display 

a set of characteristics that are superior over other delivery systems, 

including liposomes, polymers, nanoparticles and cell penetrating peptides 

(Wen, Jung, and Li 2015; Godfrey et al. 2017; Yoon and Rossi 2018). The 

high affinity and specificity for their targets is probably the most important 

advantage of this class of oligonucleotides that renders them useful for 

targeted delivery. Aptamers form highly specific complexes with their 

targets that enable them to distinguish even between closely related 

molecules, such as conformational isomers or a protein target with a single 

amino acid changes (Geiger et al. 1996; L. Chen et al. 2015). As a result of 

these tight associations with the target, aptamers are characterised by very 

low dissociation constants, between low picomolar and nanomolar, a feature 

that makes them also ideal molecules for therapeutic and diagnostic 

applications (O'Sullivan 2002; Zhang, Blank, and Schluesener 2004). 

Furthermore, their small size is beneficial for smaller targets or binding 

domains which are hidden and inaccessible to antibodies. In addition, as a 



Developing Aptamers for the Delivery of Therapeutic RNA 9 

consequence of their synthetic nature, aptamers are easily chemically 

modifiable during SELEX. This avoids the risk of altering aptamer folding 

that is necessary for specific binding when chemical modifications are added 

post selection (Lin et al. 1994; Burmeister et al. 2005). The most commonly 

used chemical modifications are sugar modifications with fluoro- (F), 

amino- (NH2) or O-methyl (OCH3) groups, or by using locked nucleic acids 

(LNA) and these are typically introduced at the 2’-position of the nucleotide. 

Backbone modifications can also be introduced, such as hydrophobic 

groups, phosphorothioates, amino acids and many more (S. Ni et al. 2017; 

Lipi et al. 2016). All these modifications result into aptamers with greater 

functional diversity and improved resistance against serum nucleases, both 

indispensable features for a targeted drug delivery system.  

The following chapter will review key studies that have set the grounds 

for the use of aptamers as cell-specific targeting moieties for therapeutic 

delivery. We will highlight recent advancements in aptamer-guided delivery 

of RNAi conjugates in particular. Finally, we will address current challenges 

in therapeutic delivery guided by aptamers along with potential solutions. 

 

 

APTAMERS AS TARGETING MOIETIES FOR RNAI 

 

RNA Interference 

 

Many organisms use RNAi to control genes and this biological process 

can also be used as a tool in the laboratory and in the future perhaps as a 

therapy. Eukaryotic cells have many sophisticated ways of controlling gene 

expression. In the complex environment of a cell, these processes need to be 

precisely targeted. For example, there is a group of mechanisms that use 

small regulatory RNA molecules to direct gene silencing and this is called 

RNA interference (RNAi). There are several types of small regulatory 

RNAs. Small interfering RNA (siRNA), microRNA (miRNA), short hairpin 

RNA (shRNA) and more recently antisense oligonucleotides (AONs) are 

some of the key players in RNAi. These regulatory RNA can have their 

silencing effect, primarily into the cytoplasmic region of a cell, by targeting 
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an mRNA for degradation, suppression of translation or by inducing 

alternative splicing of genes (Juliano et al. 2008). 

RNAi therapies are an exciting technological platform providing a 

feasible alternative when all other therapeutic approaches fail. However, 

RNAi therapeutics still face challenges that outweigh their promise as 

personalized, targeted therapies (Juliano et al. 2008). Perhaps, the most 

critical issue concerns the effective delivery of the RNAi therapeutics to 

specific diseased cells and organs.  

The delivery challenges have inspired innovation in biotechnology with 

regards to drug delivery. As a result, more emphasis is given on the 

development of RNAi delivery systems to provide active transport of the 

therapeutic on site. Aptamer-guided RNAi therapeutics have been in focus 

in the research community for quite a while, with several outstanding 

examples in the preclinical settings. To date, a wide range of molecules have 

been conjugated to aptamers for targeted delivery, including 

chemotherapeutic agents (primarily doxorubicin), siRNA, miRNA, 

peptides, or even other aptamer (Pastor et al. 2011; Schrand et al. 2014; 

Schrand et al. 2015; C. Li et al. 2016; Yoon et al. 2016). Such delivery 

systems are able to specifically bind to target cells and selectively deliver 

their cargo within the cell. The following sections will discuss selected 

examples of aptamer-guided delivery of the main RNAi players: siRNA, 

miRNA, shRNA and AON, in the most active research field to date- cancer 

therapy and infectious diseases.  

 

 

Aptamer- siRNA Delivery 

 

Small interfering RNAs is one of the key RNAi effector molecules. 

Small interfering RNAs known as siRNAs, derived from longer double 

stranded RNAs that are either produced in the cell itself or are synthetically 

produced and delivered into cells experimentally. The introduction of 

siRNA or double stranded RNA is widely used to manipulate gene 

expression (Figure 2A) (Juliano et al. 2008). However, as therapeutics, 

siRNAs face several challenges, including poor stability due to nucleases 
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present in serum and lack of a specific-cell targeted delivery mechanism to 

direct the siRNA on site. Towards this end, aptamers hold the promise of 

being effective delivery tools for several therapeutic RNA molecules 

including siRNAs. 

Cancer, is a primary target for siRNA therapeutics and as a consequence, 

for aptamer-siRNA conjugates as well. The examples are numerous, with 

aptamer-mediated siRNA delivery showing potential for many types of 

cancers. Prostate cancer and more specifically the prostate specific 

membrane antigen (PSMA) receptor, was the first cancer-related receptor 

explored for siRNA delivery due to its ability to selectively internalize in 

prostate cancer cells (Farokhzad et al. 2004). This internalizing aptamer was 

selected with Cell-SELEX, long before the discovery of Cell-Internalization 

SELEX, hence the immense interest in its use as a taregeting moiety. In a 

proof-of-concept study, Chu et al. generated a highly specific aptamer-

streptavidin-conjugated siRNA chimera that was rapidly taken up by PSMA 

positive cells (LNCaP) followed by fast inhibition of gene expression (Chu 

et al. 2006). This chimera, composed of the A10 anti-PSMA RNA aptamer 

and the anti-laminin A/C siRNA or GAPDH siRNA, was able to attain 

inhibition similalry to lipid based transfection (Figure 3D). The high 

inhibition was further assisted by the incorporation of disulphide linkage 

between the streptavidin core and the biotinylated siRNA that cleaved upon 

entering the reducing environment of the cell, releasing the siRNA form the 

bulky substrate (streptavidin; interferes with siRNA processing) (Chu et al. 

2006). In addition, as the streptavidin is a tetramer with four functional 

binding sites for biotin, the therapeutic siRNAs carried by an aptamer-

streptavidin targeting moiety could have multiple targets, demonstrating a 

new venue for therapeutic delivery of siRNAs characterized by cell type-

specific gene silencing effect.  

Despite the ease of preparing an aptamer-streptavidin-siRNA conjugate, 

McNamara et al. explored the possibility of generating an all RNA chimeric 

molecule for easier synthesis as well as RNAi processing (McNamara et al. 

2006a). Using the same A10 anti-PSMA aptamer the authors covalently 

conjugated the aptamer with the polo-like kinase 1 (Plk1) and B-cell 

lymphoma 2 (Bcl-2) siRNAs (Figure 3A, siRNA). Both PLK1 and Bcl-2 are 
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survival genes overexpressed in most tumours making them good targets for 

siRNA-mediated silencing (Eckerdt, Yuan, and Strebhardt 2005; Cory and 

Adams 2005). Combined, the A10-Plk1 and the A10-Bcl2 chimeras were 

able to induce apoptosis to LNCaP cells but not in PC-3 cells (a distinct 

prostate cancer cell line not expressing the cell-surface receptor PSMA), 

demonstrating also the ability of the chimera to escape the endosome with 

subsequent localization in the cytoplasm. Furthermore, when A10-Plk1 was 

intratumorally injected in a PSMA positive xenograft model of prostate 

cancer, inhibition of tumour growth was also observed. Notably, the 

aptamer-mediated nature of the gene silencing was demonstrated by 

generating a chimera with mutations in the PSMA binding site. This mutant 

chimera lost its binding activity completely (McNamara et al. 2006a). 

In the following years, the A10 anti-PSMA aptamer served as a key 

example to elegantly illustrate the versatility, robustness of aptamers, and 

the ability to further optimize the design and binding affinity of aptamers 

even after selection. For example, in a follow-up study by the same group, 

the authors attempted to improve the efficacy and siRNA silencing 

efficiency for systemic administration (Dassie et al. 2009b). This feature 

(i.e., intravenous administration) is crucial for the clinical translation of the 

chimera. One of the most notable modifications to the A10 aptamer was the 

sequence modifications made to favour loading of the guide siRNA strand 

onto the Dicer and to increase the stability of the duplex (Figure 3G). 

Additionally, the circulation half-life of the chimeras’ was enhanced by 

conjugation to a polyethylene glycol (PEG) molecule whereas the size of the 

aptamer (A10) was reduced from 71 nucleotides to 39 nucleotides (A10-

3.2), making it more amenable to large-scale chemical synthesis. The 

binding affinity of the shortest truncated version was comparable to the full-

length aptamer whereas its antitumor activity for prostate cancer cells 

expressing the PSMA receptor was higher when administered systemically. 

In addition, a lower therapeutic dose of A10-3.2-Plk1 was able to drastically 

reduce the percentage of mice with metastasis as well as the number of 

metastases per mouse (Dassie et al. 2009b). This indicated that the aptamer 

acts as an inhibitor, blocking de novo metastases from forming.  
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Additional shorter anti-PSMA aptamers were also generated following 

the rational truncation approach described by Rockey et al. (Rockey et al. 

2011). The aim of this study was to provide a rational approach to replace 

the traditional truncation via a trial-and-error process with a more precise 

and efficient method guided by computational structural modelling, such as 

RNA structure prediction and protein/RNA docking algorithms. Rational 

truncation of the A9 aptamer, another PSMA targeting aptamer, was able to 

produce a truncated version (A9g, 43 nt) that retained a binding profile 

similar to the full-length A9 (70 nt). As noted in this study, rational 

truncation should be complemented with selective base changes (5’, 3’ or 

internally) in order to maintain the T7 transcription start site (5’GGG) as 

well as any necessary base-paring complementarity at the ends (Rockey et 

al. 2011). The approach described herein can be universally applied to 

identify the minimum functional versions of other aptamers for conjugation 

of therapeutics and more importantly clinical translation.  

Continuing down the line of rational designs, the study by Wullner et al. 

demonstrated enhanced anti-PSMA aptamer-guided Eukaryotic Elongation 

Factor 2 (EEF2) induced-cytotoxicity, and ultimate apoptosis of prostate 

cancer cells by creating a bivalent aptamer-siRNA chimera (Wullner et al. 

2008). EEF2 is a key component of the translational machinery that if 

supressed, leads to inhibition of protein synthesis and in turn induction of 

apoptosis and cell death (Jorgensen, Merrill, and Andersen 2006). In this 

study, the efficacy of the aptamer-siRNA chimera was enhanced by using 

two A10 anti-PSMA truncated aptamers, xPMS-A10-3, rather than one 

(Figure 3F). The EEF2 siRNA portion was inserted into the rigid spacer 

separating the two aptamer, allowing in this manner proper folding of the 

aptamers into their active conformation (Wullner et al. 2008). Although the 

bivalent aptamers had greater affinity and specificity for LNCaP cells, as 

well as internalization ability (4 times more than their monovalent 

counterparts) they were unable to show improvement in the silencing effect 

when compared to the monovalent aptamer-siRNA construct. In a more 

recent study, Liu et al. created another bivalent anti-PSMA aptamer but this 

time for the delivery and silencing of two different genes, the epidermal 

growth factor receptor (EGFR) and the gene survivin (Figure 3E) (H.Y. Liu 
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et al. 2016). EGFR overexpression is associated with increased cancer 

proliferation, tumour vascularization and metastasis whereas survivin is a 

key member of the inhibitor of apoptosis protein family, with critical role in 

the progression of prostate cancer and other tumours (Howe and Brown 

2011; Altieri 2013). Each aptamer was covalently conjugated to one siRNA 

and then the two portions were linked together with a stretch of uracil bases 

(“UUUU”). The bivalent aptamer-dual siRNA chimera effectively 

knockdown both EGFR and survivin in prostate cancer cells in vitro and 

effectively supressed tumour growth and angiogenesis in a xenograft mouse 

model of prostate cancer. A different conjugation approach was proposed by 

Ni et al. in 2015 (X. Ni et al. 2015). In an attempt to overcome the limitations 

of in vitro transcription, the anti-PSMA aptamer A10-3.2 was conjugated to 

the siRNA via utilizing a region on the 3’ end of the aptamer (not involved 

in aptamer binding) as a bridging region for chimera assembly (Figure 3C). 

Complementary sequences were next incorporated to the sense strand of the 

siRNA, allowing the conjugation of the therapeutic molecule with the 

aptamer via a simple annealing process. This mimics the universal “sticky 

bridge” conjugation approach published in earlier years by Zhou et al. (J. 

Zhou et al. 2009a). With this approach, the authors were able to selectively 

deliver the chimera to prostate cancer cells and to induce targeted 

radiosensitization in a mouse xenograft model, enhancing their potency to 

radiation therapy (X. Ni et al. 2015). 

Another key challenge for the delivery of siRNAs is their stability in 

vivo (M. Kim et al. 2018). In addition to nucleic acid chemical modification 

strategies, protection against serum nucleases can be achieved by 

encapsulating siRNAs in nanocarriers, with further attachment to an aptamer 

for targeted delivery (reviewed in detail in (K. Chen et al. 2017; M. Kim et 

al. 2018)). For example, Wu et al. reported in 2018, a novel anti-PSMA 

nanostructure loaded with a siRNA that silences the expression of the 

Forkhead box M1 transcription factor (FoxM1); an important antitumor 

target involved proliferation and overexpressed in prostate cancer tumours 

(M. Wu et al. 2018; Y. Wang, Yao, et al. 2014). The construct was composed 

of lipid-based nanobubbles as a carrier for the siRNA, that were 

subsequently conjugated to the truncated anti-PSMA aptamer, A10-3.2, for 
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cell targeting. Upon ultrasound, these ultrasound-responsive nanobubbles 

were able to access the cell membrane followed by siRNA release in prostate 

cancer cells followed by a high gene silencing effect. In vivo, the 

nanostructure led to significant inhibition of tumour growth and prolonged 

the survival of mice, due to reduction in FoxM1 expression, and a higher 

apoptotic activity (M. Wu et al. 2018). Contrasting to this work, Bagalkot et 

al. made use of a simpler nanocarrier, polyethylenimine (PEI) -coated 

quantum dots, to induce GFP silencing in PSMA-positive C4-2B cell in vitro 

(Figure 3I) (Bagalkot and Gao 2011). In addition to their role as the core of 

the nanocarrier, the quantum dots, which are widely applied as fluorescent 

probes, served as intracellular monitoring tools via fluorescent imaging 

(Figure 4).  

In the study by Xu et al. a different technology was developed for linking 

aptamer-siRNA chimeras to nanocarriers (Xu et al. 2017). Specifically, a 

PDPA formulation, which stands for oligoarginine-graft PEF-[poly(2-

(diisopropylamino)ethyl methacrylate)], was used to deliver and silence the 

effect of Prohibitin 1, a gene that is overexpressed in PSMA-positive 

prostate cancer, in vitro and in vivo, utilizing a xenograft mouse model. 

Importantly, the formulation of the aptamer-siRNA chimera with fusogenic 

oligoarginine peptides permitted enhanced endosomal escape with a 

subsequent increase in siRNA bioavailability to target. A similar effect can 

be obtained with polyethyleneimine (PEI) polymer-coated quantum dots 

with an equally high endosomal escape (Bagalkot and Gao 2011). In 

addition, this study stressed the fact that controlled orientation of the 

aptamer-siRNA can dramatically enhance the gene-silencing effect of the 

nanostructure. Furthermore, similar to Bagalkot et al. the use of quantum 

dots had a dual role: serving as the core of nanostructure at first and secondly 

as a fluorescent imaging tool (Bagalkot and Gao 2011). The latter is one of 

the several advantages of using aptamer-conjugated nanocarries for siRNA 

delivery rather than the traditional one aptamer-one siRNA assembly 

(Sivakumar et al. 2019). Lastly incorporating aptamer-siRNA chimeras in 

nanostructures can potentially improve the pharmacokinetic properties of 

the chimera, an area that is still problematic due to the small size of the 

aptamer and its conjugates.  
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Another thoroughly investigated aptamer, is the AS1411 nucleolin 

aptamer. Nucleolin is a protein abundant in the nucleus that is also 

overexpressed on the cell membrane of several malignant cells (Z. Chen and 

Xu 2016). This unique property, in combination with a high internalization 

capacity has triggered the use of the nucleolin aptamer as a carrier molecule 

for siRNA-mediated gene silencing for various cancers, including prostate 

cancer, breast cancer, gastric cancers, lymphocytic leukemia and melanomas 

(Otake et al. 2007; Qiu et al. 2013; L. Li et al. 2014). For lung cancer in 

particular, in an attempt to control early metastasis which is a major cause 

of morbidity in patient with lung cancer, the nucleolin aptamer (aptNCL) 

was conjugated with the SLUG and NRP1 siRNAs (Lai et al. 2014). The 

snail family zinc finger 2 (SLUG) and neuropilin 1 (NRP1), when 

overexpressed, they promote malignant transformation and activate 

signalling pathways associated with lung cancer metastasis (Shih et al. 2005; 

Hong et al. 2007). Using a combined treatment of aptNCL-SLUG siRNA 

chimera and aptNCL-NPR1 siRNA chimera, these key signalling pathways 

were selectively blocked in lung cancer cells. As a consequence, a 

synergistic inhibition of lung cancer cell invasion, tumour growth and 

angiogenesis was observed in a xenograft mouse model. On the contrary, in 

order to induce a selective cytotoxic effect on melanoma cells A375 as a 

potential treatment for malignant melanomas, Li et al. encapsulated the anti-

BRAF siRNA in PEGylated liposomes guided by the AS1411 nucleolin 

aptamer for targeted siRNA delivery (L. Li et al. 2014). A bifunctional PEG 

linker was used in this study to covalently link the cationic liposome with 

the aptamer, providing the additional benefit of improved pharmacokinetic 

profile due to the size increase above the cut-off limit of kidneys (Figure 

3H). Furthermore the results of this study illustrated the potential of this 

nucleolin-based nanoconstruct as a therapy for melanomas. Another 

versatile platform for breast cancer was suggested recently by Wang et al. 

utilizing again the nucleolin aptamer (Y. Wang et al. 2017). The platform 

was composed of (i) the nucleolin aptamer AS1411 for cell targeting- as it 

is highly expressed also in breast cancer cells, (ii) the extracellular vesicles 

as the nanocarrier and (iii) the vascular endothelial growth factor (VEGF) 

siRNA or the let-7 miRNA as the therapeutic molecules. Furthermore, 
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cholesterol conjugation was employed to link the nucleolin aptamer on the 

surface of the extracellular vesicles which are rich in lipids, predominantly 

cholesterol. The results of this study revealed inhibition of triple-negative 

breast cancer cells (oestrogen negative, progesterone negative and HER2+ 

negative) growth both in vitro and in vivo with no noticeable toxicity or 

immunogenicity (Y. Wang et al. 2017). Furthermore, the aptamer-modified 

extracellular vesicle approach could be used useful in other targeted 

strategies as well.  

A very recent publication by Yang et al. demonstrates once again the 

robustness of aptamers when conjugated with nanomaterials such as 

functionalized polymeric micelles (Yang et al. 2018). The aim of this study 

was to evaluate the ability of these micelles for codelivery of Doxorubicin 

(Dox, a chemotherapeutic drug), along the Toll-like receptor 4 siRNA as a 

potential lung cancer treatment. The synthesis of these micelles, required a 

number of different elements, including a hydrophobic core made of 

urocanic acid for Dox loading, a chitosan-based PEI conjugated polymer to 

act as the carrier of the therapeutics, disulphide bonds to weaken the 

powerful positive charge of PEI polymer and the aptamer AS1411 as the 

targeting moiety to induce specific delivery and reduce potential toxic 

effects from the micelles. The in vitro results revealed sustained release of 

the siRNA and Dox and improved cytotoxicity in A549 lung cancer cells. 

Similar results were obtain following systemic administration in mice with 

high tumour cytotoxicity, suppression of invasion and low toxicity, 

suggesting a novel therapeutic approach for lung cancer treatment (Yang et 

al. 2018). The possible use of micelle-based nanoconstructs for other 

diseases is further suggested through this study.  

Using the anti-PSMA aptamer and the nucleolin aptamer as examples, 

we have described a number of different approaches for aptamer conjugation 

to siRNAs for the purpose of targeted delivery.  

 

 

 



 

Table 1. Summary of aptamer-siRNA chimeras in Cancer Therapy 

 

Aptamer target Aptamer formulation Target gene (or protein) Type of malignancy Outcome Reference 

HER+2 Aptamer-siRNA 

chimera 

Bcl-2 Breast cancer HER2 aptamer-Bcl-2 siRNA 

conjugates selectively internalize 

into HER2 positive cells and 

silence Bcl-2 gene expression. 

Bcl-2 silencing sensitizes these 

cells to chemotherapy 

(cisplatin). 

Thiel et al. 2012  

(Pioneers of Cell-

internalization 

SELEX) 

Three-in-one aptamer-

siRNA chimera 

EGFR siRNA, HER2, 

and HER3 

Breast cancer Enabled down-modulation of the 

expression of all three receptors 

(HER2, HER3, EGFR), 

triggering apoptosis of HER2+ 

breast cancer cells, both in vitro 

and in vivo. 

Yu et al. 2018 

Bivalent HER2 

aptamer-EGFR siRNA 

aptamer chimera 

EGFR Breast cancer Aptamer-siRNA chimera 

selectively taken up by cancer 

cells expressing HER2+ in vitro 

and in vivo. 

Triggered cell apoptosis, 

decreased HER2 and EGFR 

expression, and suppressed 

tumor growth in breast cancer 

mouse xenografts. 

Xue et al. 2018 

DOTAP-PLGA-PEG P-gp Breast cancer Efficient inhibition of P-gb in 

Her2+ breast cancer cells in 

vitro. 

 

Powel et al. 2017 



 

Aptamer target Aptamer formulation Target gene (or protein) Type of malignancy Outcome Reference 

4-1BB 

 

Aptamer-siRNA 

chimera 

mTOR complex 1 Melanoma 

 

Inhibition of mTOR complex 1 

signalling in circulating CD8+ T 

cells and generation of potent 

CD8+ T cell memory.  

Berezhnoy et al. 

2014 

Aptamer-siRNA 

chimera 

IL-2R alpha (also 

known as CD25) 

- Systemic administration of the 

4-1BB aptamer-CD25 siRNA 

conjugate downregulated CD25 

mRNA only in 4-1BB-

expressing CD8+ T cells 

promoting their differentiation 

into memory cells. 

Treatment with the 4-1BB 

aptamer-CD25 siRNA 

conjugates enhanced the 

antitumor response of a cellular 

vaccine or local radiation 

therapy 

Rajagopalam et 

al. 2017 

Aptamer-siRNA 

chimera 

Smad 4 Breast cancer 4–1BB aptamer -Smad4 siRNA 

potentiates vaccine-induced 

antitumor immune response in 

vivo. 

Puplampu et al. 

2018 

CD133 

 

Aptamer-PLGA 

nanoparticles 

Salinomucin Hepatocellular 

carcinoma cells 

Promotion of salinomucin 

delivery to CD133+ 

hepatocellular carcinoma cells, 

with subsequent induction of 

apoptosis. 

Jiang et al. 2015 

 

 



 

Table 1. (Continued) 

 

Aptamer target Aptamer formulation Target gene (or protein) Type of malignancy Outcome Reference 

CD133 Aptamer-siRNA 

chimera with PEG 

Adenosine kinase 

(ADK) 

Epithelial 

progenitor cells 

Selective delivery of chimera in 

CD133+ cells in vivo. 

Cheng et al. 2015 

EpCAM 

 

Aptamer-siRNA 

chimera 

Survivin Breast cancer Survivin silencing sensitized 

doxorubicin-resistant cancer 

stem cells to doxorubicin in a 

mouse xenograft model. 

Additionally, there was reversal 

of chemoresistance, suppression 

of tumour growth and prolonged 

survival in mice with 

chemoresistant tumours. 

Wang et al. 2015 

Aptamer-siRNA 

chimera 

PLK1 Breast cancer Targeted gene silencing in breast 

cancer cells in vitro. 

Gilboa-Geffen et 

al. 2015 

PEI EpCAM Breast cancer Inhibited the cell proliferation of 

MCF-7 and WERI-Rb1 cells in 

vitro. 

Subramanian et 

al. 2015 

Bispecific aptamer 

fused together with a 

double stranded RNA 

adaptor 

CD44 and EpCAM Ovarian cancer Supressed both CD44 and 

EpCAM genes with subsequent 

inhibition of cancer cell growth 

in vitro. Additionally, it 

effectively inhibited 

intraperitoneal ovarian cancer 

growth in a mouse xenograft 

model. 

Zheng et al. 2017 

 



 

Aptamer target Aptamer formulation Target gene (or protein) Type of malignancy Outcome Reference 

EpCAM PEI-SWNT (single-

walled carbon 

nanotube) 

BCL91 Breast cells Efficient cellular uptake of 

siRNA and suppression of 

BCL91 in breast cancer cells. 

Mok and Park 

(2012), 

Mohammadi et al. 

2015 

MUC1 

 

Dox-aptamer-siRNA 

chimera 

Bcl-2 Breast cancer Efficient cytotoxic effect on 

MDR breast cancer cells 

Jeong et al. 2017a 

PEI/Holiday junction 

loaded with multiple 

aptamer-siRNA 

chimeras 

GFP Breast cancer High gene silencing efficiency 

by the Holiday junction loaded 

with multiple chimeras 

compared to a single aptamer-

siRNA chimera. 

Efficient gene silencing in 

mucin-1 positive KB and MCF-

7 cells in vitro. 

Jeong et al. 2017b 

Multivalent comb-type 

aptamer-siRNA 

Bcl-2 Breast cancer Reduced cell proliferation in 

mucin-1 positive cells MRF-7, 

in vitro. 

Yoo et al. 2014 

CD44 PEG liposome Luciferase 2 Breast cancer Gene silencing in CD44+ breast 

cancer cells in vitro and in vivo. 

Alshaer et al. 

2018 

Bispecific aptamer 

fused together with a 

double stranded RNA 

adaptor 

CD44 and EpCAM Ovarian cancer Supressed both CD44 and 

EpCAM genes with subsequent 

inhibition of cancer cell growth 

in vitro. In addition, it 

effectively inhibited 

intraperitoneal ovarian cancer 

growth in a mouse xenograft 

model. 

Zheng et al. 2017 

 



 

Table 1. (Continued) 

 

Aptamer target Aptamer formulation Target gene (or protein) Type of malignancy Outcome Reference 

“Orphans” 

EGFR (EGF 

receptor) 

Aptamer conjugated 

liposomes containing 

quantum dots and 

siRNA molecules 

Bcl-2 Breast cancer Targeted gene silencing in 

EGFR-positive epithelial, human 

breast cancer cell line. Also, 

selective accumulation in breast 

cancer mouse xenografts. 

Additionally, conjugation to 

quantum dots offered the ability 

to fluorescently track the 

construct in vivo. 

Kim et al. 2017 

PDGFRβ (platelet –

derived growth 

factor β) 

Aptamer-sticky 

bridge-siRNA 

STAT3 Glioblastoma Reduction in cell viability and 

migration in vitro and inhibition 

of tumour growth and 

angiogenesis in vivo in a mouse 

xenograft model. 

Esposito et al. 

2018 

αvβ3 integrin Aptamer-siRNA 

chimera 

EEF2 (eukaryotic 

elongation factor 2) 

Glioblastoma, 

cervical and 

prostate cancer 

Effective silencing of the EEF2 

gene, inhibition of cell 

proliferation and induction of 

apoptosis in cancers expressing 

αvβ3 integrin. 

Hussain et al. 

2013 

TfR(transferrin 

receptor) 

Folate-PEG-

conjugated chitosan 

nanoparticles 

c-Myc Breast cancer High accumulation of siRNA 

and efficient tumor inhibition in 

breast cancer xenografts in mice 

Li et al. 2017 

 

 



 

Aptamer target Aptamer formulation Target gene (or protein) Type of malignancy Outcome Reference 

Other key publications 

Anti-hTfR RNA 

aptamer and C10.36 

DNA aptamer 

Three-way junction 

(3WJ) nanostructure 

- B cell lymphoma 

(aptamer C10.36 

binds to human 

Bcell cancer cell 

line via an 

unidentified surface 

antigen that also 

overexpresses hTfR 

A modular nanostructure for 

cellular delivery of large, 

functional RNA payloads (50–

80 kDa, 175–250 nt) by aptamers 

that recognize multiple human B 

cell cancer lines and transferrin 

receptor-expressing cells. 

Fluorogenic RNA reporter 

payloads enable accelerated 

testing of platform designs and 

rapid evaluation of assembly and 

internalization. Modularity is 

demonstrated by swapping in 

different targeting and payload 

aptamers. 

Porciani et al. 

2018 

41t, against platelet-

derived growth 

factor (PDGF), TE17 

and sgc8c 

Three-dimensional 

DNA origami box 

- 

 

- 

 

An autonomous DNA nanorobot 

capable of transporting 

molecular payloads to cells, 

sensing cell surface inputs for 

conditional, triggered activation, 

and reconfiguring its structure 

for payload delivery. 

Douglas et al. 

2010 
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In a similar manner, aptamers for several other types of cancers have been 

developed, utilizing other well-known cell surface receptors as targets. 

Examples of these include the epidermal growth factor (EGFR) expressed in 

breast cancer, lung cancer and gliomablastoma, human epidermal growth 

factor receptor 2 (HER2+) overexpressed in breast cancer and platelet 

derived growth factor β (PDGFβ). Additionally, different siRNAs have been 

delivered to target oncogenes and/or genes involved in downstream cancer-

related cellular pathways or biological processes such as STAT3, mTORC, 

IL-2R alpha and smad4. Similarly to the anti-PSMA and nucleolin aptamer, 

aptamer-functionalized nanostructure have been developed through 

conjugation with various nanomaterials. A non-exhaustive list covering 

other cancer-related aptamer advancements for siRNA delivery is presented 

in Table 1.  

Apart from cancer, aptamer-guided siRNA delivery has been utilized as 

an alternative therapy for Human Immunodeficiency virus-1 (HIV1) as well. 

Rossi and colleagues are responsible for most innovations in this field with 

their research focusing primarily on glycoprotein gp120, as the aptamer 

target, for the synthesis of anti-viral-aptamer-siRNA chimeras (Jiehua Zhou 

and Rossi 2014b). The gp120 glycoprotein is an envelope glycoprotein on 

HIV-1 infected cells playing a key role in viral entry into host cells. In two 

earlier studies, Rossi and colleagues investigated the potential of the anti-

gp120 RNA aptamer to selectively bind to gp120 glycoprotein expressing 

HIV-1 infected cells with subsequent internalization. In the first study 

covalent conjugation (via a uracil base, “UU,” linker) was employed to join 

the 3’ end of the aptamer to the sense strand of an anti-tat/rev siRNA whereas 

in the second study the authors introduced a complementary “sticky bridge” 

GC-rich sequence (17 nts) between the aptamer and the therapeutic siRNA 

(J. Zhou et al. 2008b; J. Zhou et al. 2009a). This universal “sticky” sequence 

was also comprised of a three-carbon linker allowing attachment of various 

siRNA substrates onto the aptamer (Figure 3B). Since then, the “sticky 

bridge” linker has been used by many other researchers for aptamer-

mediated delivery of therapeutics (J. Zhou, Rossi, and Shum 2015; J. Zhou 

et al. 2013). In both studies, the anti-gp120 aptamer provided selective 

binding and internalization into infected cells followed by inhibition of HIV-

1 replication due to siRNA delivery to the cytoplasm, as well as from the 
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anti-HIV activity of the aptamer itself (acts as an antagonist for the gp120 

receptor). Furthermore, in a third study by the same group, the ability of this 

aptamer-siRNA chimera to supress HIV-1 viral loads and to protect 

humanized mice from helper CD4(+) T cells was further verified (Neff et al. 

2011b). In the 2013 publication, Rossi and colleagues utilized the same 

aptamer-“sticky bridge” strategy but this time for the delivery of three 

different siRNAs in vivo, in the form of a cocktail treatment (J. Zhou et al. 

2013). The reasoning behind this approach was to mitigate viral escape 

mutants that are often observed in HIV-1 resulting into RNAi-based HIV-1 

therapeutic approaches often being ineffective over time. Intravenous 

weekly injections with this aptamer-siRNA chimera cocktail was able to 

downregulate all three targeted transcripts with subsequent suppression of 

HIV-1 viral loads and protection against CD4+ cells, being thus in 

agreement with their previous results as well (Neff et al. 2011b). In a similar 

manner, an aptamer that selectively recognizes CD4+ T cells, was 

conjugated with a siRNA against HIV gag/vif or C-C chemokine receptor 

type 5 (CCR5), demonstrating once again effective inhibition of HIV 

infection in vitro and in vivo (Wheeler et al. 2011). A CCR5 targeted RNA 

aptamer was also developed by Zhou et al. in 2015 (J. Zhou et al. 2015). 

CCR5 is regarded as a key player for viral entry and an attractive cellular 

target for the treatment of HIV-1 (Jiehua Zhou and Rossi 2014b). This 

aptamer was shown to successfully target HIV-1 susceptible cells, to 

specifically regulate HIV-1 gene silencing and block the CCR5 receptor 

required for HIV-1 entry in host cells. The same group recently reported the 

first example of an aptamer that can deliver a promoter-targeted small RNA 

capable of inducing transcriptional gene silencing (TGS). Using this 

approach, infected cells were targeted for stable HIV-1 silencing (J. Zhou  

et al. 2018). This aptamer can also act as a carrier molecule for additional 

therapeutic RNAs to epigenetically silence other genes involved in disease.  

Two more studies are worth mentioning in this section. Firstly, the work 

published by Sánchez-Luque et al. focusing on the development of the 

smallest in size HIV-1 RNA aptamer, a 16 nucleotide long, that targets the 

5’untralated region of the HIV-1 genome (Sanchez-Luque et al. 2014).  
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Figure 2. Receptor-mediated internalization of aptamer-RNAi conjugates. Depending 

on the therapeutic sequence being internalized, different intracellular RNAi 

mechanisms are activated: A. aptamer-siRNA or miRNA, B. aptamer-shRNA and C. 

aptamer-AON. For A and B, the precursors of siRNA, miRNA and tha shRNA bind to 

DICER, which is an endonuclease protein that cuts the RNA into short segments. Most 

siRNAs and microRNAs are approximately 21 nucleotides long. The short double 

stranded RNA then binds an Argonaute protein (Ago). One strand of the RNA is 

selected and remains bound to the Argonaute, this is called the guide or sense strand 

whereas the passenger strand or antisense is degraded. The combination of the RNA 

and the Argonaute along with other proteins is called the RNA induced silencing 

complex or RISC. siRNA, miRNA and shRNA direct RISC to bind to specific 

messenger RNA (mRNA) in a precise manner, because it is determined by base pairing 

between the therapeutic RNAi sequence and the target mRNA. Once bound to their 

mRNA targets, Argonaute catalyses cleavage of the mRNA which will then be 

degraded. AONs on the other hand exert their function through different mechanisms, 

including RNase H degradation and alternative splicing. RNase H is an endogenous 

enzyme that cleaves the RNA strand of the RNA-DNA duplex. This is the most widely 

mechanism for AON-mediated gene knockdown. The AON binds to the target mRNA 

via base pair complementarity. The RNase H enzyme, recognizes the duplex and 

induces cleavage and degradation of the mRNA (left). In the exon skipping approach, 

the mutant exon is musked by an AON that is directed against it. During splicing, this 

exon is skipped leading to restoration of the open reading frame (ORF) and production 

of a truncated but functional protein (right). The latter is a form of alternative splicing 

that induced disease correction via alternative mRNA splicing.  



Developing Aptamers for the Delivery of Therapeutic RNA 27 

Herein, the authors used an in vitro - in silico combined approach to 

rationally guide the design and optimization of this aptamer, termed 

RNApt16, which is a highly active inhibitor of HIV-1. Secondly, Zhu et al. 

were able to convert an originally selected CD4 RNA aptamer into a DNA 

aptamer that is more stable, and that upon this conversion it exhibits a more 

potent inhibitory effect when conjugated to a siRNA against the HIV-1 

protease, than the siRNA counterpart alone (Zhu et al. 2012).  

As siRNA therapeutics is an area of immense interest and with several 

potentials in human disease, several other examples of siRNA delivery by 

means of cell-specific aptamers are expected to be published in the 

immediate future. It is the authors’ opinion that given the increasing need 

for carrying large RNA payloads and for having multifunctional roles, 

aptamer development will be driven towards more specialized assemblies 

with opportunities for multiplexing, such as the more recent origami 

nanostructures (Table 1) (Soldevilla et al. 2018; Sakai et al. 2018).  

 

 

Aptamer- miRNA Delivery 

 

MicroRNAs (miRNAs) are small, endogenously expressed non-coding 

RNAs of 21-25 nucleotides long (Bader et al. 2011). They are master 

regulators of gene expression at the transcriptional and/or post-

transcriptional level. They are encoded from nuclear DNA and their role is 

to target specific mRNAs for degradation or repression of translation. The 

biogenesis of miRNAs is a complex procedure. The genes encoding 

miRNAs are first transcribed to their corresponding primary miRNA (pri-

miRNA) by the RNA Polymerase II, during which stage they acquire the 

characteristic stem-loop structure of pri-miRNAs. The conversion into 

precursor miRNA (pre-miRNA) requires cleavage of the 5’ and 3’ end of 

the pri-miRNA and this process is achieved by Drosha and DGCR8. With 

the help of Exportin 5, the pre-miRNA is transported out of the nucleus and 

once in the cytoplasm it is loaded onto Dicer that cleaves the loop generating 

the mature miRNA duplex. Finally, the duplex is loaded onto RNA induced 

silencing complex (RISC) and further processing by Argonaute removes and 
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degrades the passenger (antisense) strand. The guide (sense) strand, forms 

the mature miRNA that binds to 3’ untranslated region of the target mRNA.  

Therapeutic miRNAs function similarly to endogenous miRNAs, 

although their processing varies slightly (Oliveto et al. 2017). They are 

introduced into the cytoplasm by means of conjugation (e.g., viruses, 

cationic lipids, polymers) in the form of pre-miRNAs or mature miRNA 

duplexes (Baumann and Winkler 2014). It is then recognized by the RISC 

complex onto which they are loaded and then processed as an endogenous 

miRNA (Figure 2A). Depending on how the endogenous miRNA is 

implicated in a disease, miRNA-based therapeutics fall either under the 

category of miRNA mimics or miRNA antagonists. The role of miRNA 

mimics is to restore endogenous miRNAs that show loss of function due to 

the disease, for example tumour suppressor genes. This is typically achieved 

via the delivery of artificial miRNAs to diseased tissues. On the contrary, 

miRNA antagonists inhibit endogenous miRNAs that acquire a gain-of-

function role in diseases. Antagonists or antimiRs, as they are most often 

called, suppress their target in a similar manner like siRNAs or AONs 

(described later on) via the synthesis of an artificial, single stranded 

oligonucleotide with sequence complementarity to the endogenous miRNA. 

In addition, due to their single stranded nature and their mode of function, 

antimiRs are sometimes referred to as a subtype of AONs (Soldevilla et al. 

2018). 

MicroRNAs also guide RISC to mRNAs. Usually only part of a miRNA, 

known as the seed, pairs with the target mRNA. This imprecise matching 

allows miRNAs to target hundreds of endogenous mRNAs. In several 

instances, miRNAs have been implicated in the regulation of cancer-related 

genes and downstream cellular pathways and processes (Bader et al. 2011). 

These miRNAs may act as oncogenes (also known as oncomiRs) or tumour 

suppressors. Therefore, they have been long considered as potential 

therapeutic agents for the treatment of cancer. As miRNAs are expressed 

aberrantly and have a tendency for multiple transcript targets, their use as 

therapeutic agents implies the necessity for controlled deliver to affected 

cells. Following the line of siRNAs and the successful development of 

aptamer-siRNA chimeras for cell-specific delivery, aptamers have been 
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recently explored as potential targeting moieties for cancer-related 

microRNAs as well (Soldevilla et al. 2018). 

In one of the earlier studies, the well-known prostate specific membrane 

antigen (PSMA) RNA aptamer was explored for its role as a miRNA carrier 

molecule as well (X. Wu et al. 2011). In this particular study by Wu et al. 

the second generation A10-3.2 anti-PSMA aptamer was investigated as a 

targeting ligand for miR-15a and miR-16-1 tumour suppressors in prostate 

cancer cells. A positively charged spherical polymer, PAMAM 

(polyamidoamine) was first loaded with the therapeutic miRNAs and then 

conjugated through a polyethylene glycol (PEG) spacer to the aptamer. This 

construct was delivered with high specificity to LNCaP prostate cancer cells 

overexpressing PSMA, resulting in selective cell death.  

In 2012, the Chen group published two independent studies reporting 

aptamer-miRNA directed apoptosis of the ovarian cancer cell line OVCAR3 

via targeting of two different tumour suppressor miRNAs (N. Liu, Zhou, et 

al. 2012; Dai et al. 2012). In the first study, the let-7i miRNA was covalently 

conjugated to MUCIN 1 (MUC1) aptamer, an aptamer that preferentially 

binds to tumours expressing mucin 1 (Figure 3A, miRNA) (N. Liu, Zhou, et 

al. 2012). Chemoresistance in ovarian cancers has been associated with 

downregulation of the tumour suppressor let-7i. The results showed specific 

delivery of let-7i into tumour cells that subsequently reversed the resistance 

of OVCAR3 cells to paclitaxel, a chemotherapeutic drug, leading to 

inhibition of cell proliferation, induction of cell apoptosis, and decrease of 

cell survival in vitro. In the second study, Chen and colleagues induced cell 

apoptosis by conjugating the MUC1 aptamer to miR-29b (Dai et al. 2012). 

The specific delivery of miR-29b supressed the expression of DNA 

methyltransferesases that subsequently upregulated the expression of the 

PTEN gene. The product of the latter is an enzyme that acts as a tumour 

suppressor leading to apoptosis of ovarian carcinoma cells.  

The GL21.T RNA aptamer developed against the Axl receptor tyrosine 

kinase (RTK) has been a popular aptamer for the delivery of several tumour-

related miRNAs (Esposito et al. 2014; Russo et al. 2018; Esposito et al. 

2016; Iaboni et al. 2016). Axl is an oncogenic RTK with key roles in 

tumorigenesis and metastasis of many cancers (R. Liu et al. 2010). In a study 
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by Esposito et al. in 2014, the GL21.T aptamers was demonstrated to 

selectively delivery let-7g miRNA to A549 adenocarcinoma human alveolar 

basal epithelial cells (Axl positive cells) (Esposito et al. 2014). Furthermore, 

the conjugation of the tumour suppressor, let-7g miRNA, to the Axl aptamer 

which has a dual role (as a targeting moiety for the miRNA and antagonist 

for the Axl receptor) was able to induce inhibition of cell migration and cell 

survival in vitro and inhibition of tumour growth in vivo. The same aptamer 

was also conjugated to another tumour suppressor, miR-34c, for selective 

delivery to non-small cell lung cancer cells (NSCLC) with a subsequent 

effect on cell proliferation (Russo et al. 2018). The dual function of this 

aptamer was further utilized in the delivery of miR-137 tumour suppressor 

in glioblastoma stem-like cells (GSCs) (Esposito et al. 2016). GSCs have 

been implicated in the relapse and resistance of glioblastoma to therapeutic 

intervention. Therefore, the selective targeting of GSCs can potentially offer 

an effective treatment for glioblastoma. The GL21.T-miR-137 chimera was 

delivered along the Gint.4 RNA aptamer conjugated to anti-miR-10b 

(antagonists of the oncogenic miR-10b). Similarly to GL21.T aptamer, 

Gint.4 is a targeting moiety and an antagonist, selected against another RTK 

receptor, platelet derived growth factor β (PDGFβ). Combinatorial delivery 

of the aptamer-miRNA/anti-miR conjugates to the glioblastoma stem cell 

population resulted in inhibition of GSC propagation.  

In 2016, Iaboni et al. demonstrated another application for the GL21.T 

aptamer (Iaboni et al. 2016). When conjugated to miR-212, the aptamer-

miRNA chimera can be used as an adjuvant to TNF-related apoptosis-

inducing ligand (TRAIL) therapy for the treatment of lung cancer. More 

specifically, the increase in the expression of the tumour suppressor miR-

212, inhibited the anti-apoptotic protein PED/PEA-15 leading to TRAIL-

mediate cytotoxicity to cancer cells.  

The transferrin receptor which is universally expressed in all cells, in 

order to facilitate the import of iron, has also been explored as a potential 

delivery system for miR-126 (Rohde et al. 2015). In breast cancer in 

particular, the downregulation of miR-126 has implications in tumour 

growth, angiogenesis and metastasis. Therefore, this study sought to 

evaluate the ability of the TfR aptamer to selectively delivery miR-126 in 



Developing Aptamers for the Delivery of Therapeutic RNA 31 

breast cancer cells. As a second aim they compared the delivery and 

functionality of the mature miR-126-TfR aptamer as opposed to that of the 

pre-miR-126-TfR aptamer. The results showed that only the latter was able 

to generate functionally active miR-126, leading to increased levels of both 

miR-126 form (miR-126-3p and miR-126-5p) with subsequent reduction in 

tumour cell proliferation.  

With the aim to restore radiotherapy-induced myelosuppression, the 

group of Zheng et al. explored the ability of c-kit aptamer to selectively 

delivery miR-26a mimic to heamatopoietic stem/ progenitor cells (HPSCs) 

(Tanno et al. 2017). The effect of the chimera was tested in HPSCs that 

highly express the c-kit receptor. The result here demonstrated the ability of 

miR-26a to protect haematopoiesis from chemotherapeutic agent-induced 

myelosuppression by targeting Bak1 (a pro apoptotic gene). These results 

were further evaluated on a mouse model of breast cancer. The miR-26a 

chimera was able to suppress tumour growth and to exert myeloprotection 

against a chemotherapeutic drug (5’fluorouracil). As miR-26a has been 

observed in other cancer types and the c-kit receptor is expressed in other 

forms of cancer, including stromal, small-cell lung cancer, glioblastoma and 

many more, the therapeutic utility of the miR-26a chimera could extend 

beyond breast cancer (Tanno et al. 2017). 

Similarly, the novel aptamiR composed of the nucleolin aptamer 

AS1411 and the antimiR-21 (miRNA inhibitor, explained in antisense 

oligonucleotides section) chimera could have a therapeutic potential for 

various types of cancers (Pofahl, Wengel, and Mayer 2014). The antimiR 

domain was chemically modified with a phosphorothioate-LNA and 

covalently conjugated to the aptamer. Upon selective delivery in non-small-

cell lung cancer cells A549 the antimiR targeted and supressed the 

endogenous miRNA 21 while the AS1411 exerted its anti-proliferative 

activity leading to prolonged inhibition of cancer cell growth. As both the 

aptamer and the therapeutic miRNA are expressed in many cancer types, the 

therapeutic potential of this aptamer-miRNA chimera is high. 
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Figure 3. Aptamer-RNAi conjugation approaches. Schematics of common conjugation 

methods for RNAi sequences. A. Aptamer-siRNA, miRNA or AON chimeras 

conjugated via covalent linker, synthesized as a single molecule or as two parts that are 

later on annealed together. B. Aptamer-sticky bridge-siRNA, miRNA chimera. A 17nt, 

chemically modified, GC rich sequence serves as a linker to connect the aptamer with 

the therapeutic sequence. This approach serves as a universal linker for the conjugation 

of various siRNA, miRNAs. Furthermore, the sticky bridge is attached to the aptamer 

via a polycarbon linker. C. Aptamer-sticky bridge “like” approach. The 5’ of the 

siRNA or miRNA is extended (green) with a sequence complementary to the 3’ end of 

the aptamer (sequence shown in blue, complementary to the sequence shown in green) 

creating in this way a sticky bridge-like conjugation. D. Aptamer-streptavidin-siRNA 

complex. The aptamer and siRNAs are chemically modified with a biotin group which 

then facilitates binding to a streptavidin core. To facilitate release of the siRNA from 

the complex and subsequent RNAi processing, disulfide bonds are incorporated 

between the siRNA and the biotin that are reduced once in the acidic intracellular 

environment of the cell, resulting into siRNA release. E. Bivalent aptamer-siRNA 

chimera. Each aptamer is covalently conjugated to a siRNA and then the two parts are 

joined together via an additional covalent linker composed of a stretch of Uracyl bases 

(-UUUU-). In this way, two oncogenes can be targeted for silencing at the same time. 

Furthermore, the incorporation of two anti-PSMA aptamers rather than one, increased 

the specificity of the construct. Base modifications at the 3’ end of each siRNA (-UU, -

CA) were also added. F. Aptamer-siRNA chimera with increased specificity. Two 

aptamers targeting the same or different cell receptor are covalently linked with each 
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other via the therapeutic siRNA, miRNA. G. Second generation aptamer-siRNA or 

miRNA chimeras. The aptamer was truncated to its minimal functional size. A two 

nucleotide (-UU) overhang was added to the siRNA to enhance loading of the siRNA 

guide strand onto RISC. A polyethylene glycol (PEG) molecule was linked to the 

passenger strand for improved pharmacokinetic (PK) properties. H. Non-covalent 

aptamer-siRNA, miRNA conjugation via PEG. The PEG molecule serves as a linker 

and a spacer, to attach the aptamer to the therapeutic siRNA sequence while 

maintaining space for the aptamer portion to obtain its proper 3D conformation. At the 

same time, the PEG molecule improves pharmacokinetics and reduces renal clearance. 

The liposomal encapsulation enhances internalization of the siRNA. I. Example of an 

aptamer-functionalized nanoconstruct. The aptamer is non-covalently conjugated to a 

nanoarrier composed of a polymeric portion (polyethyleneimine, PEI) and a quantum 

dot (QD). The siRNA is encapsulated in PEI and covalently linked to the aptamer. This 

construct is then conjugated to the QD via electrostatic interactions creating PEI-

coated QDs.  

In another study from Catuogno et al., an antisense miRNA termed 

antagomiR were directed against tumour cells using two different aptamers 

as carrier molecules (Catuogno et al. 2015). AntimiRs or antagomirs are 

RNA-based antagonists for endogenous miRNAs and as therapeutics they 

are specifically targeted against disease-associated miRNAs (Stenvang et al. 

2012). They silence/inhibit the function of specific miRNAs, by binding 

onto them thus preventing them from finding their mRNA target. The 

selected aptamers, Axl and platelet derived growth factor β (PDFRFβ) both 

bind and antagonize receptor tyrosine kinases that are cancer-related. Both 

aptamers were conjugated to the tumour suppressor anti-miR-222 and upon 

introduction in a human glioma cell line overexpressing either the Axl or the 

PDGFRβ receptor, they demonstrated selective and specific aptamer-

mediated delivery of the anti-miR-222 (Catuogno et al. 2015). Furthermore, 

the selective delivery of the antagomiR was able to decrease miR-222 and 

increase the miR-222 target proteins. Additionally, this study set out to 

evaluate the effect of having two different antimiR sequences next to each 

other connected to a single aptamer. The results showed it was possible to 

simultaneously inhibit two different miRNAs without negatively affecting 

the specificity of the aptamer. This was also the first report of aptamer-

mediated delivery of antimiRs suggesting the applicability of this approach 

for other diseases with similar pathologies.  
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Aptamer- shRNA Delivery 

 

A shRNA is a siRNA with a hairpin structure (Figure 2B) (Moore et al. 

2010). It consists of a sense and an antisense sequence of paired nucleotides 

that are separated by a loop sequence of unpaired nucleotides. shRNAs are 

typically introduced into cells in expression vectors (viral or bacterial) and 

once in the nucleus, they are processed by Drosha and then exported into the 

cytoplasm by Exportin-5 (Moore et al. 2010). In the cytoplasm, the shRNA 

associates with DICER, resulting in removal of the loop sequence and 

subsequent conversion into a siRNA. From this point onwards it is regarded 

and processed as a siRNA where degradation of the mRNA target is induced 

by the RNAi machinery.  

The use of viral vectors for the delivery and stable expression of shRNA, 

while being advantageous for transfecting various cell types, at the same 

time, it poses safety risks which could severely limit their use as carrier 

molecules. These relate to potential off-target cell modifications by the 

shRNA as well as the risk of an immune response against the viral vector. 

In this regard, the efficacy of shRNA delivery can be improved with 

conjugation to aptamers that bind to cell surface receptors and internalize in 

target cells. 

While the examples with their siRNA siblings are numerous, examples 

of aptamer-mediated shRNA delivery are limited. One possible explanation 

could be the finding of cell toxicity caused by some shRNA expression 

vectors, especially when administered in vivo, offering a therapeutic 

advantage to the exploration of siRNAs for aptamer guided delivery 

(McBride et al. 2008; Moore et al. 2010). Nevertheless, the following 

examples demonstrate the therapeutic utility of aptamer-shRNA constructs. 

The work of Chung-II and Yokobayashi in 2006, was the first to demonstrate 

the temporal control of RNAi with an aptamer-shRNA chimera (An, Trinh, 

and Yokobayashi 2006). In this study, a theophylline selected aptamer was 

incorporated in the loop region of the shRNA designed to silence fluorescent 

reporter genes (EGFP and DsRed). Once administered in HEK293 cells 

aptamer binding to theophylline inhibited siRNA production of the aptamer-

focused shRNA targeting the DsRed gene with a similar effect observed in 
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vivo. The effect of the theophylline on the RNAi machinery was reversed 

with the removal of theophylline demonstrating a novel way to modulate 

RNAi processes through small molecules, without engineered proteins (An, 

Trinh, and Yokobayashi 2006).  

Aptamer-shRNAs delivery has been investigated primarily in cancer 

therapy, in an attempt to selectively destruct cancer cells. Kim et al. showed 

an elegant way to selectively induce a high cell death effect of prostate 

cancer cells by utilizing co-delivery of a shRNA against Bcl-xL (an anti-

apoptotic gene) and Doxorubicin (DOX) using aptamer-decorated 

polyplexes (E. Kim et al. 2010). The polyplexes were generated by 

conjugating branched polyethyleneimine (PEI) and hetero bifunctional 

polyethylene glycol (PEG) molecules as the shRNA delivery system. The 

anti-PSMA aptamer which is present on the surface prostate cancer cells was 

then conjugated to PEG and subsequently DOX was loaded onto the 

aptamer. DOX which is an effective anticancer drug, was intercalated into 

the nucleic acid bases of the aptamer’s loop and lastly the Bcl-xL shRNA 

was encapsulated in the PEI-PEG-PSMA-DOX complexes. As 

demonstrated by the results of this study, the aptamer decorated complexes 

were able to selectively induce cell death in LNCaP cells (PSMA positive) 

and to further inhibit the proliferation of this prostate cancer cell line (E. 

Kim et al. 2010). In a similar manner, Askarian et al. published in 2015 

another paradigm of aptamer-shRNA PEI polyplex for targeted delivery in 

lung cancer cells (Askarian et al. 2015). The Bcl-xL shRNA-encoding 

plasmid was conjugated to the nucleolin aptamer (AS1411) aptamer 

assisting its targeted delivery to A549 lung cancer cells but not into the 

negative control L929 cell line. The platform was composed of a poly-L-

lysine (PLL) polymer core onto which the PEI polymer was conjugated via 

alkyl modification. Subsequently the aptamer and the shRNA, both 

negatively charged molecules, were electrostatically coupled to the 

positively charged polyplexes. The results of this work demonstrated 

efficient delivery of shRNA against Bcl-xL, with subsequent 

downregulation of the gene and selective induction of apoptosis in A549 

cells.  
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Another potential therapeutic agent for prostate cancer was 

demonstrated by the work of Ni et al. (X. Ni, Zhang, et al. 2011). This group 

followed a different yet equally effective approach as Kim et al., for 

destructing cancer cells (E. Kim et al. 2010). Cell death in LNCaP prostate 

cancer cells was induced by a DNA-activated protein kinase (DNAPK) 

shRNA selectively delivered in these cells by the PSMA-targeting RNA 

aptamer (Figure 3A, shRNA). As the DNAPK is a key factor in DNA repair 

pathway, Ni et al. hypothesized that its inhibition via a shRNA, during 

ironizing irradiation (IR), can significantly enhance tumour response (X. Ni, 

Zhang, et al. 2011). The efficacy of the Bcl-xL shRNA-PSMA aptamer 

delivery system was assessed also in PSMA negative cells (PC3 cell line) as 

control. The results showed a selective reduction of DNAPK in LNCaP cells 

and also in LNCaP mouse xenografts. Subsequently, both were shown to be 

sensitized to IR therapy resulting to increased tumour cell death. Therefore 

this approach can be a promising tool for radiation therapy in prostate 

cancer.  

Bcl-Xl shRNA delivery in lung cancer cells was achieved in a more 

recent study using a different nanocarrier, an alkyl modified PAMAM 

dendrimer conjugated to aptamer nucleolin (Ayatollahi et al. 2017). In this 

work the polyamidoamine (PAMAM) dendrimer was loaded with shRNA 

and subsequently conjugated to the aptamer via covalent (amine 

modification) or noncovalent conjugation (electrostatic). The delivery 

system was assessed in vitro in A549 lung cancer cells where significant 

decrease in Bcl-xL expression was shown with subsequent selective 

induction of apoptosis, as no cell death was observed in the negative cell 

line, L929. As the authors indicated, the development of the AS1411-

PAMAM-shRNA nanoparticle could be used for gene therapy applications 

for pulmonary diseases (Ayatollahi et al. 2017).  

The work by Pang et al. demonstrates the application of aptamer-shRNA 

chimeras for a wider range of diseases, including infectious diseases such as 

Human Immunodeficiency Virus type 1 infection (HIV-1) (Pang et al. 

2018). Among other constructs, the authors designed a chimera made of a 

newly developed aptamer against HIV-1 integrase (aptamer S3R3) which is 

required for the integration of viral DNA in the host genome, and a shRNA 
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targeting the tat-rev region. The fusion of these two resulted in a very strong 

and prolong inhibition of HIV replication in cell cultures that could be useful 

in the future for gene therapy applications to confer HIV resistance and 

potentially a cure for AIDS (acquired immunodeficiency syndrome).  

 

 

Aptamer - AON Delivery 

 

Antisense oligonucleotides (AONs) function similarly to a miRNA 

antagonist. AONs are a class of synthetic, single stranded RNA molecules 

that have sequence complementarity to their mRNA target, thus the term 

“antisense” (Figure 2C) (Dias and Stein 2002). Their size ranges between 18 

and 21 nucleotides and are usually chemically modified to enhance their 

stability and nuclease resistance against serum nucleases. AONs are 

designed to specifically hybridize to a unique mRNA target sequence 

through Watson-Crick base pairing, modulating in this way gene expression 

at the mRNA level (Dias and Stein 2002). This is a highly promising 

therapeutic strategy for several monogenic diseases, including thalassaemia, 

muscular dystrophies and several neurological disorders (Wurster and 

Ludolph 2018; El-Beshlawy et al. 2008; Relizani et al. 2017; van Putten et 

al. 2019; Jauvin et al. 2017).  

AONs function through different molecular mechanisms (Shen and 

Corey 2018). However, the majority of AON drugs that are currently 

investigated, both clinically and preclinical, function via RNAse H 

dependent mechanism that induce mRNA degradation or though splicing 

modulation of the precursor mRNA leading to an exon to be included or 

exploded from the mRNA thus altering protein translation (Dias and Stein 

2002).  

Similarly to siRNAs, shRNAs and microRNAs, the major challenge in 

the effective use of AONs is the specific delivery of AONs to their 

intracellular targets (Nguyen and Yokota 2019). The ability of aptamers to 

bind with high affinity and specificity to target, suggests their effectiveness 

in this category of RNAi effector molecules as well, as targeting moieties 

for cell-specific delivery. In a proof-of-principle study, Kotula et al. 
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demonstrated AON delivery by means of a cell targeting aptamer (Figure 

3A, AON) (Kotula et al. 2012). In this study, the group utilized the AS1411 

aptamer against nucleolin, a receptor known to be present on the cell surface 

of many types of cancer cells, offering a therapeutic potential for various 

forms of cancer. A key observation of this study was the ability of the 

aptamer to internalize and localize to the nucleus of cancer cells. With this 

in mind, the authors aimed to investigate the ability of the AS1411 aptamer 

to deliver a splice-switching AON to the nucleus. To assess the delivery of 

the AON, the aptamer-AON chimera was transfected in the prostate cancer 

cell line PC3 containing a luciferase reported construct with a premature stop 

codon. Successful delivery of the AON to the nucleus was able to alter 

slicing and induce luciferace production. This result is a strong example of 

the potential of AONs to alter mRNA splicing patterns as a means of therapy.  

AONs are promising therapeutics for a number of monogenic diseases, 

including muscular dystrophies. More specifically, our group recently 

described in a proof-of concept-study the development of a skeletal muscle 

internalizing RNA aptamer (A01B) that has the potential to deliver 

therapeutic RNA sequences for use in Duchenne muscular dystrophy 

(DMD) (Philippou et al. 2018). DMD is caused by mutations in the 

dystrophin gene that disrupt the open reading frame (ORF) and result in the 

production of a dystrophin protein that is non-functional and unstable 

(Aartsma-Rus et al. 2017). Furthermore, studies have shown that internal 

deletions or duplications at the pre-mRNA level can restore the open reading 

frame and result in the production of dystrophin that is shorter but more 

stable, and functional. This approach converts the disease into a less severe 

form of muscular dystrophy, Becker muscular dystrophy and it can be 

mediated by AONs- an approach commonly referred to as AON-mediated 

exon skipping.  

Our more recent investigations focus on extending this approach to 

animal models, in an attempt to create a more clinically relevant aptamer 

(unpublished data). In this attempt, the more recent aptamer selection 

method, in vivo SELEX, is employed and the therapeutic AON is 

incorporated in the selection process. This is expected to offer a therapeutic 

advantage to the selected aptamer given that the remains functional. 



Developing Aptamers for the Delivery of Therapeutic RNA 39 

Aptamer-mediated delivery of AONs is a work still in progress. 

Nevertheless, the potential of aptamers to guide AONs to desired target(s) 

in the body is evident and there is excitement to what the future holds for 

these therapeutic approaches.  

 

 

APTAMER-MEDIATED DELIVERY:  

CHALLENGES AND SOLUTIONS 

 

Nuclease Degradation 

 

One of the first challenges in aptamer-based therapeutics is nuclease 

degradation (Dutta et al. 2016). Due to nuclease degradation, unmodified 

aptamers have an estimated circulation time of only 10 minutes. Therefore, 

in addition to the chemical substitution on the 2’position on the sugar ring 

of nucleotides (2ˈF, 2ˈNH2, and 2ˈOMe) upon their identification, aptamers 

can be further modified for preclinical and clinical applications. As such, 

additional post-SELEX modification sites include the ends of the 

oligonucleotide sequence, bases and the phosphate groups of the 

phosphodiester linkage. Capping of the 3’end with an inverted thymidine or 

an inverted biotin is a common chemical modification that increases 

nuclease resistance against 3’ exonulcelases and enhances binding affinity 

for aptamers in clinical trials(Esposito et al. 2011). Examples of aptamers in 

clinical trials that accommodate a 3’end inverted thymidine, include 

Macugen, ARC1905 and BAX499 (Dutta et al. 2016). Moreover, aptamers 

that are intended for clinical applications, such as the anti-von Willebrand 

factor aptamer ARC1779, could be further protected against nucleases by 

adding changes to the phosphodiester backbone such as a phosphorothioate 

(PS) or boranophosphate (Hirano, Munnik, and Sato 2015). More recent 

chemical modifications such as the LNA technology and the spiegelmers 

that are “mirror” RNA sequences, results in structural changes in the 

aptamer sequence that cannot be recognized by nucleases (Y.M. Kim et al. 

2015; Solinger and Spang 2014). On the other hand, the ribonucleoside 
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analogue UNA (unlocked nucleic acid) can enhance the flexibility of the 

aptamer, as shown in a published work with the thrombin aptamer (Wavre-

Shapton et al. 2014). 

As the aptamer recognizes its target based on its structure, any post-

SELEX modifications risk altering the folding pattern and subsequent 

function of the aptamer. As each aptamer is unique, no regulations apply 

modifications, but care should be taken to maintain the binding domains 

intact.  

 

 

Renal Filtration 

 

Renal filtration is the second challenge in aptamer-based therapeutics 

(Dutta et al. 2016; J. Zhou and Rossi 2016). Aptamers have a relatively small 

size, typically between 6-30 kDA (<5 nm in diameter) that is right below the 

renal glomerulus cut-off (between 30-50 kDA). As a consequence of this, 

when the aptamers are administered in the bloodstream they are rapidly 

excrete via the renal filtration leading to a very short half-life. To overcome 

the size limitation, bulky groups can be conjugated at the 5’-end of aptamers, 

such as high molecular weight PEG (usually between 20-40 kDA), 

cholesterol, proteins, liposomes, organic and inorganic nanomaterials (G.H. 

Kim et al. 2014; Scott, Vacca, and Gruenberg 2014; Puchner et al. 2013; 

Hubner and Peter 2012; Chinen et al. 2013). What these molecules do, is 

increase the overall size of aptamers above the cut-off limit of the kidneys. 

This in turn, enhances the pharmacokinetic profile of aptamers by extending 

their circulation times in serum and preventing or slowing down their renal 

clearance. Moreover, some of these molecules such as cholesterol, 

depending on the protein they are conjugated to, can also facilitate delivery 

to specific organs, such as the liver. PEG is an FDA-approved formulation, 

known to prolong circulation half-life and improve the in vivo bioavailability 

of aptamers upon systemic delivery. Conjugation of PEG to the RNA 

aptamer Macugen, increased its serum stability from 9 to 12 hours following 

systemic administration (Beas et al. 2012). While, PEG is a well-studied 

formulation, immune response against PEG was observed in some patients 
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of a phase III clinical trial of the aptamer-based anticoagulant system, REG1 

(carries an RNA aptamer and an antidote oligonucleotide) (Griffiths et al. 

2012). It was later on found that the presence of pre-existing PEG antibodies 

was responsible for this acute immune response.  

 

 

Intracellular Fate of Aptamers 

 

A third challenge for all nucleic acid therapeutics, not limited to 

aptamers, is the cellular fate of nucleic acids following internalization. 

Currently, several aptamer-drug complexes have exploited internalization; 

however, only a few studies further explored the mode of cellular delivery 

(Orava, Cicmil, and Gariepy 2010). There are several possible routes of 

internalization, including receptor turnover, membrane recycling, 

endosomal internalization and endocytosis (McNamara et al. 2006b; 

Benedetto et al. 2015; J. Zhou et al. 2009b; J. Zhou et al. 2008a; Dassie et 

al. 2009a; Tawiah, Porciani, and Burke 2017). The findings of most of these 

examples suggest entry via receptor-mediated endocytosis and subsequent 

localization in endocytic vesicles such as endosomes However, whether 

internalization occurs via aptamer binding on a receptor or due to natural 

membrane turnover is yet unknown (J. Zhou et al. 2009b). What it is known 

and used for an initial characterization of aptamer’s mode of entry, is that at 

cold temperatures (4°C), the membrane turnover is compromised and thus 

the aptamer is forced to bind on the surface (Daniels et al. 2003). Increasing 

the temperature back to 37°C, induces aptamer internalization most likely 

through the receptor onto which the aptamer initially bound (Serfass et al. 

2017; W.H. Thiel, Bair, et al. 2012; Y. Wang, Luo, et al. 2014). In another 

study using epithelial ovarian carcinoma cells, the mode of endocytosis and 

subcellular localization of the identified aptamer was monitored by confocal 

imaging (Benedetto et al. 2015). Using an endosomal-specific marker 

(pHrodo Red Transferrin: bright fluorescence when localized in endocytic 

compartments), the authors obtained images that supported colocalization of 

the aptamer in endosomal structures. These data suggested that the 
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internalization of this aptamer is regulated by endocytic pathways that 

almost always direct the cargo to early endosomes. 

Unless the aptamer finds a way to escape the early endosome it will be 

targeted for degradation (Tawiah, Porciani, and Burke 2017). This occurs 

through maturation of early endosomes to late endosomes and subsequent 

fusion with lysosomes. Notably, studies with aptamer-siRNAs (small 

interfering RNAs) conjugates have been shown to escape the endosome 

(McNamara et al. 2006b; Benedetto et al. 2015; J. Zhou et al. 2009b; J. Zhou 

et al. 2008a; Dassie et al. 2009a; Tawiah, Porciani, and Burke 2017). This 

suggestion was based, initially, on the observation that siRNAs must localize 

to the cytoplasmic compartment of a cell to exert their function. Other 

studies, led, later on, to the suggestion that at least the therapeutic siRNA is 

dissociated from the aptamer and escapes the endosomes (Neff et al. 2011a; 

McNamara et al. 2006b; J. Zhou et al. 2008a; K.W. Thiel, Hernandez, et al. 

2012a). A more recent, however, publication by the Giangrande group, 

reported a functional assay (RIP assay) to confirm cellular uptake and 

subsequent cytoplasmic release of RNA aptamers that bind to cell surface 

receptors (Law et al. 2017). In this study, a cellular toxin (saporin) with 

cytotoxic properties was conjugated to the A9g aptamer (without any 

therapeutic oligonucleotide). Upon aptamer-mediated delivery of saporin to 

the cytoplasm, the toxin exerted its ribosome inactivating protein effects, 

thus leading to cell death. While this is an important advancement for cell-

internalizing aptamers that are developed for RNAi delivery (siRNAs, and 

microRNAs), the exact mechanism of endosomal escape remains yet 

unclear. 

 

 

Toxicity 

 

Currently, there is limited knowledge about the toxicity of aptamers in 

clinical trials (T.T. Liu, Gomez, et al. 2012; Takahashi et al. 2012). While, 

minimal side effects have been reported, the anionic nature of aptamers and 

the use of chemical modification or conjugations could potentially cause 

toxicity, particularly with repeated administrations (Huotari et al. 2012; van 
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Weering, Verkade, and Cullen 2012; Huotari and Helenius 2011). For 

example, in the work by Swayze et al. LNA containing oligonucleotides 

induced hepatotoxicity as early the 4th day, after a single administration, 

indicating the potential risks of this chemistry (Kanwar and Fortini 2008). 

However, as indicated by another work with 2ˈF and 2ˈOMe containing 

nucleotides, the activation of the immune system by therapeutic RNAs can 

be advantageous for treating some diseases, such as cancers (known as 

cancer immunotherapy), as long as these immune and inflammatory 

responses can be controlled (Shah et al. 2007). As previously mentioned in 

the “Renal filtration” section, similar adverse effects can be obtained from 

conjugations with high molecular weight formulations, such as the PEG 

group. Additionally, high lipophilic molecules, such as liposomes and 

cholesterol, have high potency for liver uptake than, can, in turn, cause 

hepatotoxicity (Murphy 1991). These formulations raise some safety issues 

about the long-term use of these agents in humans that will have to be 

improved before aptamers can truly enter the clinic.  

A more recent strategy that could potentially address all four challenges, 

is the rational multimerization and/or multiplexing of aptamers (Wilson et 

al. 2000; Szeto et al. 2013; Economou et al. 2017). This strategy, creates a 

new multivalent molecule with a molecular weight above the threshold of 

the kidneys. These newer generation of aptamers, have shown improved 

performance compared with single aptamers, including higher binding 

affinity and specificity, biological function and as expected, circulation time. 

To date, such promising results have been obtained with the dimerization (2 

molecules) and tetramerization (4 molecules) of single aptamers (Wallner et 

al. 2017).  

 

 

FUNCTIONALIZED NANOPARTICLES: THE FUTURE 

OF APTAMER-MEDIATED DELIVERY 

 

Following the line of multimerization, aptamer-conjugated 

nanoparticles are vastly becoming the trend in aptamer-mediated delivery, 
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as discussed earlier, for the delivery of RNAi effector molecules. This is due 

to their ability to codeliver multiple components, such as a chemotherapeutic 

agents, imaging agents, RNAi effector molecules, and (an) aptamer(s), at 

once (Figure 4).  

 

 

Figure 4. Aptamer-functionalized nanoparticle. Schematic demonstrating the potential 

therapeutic applications of aptamers as cell targeting moieties for nanoparticles. 

Nanoparticles can be loaded with multiple groups including therapeutic sequences 

(siRNA), fluorescent agents (quantum dots) for intracellular monitoring and/or drugs 

such as chemotherapeutic drugs. Multiplexing results into the creation of 

multifunctional nanoparticles with numerous applications, including the combined 

death of cancerous cells as demonstrated above. 

Nanoparticles are structures which belong in the nanometre range, 

usually less than 100 mm. These structures should be able to pass through 

vessels that are accumulating in the affected areas. However, a key 

difference of nanoparticles from other molecules is that they have a large 
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surface area. Therefore, they can achieve large payloads for diagnostic and 

therapeutic agent applications (M. Kim et al. 2018; Sivakumar et al. 2019). 

Molecules like aptamers, can be attached onto the surfaces of nanoparticles 

to ensure high specificity. This strategy is referred to as active targeting.  

Aptamer-conjugated nanostructures include compounds like gold 

nanoparticles, oxide nanoparticles, dendrimers, carbon nanotubes, 

liposomes, micelles, quantum dots and polymers (Carolina de Agular 

Ferreira 2013). As delivery systems, aptamer-conjugated nanoparticles have 

several advantages, including their ability to affect the biodistribution and 

pharmacokinetics of drugs, the increased permeability across the cell 

membrane, the ability to carry several and different cargos, and finally the 

ability to exert cell specific targeting owed to their conjugation with 

aptamers. Furthermore, aptamers have the potential of being chemically 

synthesized. Therefore, other functional groups can be added to their ends 

to facilitate their linkage to nanoparticles. Additionally, aptamers are also 

nanoscale molecules. Therefore, they have little-to-no effect on the overall 

size and dimension of the nano-drug. This is critical in the passive uptake 

and transportation of the nano-drug through the microvasculature.  

After combining the advantages of nanoparticles and the tissue-targeting 

capabilities of aptamers, the use of aptamer-functionalized nanoparticles 

may be the awaited solution in the field of biomedicine (Carolina de Agular 

Ferreira 2013). 

 

 

CONCLUSION 

 

Since its inception, the use of RNAi technology has revolutionized how 

we perform research on gene function. Furthermore, the use of aptamers as 

cell-specific targeting moieties has positioned aptamer-RNAi conjugates as 

one of the most promising alternatives to traditional medication. Perhaps, 

the most important advantage is their three-dimensional structure that allows 

them to bind to specific targets on cells with high affinity and specificity. 

However, the use of aptamers in the field of biomedicine is likely to include 

further challenges, in addition to some exciting new applications.  
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In this chapter, an up-to-date review of the most relevant information on 

aptamer development and aptamer-targeted delivery of RNAi conjugates, 

including siRNA, microRNA, shRNA and AONs as well as aptamer 

challenges and solutions is provided. This review should be useful for 

researchers interested in engaging with the development of aptamers for 

delivery purposes as well as researchers looking for alternative carrier 

molecules with superior delivery characteristics, cell specificity in 

particular.  
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