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Abstract

Nucleic acids play a central role in all domains of life, either as genetic blueprints or as regulators 

of various biochemical pathways. The chemical makeup of ribonucleic acid (RNA) or 

deoxyribonucleic acid (DNA), generally represented by a sequence of four monomers, also 

provides precise instructions for folding and higher-order assembly of these biopolymers that, in 

turn, dictate biological functions. The sequence-based specific 3D structures of nucleic acids led to 

the development of the directed evolution of oligonucleotides, SELEX (systematic evolution of 

ligands by exponential enrichment), against a chosen target molecule. Among the variety of 

functions, selected oligonucleotides named aptamers also allow targeting of cell-specific receptors 

with antibody-like precision and can deliver functional RNAs without a transfection agent. The 

advancements in the field of customizable nucleic acid nanoparticles (NANPs) opened avenues for 

the design of nanoassemblies utilizing aptamers for triggering or blocking cell signaling pathways 

or using aptamer–receptor combinations to activate therapeutic functionalities. A recent selection 

of fluorescent aptamers enables real-time tracking of NANP formation and interactions. The 

aptamers are anticipated to contribute to the future development of technologies, enabling an 

efficient assembly of functional NANPs in mammalian cells or in vivo. These research topics are 

of top importance for the field of therapeutic nucleic acid nanotechnology with the promises to 

scale up mass production of NANPs suitable for biomedical applications, to control the 

intracellular organization of biological materials to enhance the efficiency of biochemical 

pathways, and to enhance the therapeutic potential of NANP-based therapeutics while minimizing 

undesired side effects and toxicities.
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In the last three decades, the continuous discovery of different classes of noncoding RNAs 

(ncRNAs) involved in many crucial cellular pathways and regulations tremendously boosted 

and expanded the field of RNA biology.1 In contrast to coding parts of mRNA, ncRNAs’ 

folding and overall resulting 3D structures determine their functions. Our increasing 

understanding of the roles that ncRNAs play in biology not only engenders intriguing 

questions about the extent of ncRNA importance for cellular life but also encourages the 

exploration of various therapeutic strategies where RNAs can be targets for therapies and 

also serve as therapeutics themselves.2

Through the simple interactions between two nucleic acid strands (RNA–RNA, DNA–RNA, 

DNA–DNA) that are dictated by the canonical Watson–Crick base-pairing rules, it is 

plausible to target aberrant RNA transcripts (e.g., mRNA) with high specificity. 

Subsequently, the targeted strand, in the form of duplex RNA–RNA or hybrid DNA–RNA, 

becomes diverted or completely removed from the original biological pathway. This 

approach, based on the complementarity between therapeutic and disease-specific nucleic 

acids, is promising for the treatment of a variety of diseases.3 Additionally, the interactions 

between therapeutic nucleic acids (TNAs) and disease-relevant proteins or metabolites are 

also of importance, whereas combining further two or more different TNAs in a single 

formulation represents a promising combinatorial strategy for synergistic therapeutics.4–6

Aptamers are becoming a key component of TNA technology, facilitating cell-specific 

delivery or high-affinity recognition of target molecules. Aptamers are single-stranded 

oligonucleotides that can be considered nucleic acid analogues of monoclonal antibodies. 

The coupling of aptamers with multiple TNAs via assembly of programmable nucleic acid 

nanoparticles (NANPs) provides a modular platform to simultaneously target different 

biological pathways for enhanced therapeutic effects. In this review, we will discuss the 

selection of aptamers, their mechanisms of actions, therapeutic potential, and use as 
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experimental tools to promote the field of therapeutic nucleic acid nanotechnology (Figure 

1).

Generation of Aptamers via SELEX (Systematic Evolution of Ligands by Exponential 

Enrichment). All single-stranded RNAs adopt more or less complex tertiary structures which 

interact with other cellular components and most importantly with proteins. Those 

interactions are either essential for RNA maturation or RNA itself assumes a crucial part of 

active RNA–protein complexes. Nucleic acids interact with proteins in varying degrees 

through physical forces, among which are electrostatic and hydrophobic interactions and 

hydrogen bonding. However, as not all proteins evolved to naturally interact with RNAs, a 

technique for the selection of specific RNA sequences that can adopt a particular tertiary 

structure which dictates its high binding affinity to a protein of interest was of great demand.

The in vitro selection process termed SELEX has been available since 1990, when two 

laboratories independently developed the same strategy, which is a bona fide directed 

evolution of oligonucleotides that leads to their recognition by a molecule of interest.7,8 

During SELEX, a library of ~1012–1015 short (<100 nt) single-stranded randomized 

sequences of nucleic acids is subjected to iterative cycles of in vitro incubation with the 

target molecule, which ultimately leads to the isolation of just a few sequences termed 

“aptamers” that exhibit the highest affinity for the molecular target (Figure 2).7,8 Depending 

on the desired mechanism of action for the aptamers, a variety of SELEX methods have 

been developed.9 The spectrum of reported aptamer targets spans from small molecules, 

through proteins and viruses, up to individual bacterial or eukaryotic cells. Although it is 

important to understand that when work refers to aptamers selected against viruses and cells 

as targets, the aptamers still selectively bind to undetermined molecular complexes or 

biomolecules within the context of a cell or viral surface. By recent analysis of 1003 in vitro 
experiments, Dunn et al. found that the majority of aptamers are selected against proteins 

(584 aptamers), then small molecules (234 aptamers), and cells (141 aptamers). Only 22 

aptamers were generated against viruses and 22 aptamers against other nucleic acids.10 

Broad recognition of aptamers translates to broad therapeutic applications. The most widely 

used SELEX approaches are protein-based and cell-based, with some variations in 

experimental settings.9

Protein-based SELEX consists of an initial subtraction step aiming to remove nucleic acid 

sequences with significant affinity to the separation platform or background used during 

selection (e.g., magnetic particles, nitrocellulose filter, or chip-based supports). 

Subsequently, the recovered unbound oligonucleotides are incubated with the target 

molecule, against which SELEX is performed. After the unbound oligonucleotides are 

washed out, the bound population is recovered and amplified for the next selection round.9

Recently, another variation of SELEX (based on multiplexed poly target selection) against a 

panel of primate lentiviral reverse transcriptases (RTs) utilizing libraries pre-enriched against 

a single RT resulted in the identification of a broad spectrum of aptamers. Through this 

process, researchers identified additional, rare, and known motifs able to suppress, to 

varying degrees, the replication of viral constructs expressing phylogenetically diverse RTs. 
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Therefore, this modified protein-based SELEX approach is advantageous for selecting cross-

reactive aptamers.11

In cell SELEX, the target for aptamer selection is a specific cell subpopulation (Figure 2). 

Again, the first step is the negative selection achieved by incubation of the nucleic acid 

library with cells that do not express the target antigen (known or putative). Next, the pool of 

recovered unbound sequences is incubated with cells expressing the cell surface antigen of 

interest. The recovered target-bound sequences are isolated, reamplified, and used for the 

next round of incubation with cells.12 Cell SELEX has the primary advantage of selecting 

aptamers against receptors in the natural biological environment of the cell membrane. 

Additionally, a modified version of the described technology, termed cell internalization 

SELEX, allows the selection of aptamers that bind cell surface antigens and are rapidly 

internalized into the cellular interior under physiological conditions.13 The cell 

internalization SELEX method is ideal for selecting the aptamers that can deliver therapeutic 

cargo with intracellular functions into the target cells.

Despite the several unquestionable advantages of using living cells in SELEX, manipulation 

with cells can change their physiology and ultimately lead to cell death, which is associated 

with unspecific uptake that would lead to enrichment with false specific sequences.14 

Similarly, modifications of the oligonucleotide backbone may affect the binding of 

oligonucleotides.15

Though the principle of SELEX is simple, the process is complex with specific 

technological requirements for individual steps as well as opportunities to advance.16 Since 

the SELEX discovery, many SELEX protocols were or are being developed with the aim to 

increase the specificity and affinity while maintaining minimum costs and time. Future 

studies will show if one or many approaches from different protocols such as in vivo 
SELEX, cross-over, toggle, chimerix SELEX, etc. will become the preferred choice of 

aptamer selection, though the intended application of an aptamer may determine the most 

suitable approach for its selection.17 Furthermore, there is a need to establish minimal sets of 

controls for the selection and functional description of aptamers.

Aptamers versus Antibodies.

Aptamers can be considered as nucleic acid analogues of monoclonal antibodies, although 

aptamer targets do not have to be immunogenic. These properties make aptamers very 

promising candidates for targeted therapy. In fact, the first aptamer-based therapy, 

pegaptanib (Macugen), was approved by the U.S. Food and Drug Administration (FDA) in 

2004 for the treatment of age-related macular degeneration.18 Despite its initial success, 

Macugen was outcompeted by monoclonal antibody fragments, ranibizumab (Lucentis) and 

bevacizumab (Avastin), crediting a higher effectivity and lower cost, respectively.19 

Although antibodies are more developed and understood, synthetic aptamers have several 

advantages in comparison to antibodies such as time and control over production together 

with the flexibility of designs, which is probably one of the most important benefits of 

aptamer technology. Whereas antibody design and manufacturing can take months and 

requires a biological system with intrinsic stochasticity, selection of aptamers is carried out 
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within a few weeks under precisely controlled experimental conditions and can be 

potentially automated. The further production of selected aptamers can be entirely synthetic, 

which minimizes batch-to-batch variability and can be scaled up. Another important 

advantage of aptamers over antibodies is their great shelf life due to the heat stability and 

ability of renaturation. With these factors, transportation and storage of aptamers does not 

require cold-chain. Furthermore, from a biomedical point of view, aptamers are much less 

immunogenic than antibodies.

However, one primary concern for the clinical use of RNA aptamers is their sensitivity to 

nuclease degradation and, therefore, short half-life in vivo. The phosphodiester backbone 

and the 5′ and 3′ termini are extremely sensitive to serum ribonucleases and exonucleases, 

respectively. This sensitivity would effectively prevent any systemic application of 

therapeutic aptamers and allow just their local and/or temporary use; however, substitution 

of natural ribonucleo-tides with chemically modified analogues during or after SELEX 

increases RNA aptamers’ chemical stability and prolongs their bioavailability.28 

Additionally, locked nucleic acids (LNAs), modifications of phosphodiester bonds, and 

polyethylene glycol (PEG) can be incorporated to stabilize aptamer structures and prolong 

circulation times.28,29 Collectively, this greatly expands the therapeutic potential of RNA 

aptamers.

In comparison to antibodies, the relatively lower affinity of aptamers to their targets is 

caused by a limited number of natural building blocks where four nucleotides with similar 

physicochemical properties create less diverse chemical motifs than 20 amino acids with a 

broader range of physicochemical properties, thus providing a higher heterogeneity of 

interactions. The advancements in synthetic biology provide us with toolkits in molecular 

biology reactions to expand the genetic alphabet with unnatural forms of DNA such as 

artificially expanded genetic information systems (AEGISs) for its use in aptamer selection. 

The artificial bases base pair by hydrogen bonding or via shape complementarity.30–32 The 

application of unnatural bases in NANP technology can potentially boost the field of nucleic 

acid nanotechnology and lead to NANP structures with antibody-like avidity to antigens, 

while preserving nucleic acid advantages.

Organization of Aptamers into Complex Structures.

Aptamers as a stand-alone molecule can inhibit (antagonize) or activate (function as 

agonists) target receptors in diverse conditions. Linking together aptamers that bind to 

disease-specific receptors and TNAs designed to silence the gene of interest led to the 

development of so-called aptamer chimera technology.33 Generally, the term aptamer 

chimera refers to an aptamer fused with another functional oligonucleotide. Since their first 

description in 2006, chimeric aptamers have been shown as a vital combination for receptor-

specific delivery of functionally diverse nucleic-acid-based molecules (e.g., siRNAs, anti-

miRs, decoys, DNAzymes) (Figure 3A).34 Besides the assistance in TNA intracellular 

localization, aptamers can also accommodate the delivery of chemotherapeutics and 

bioactive peptides.35,36 Aptamers may be connected to functional TNAs in several ways: (i) 

complementary single-stranded extension,37 (ii) sticky bridge,4 (iii) carbon linker,4 (iv) 
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disulfide linker,36 or (v) by incorporation of aptamers directly within the functional 

structure38 (Figure 3B).

The next logical step in the development of complex TNAs was the design of NANPs to 

accommodate multiple functionalities within the same complex. NANPs are rationally 

designed nanoscaffolds assembled through canonical and noncanonical base pairings.39–61 

The multifunctional versatility of NANPs can be easily expanded by various functional 

DNA and RNA moieties such as aptamers, miRNAs, siRNAs ribozymes, and decoy 

oligonucleotides as well as other chemical components such as fluorophores, 

chemotherapeutics, toxins, and peptides, all introduced in a precisely controlled fashion 

(Figure 3C). Furthermore, aptamers embedded in rationally designed nanoscaffolds can 

enhance the interaction between the cells.62 Additionally, in vivo assembled NANPs promise 

to scale up mass production of the nanoparticles for biomedical applications and to control 

the intracellular organization of biological materials with the aim to enhance the efficiency 

of biochemical pathways.63–65

Mechanisms of Action for Stand-Alone Therapeutic Aptamers.

Antagonistic aptamers appear to have a dominant role in therapeutic research. Currently, all 

aptamers in clinical trials belong to this category.66 The benefits of repressing the function 

of disease-associated receptors have been shown in many human diseases such as cancer,67 

ocular and bleeding disorders,68,69 cardiovascular disease,70,71 autoimmunity,72,73 

degenerative neurological disease, and infectious disease.74 An aptamer binding a 

pathological cell receptor can block the interaction of the receptor with its ligand, resulting 

in disruption of downstream signaling. This antagonistic function has a direct therapeutic 

effect by itself. Aptamers can function as antagonists by targeting either the receptor or the 

ligand.75,76

Manipulation of interplay between the tumor and immune cells has potential to stimulate the 

immune defense against carcinogenesis. The immune system is regulated by an intricate 

network of molecular interactions that maintain self-tolerance and balance the immune 

response to keep damage in unintended targets at minimal levels while encountering 

infectious agents. Erroneous gene expression and regulation are inherent to cancer cells. The 

negligent control mechanisms in malignant cells thus provide a vast spectrum of antigens 

that can be recognizable by immune cells. However, cancer cells can effectively intervene 

against the attack of immune cells by inhibiting co-stimulatory pathways and stimulating 

restriction signaling. The therapeutic blockade of these interactions or immune checkpoints 

can be game-changing treatments in cancer therapy (Figure 3A).77 The importance of this 

strategy gained momentum in 2018 by awarding a shared Nobel prize to James P. Allison 

and Tasuku Honjo for their work focused on “…stimulating the inherent ability of our 

immune system to attack tumor cells… where they established an entirely different principle 

for cancer therapy”.78

One of the first studies that demonstrated aptamers manipulating the immune cells in vitro 
and in vivo targeted murine CTLA-4 (Figure 4A,B). The binding of the aptamer to T cells in 
vitro enhanced T cell proliferation and inhibited tumor growth in vivo. The study also 
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showed that the bioactivity of this aptamer can be increased by the generation of a 

tetravalent form. Enhanced bioactivity in vivo was likely due to the higher avidity of the 

aptamer complex to CTLA-4. This improvement led to the decrease of the dose requirement.
79 Additionally, the immunosuppressive tumor microenvironment is established by 

activating co-inhibitory receptors on infiltrating effector T cells by the cell surface 

expression of co-inhibitory ligands (i.e., PD-L1) within the tumor microenvironment. One of 

the essential immune inhibitory pathways involves the PD-1–PD-L1 interaction (Figure 

4A,B).80 Recently, a DNA aptamer MP7 specific to PD-1 blocked interaction with PD-L1 in 

primary T cells. To increase the MP7 half-life in vivo, the 5′ end of the aptamer was linked 

to polyethylene glycol (PEG). PEGylated MP7 restored, in a murine model of colon 

carcinoma, antitumor immune responses and suppressed the tumor growth with a potency 

comparable to that of an antagonistic anti-PD-1 antibody.75

Second, aptamers can function as agonists to dimerize receptors, resulting in stimulation of 

downstream signaling (Figure 4B). Stimulation of receptors by agonist aptamers shows 

promising results especially in the field of cancer immunotherapy and antiviral treatment. 

The lack of or weak immune response to tumor cells is one of the hallmarks of anticancer 

therapy that results from the absence of co-stimulatory ligands able to activate cell surface 

receptors by oligomerization. In an effort to cross-link relevant receptors, many agonistic 

aptamers were designed in the form of bivalent molecules. Efficient initiation of signaling 

cascades by cross-linking requires the rational design of the linker that connects monomeric 

aptamers with respect to the distance between target domains, orientation, and rotational 

freedom of aptamers.

This was observed when the bivalent but not the monovalent form of the 4–1BB RNA 

aptamer co-stimulated CD8+ (cytotoxic) T cell activation by binding the 4–1BB major co-

stimulatory receptor in vitro and resulted in tumor rejection in a murine model. The correct 

orientation and pairing of the two 4–1BB aptamers were achieved through complementary 

3′ side 21 nt long extensions, creating a double-stranded linker. The distance was assessed 

based on the approximate length between the two variable domains of the 4–1BB-specific 

antibody.81 A DNA scaffold composed from two 20 bp long oligonucleotides connected 

with an 18 carbon polyethylene spacer, which provides flexibility to the assembled complex, 

represents another option to connect two OX40 RNA aptamers through 3′ side extensions 

base pairing to the DNA scaffold.82

Interestingly, dual functionality was shown in 2′-fluoropyrimidine-modified RNA aptamers 

selected to target CD28, a protein required for co-stimulation in T cell activation. From two 

selected aptamers in monomeric forms, one (CD28Apt2) had an antagonistic effect, 

preventing the co-stimulatory signal, whereas the second aptamer (CD28Apt7) upon binding 

was neutral. Surprisingly, after assembly of aptamers into the bivalent form, both functioned 

as an agonist triggering co-stimulatory signal. Dimeric aptamers were engineered by two 

methods using a 21 bp double-stranded linker or by fusing both aptamer strands into one 

linear sequence and transcribing the dimer as a single RNA strand. The single molecule 

CD28Apt7 dimer had the strongest co-stimulatory effect, even higher than that of a CD28-

specific antibody.83

Panigaj et al. Page 7

ACS Nano. Author manuscript; available in PMC 2020 July 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The SELEX process can also result in several high-affinity aptamers, and each aptamer can 

trigger a different outcome in cell signaling. This situation allows for evolving different 

therapeutic concepts. For example, an agonist aptamer for dimeric CD40, needed for 

activation of antigen-presenting cells, was shown to improve the recovery from bone marrow 

aplasia, which can occur in oncological patients upon chemotherapy or radiotherapy 

treatment. The recovery is not compromised even when agonist CD40 aptamer is used as a 

chimera with SMG-1-shRNA in B-cell lymphoma where shRNA activates RNA interference 

(RNAi) to specifically silence nonsense-mediated mRNA decay. Inhibition results in 

enhanced tumor antigenicity and higher tumor infiltration by lymphocytes. Similar overall 

mice survival was achieved by application of stand-alone CD40 antagonistic aptamer.84

To date, several aptamers have been selected against receptors involved in immune signaling 

(Figure 4C).85 Aptamers as nucleic-acid-based ligands of various membrane proteins 

involved in immune cross-talk can stimulate a patient’s immune system against malignant 

cells. Interestingly, by embedding aptamers into the membranes of immune cells, they can 

serve as nucleic acid receptors and target them to cancer cells. This strategy is relatively 

straightforward and can represent an alternative to chimeric antigen receptor therapy that 

relies on genetically engineered T or NK cells (Figure 4E).86–88

In addition to the cancer therapeutics discussed above, aptamer agonists can be applied to 

the activation of cellular defenses to viral infections as many viruses have developed 

different molecular strategies to evade or suppress the immune system.89 The retinoic acid 

inducible gene I (RIG-I) is a pattern recognition cytoplasmic receptor that detects nonself 

RNAs. RIG-I receptors recognize RNAs of evolutionarily distinct viruses and mediate 

immune responses against infections through IFNα/β production.90 Although located in the 

cytosol, RIG-I receptors may present a target for RIG-I agonist aptamers (Cl9) to block viral 

infection especially in nonimmune cells with restricted expression patterns of Toll-like 

receptors (TLR).91 Targeting additional receptors including but not limited to TLR 3, TLR 

7/8, TLR9, MDA5, STING, and cGAS has the potential to identify therapeutic aptamers for 

treatment of pathogen infections. Previous investigations also indicate adjuvants targeting 

nucleic acid sensors activate humoral and cellular immune responses.92 As such, aptamers 

targeting nucleic acid sensors would be strong adjuvant candidates.

The potential application of an agonist RIG-I aptamer in cancer therapy is suggested by 

observations of immune response to tumor cells through RIG-I activation.93–95 The absence 

of RIG-I in human tumor cells increases their resistance to irradiation and 

chemotherapeutics. Radiation induces translocation of small nuclear RNAs U1 and U2 to the 

cytoplasm, where they form a complex with RIG-I and trigger downstream signaling, 

leading to activation of interferon genes. Transcription of IFN genes can sensitize cancer 

cells and mobilize immune cells to the tumor microenvironment.93 Despite the effectivity of 

cancer immunotherapies, some tumors do not react to this treatment; however, they can be 

reverted by induction of RIG-I that can activate tumor cell death.94 Furthermore, in 

hepatocellular carcinoma, upregulated RIG-I expression blocked the proliferation and spread 

of cancer cells.95
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Although bivalent aptamers have the ability to dimerize targeted receptors (Figure 2), 

conjugation of two different aptamers into bispecific constructs is a strategy to direct cell–

cell interactions, such as to cross-link tumor cells with immune cells and to activate the 

cognate receptors.62,83 In a similar strategy, a bispecific aptamer targeting the abundant 

tumor stromal protein, VEGF, on one side and 4–1BB cellular receptor on the other side 

enhanced therapeutic indexes in several unrelated tumors in a murine model.96

Generally, selecting aptamers against infectious agents has better potential to replace 

antibody-based applications including pathogen diagnosis, vaccine potency testing, and 

research. The selection of aptamer-discriminating pathogens or toxins may be less prone to 

isolating false positive sequences than cell SELEX. Currently, several bacterial, viral, and 

parasitic pathogens were subjected for aptamer selection to detect or inhibit infection.73,97,98 

An extensive aptamer library for identification of specific pathogens as well as a means to 

discriminate pathogens expressing or lacking key virulence factors could greatly improve the 

current diagnostic process and therapy. Given the physicochemical and economic advantages 

of aptamers over antibodies, the development of treatment and diagnosis against infectious 

organisms based on aptamers may prove as viable in less developed countries.

Chimeric Aptamers To Deliver TNAs.

The conjugation of aptamers and other functional oligonucleotides into one chimeric 

construct is a way to specifically deliver TNAs without a need for a transfection reagent. The 

majority if not all of chimeric constructs are designed to affect post-transcriptional 

regulation upon binding to the specific receptor and successful trafficking to the cytoplasm.

Knocking down the expression of certain genes is an intensely researched approach in the 

context of nucleic-acid-based therapies. The very first FDA approval of RNAi therapy 

(ONPATTRO) as a treatment option against polyneuropathy in patients with hereditary 

transthyretin-mediated amyloidosis makes all relevant research of timely importance.99 

Depending on the type of linked interfering RNAs, it becomes possible to silence either just 

one specific gene (by siRNA) or repress an expression of multiple genes simultaneously (by 

miRNA). The first proof-of-concept for in vivo (in a xenograft model) targeted delivery of 

therapeutic miRNA relied on antagonistic aptamer GL21.T targeting Axl, a receptor tyrosine 

kinase (an oncogene overexpressed in several human cancers) and tumor suppressor let-7g 

miRNA. Synergistic chimeras downregulated let-7g target genes in tumor cells, leading to 

apoptosis, decreased cell proliferation, and a reduction in tumor size. The versatility of this 

approach was confirmed by using alternative linking strategies and a combination of diverse 

aptamers and miRNAs.37

Given the importance of RNAi in control of gene expression, it becomes evident that, during 

malignant transformation, certain miRNAs participate in aberrant post-transcriptional 

regulation. Increases in the expression of the target gene repressed by the aberrant miRNA 

can be restored by outcompeting mRNA with synthetic miRNA antagonistic 

oligonucleotides (anti-miR), which mimic fragments of target mRNAs and base pair with 

corresponding miRNAs. A double-stranded miRNA–anti-miR complex, therefore, does not 

bind target mRNAs.100,101 The first study reporting aptamer–anti-miR chimeras delivered a 
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phosphorothiolated anti-miR LNA targeting the miR-21 linked to the nucleolin-binding 

DNA aptamer (AS1411) at the 3′ end with three thymidine nucleotides.102

Inhibition of one miRNA type (miR-222) by anti-miR can be mediated by aptamers selected 

to target different receptors (Axl or PDGFRβ). Interestingly, no increase in antagonizing 

potential was observed when two identical anti-miR-222s connected in tandem were co-

delivered, but the tandem of two different anti-miRs (anti-miR-222 and anti-miR-10b) 

reduced respective miRNAs and increased target protein levels.103 The additive inhibitory 

effect on tumors can be achieved by combined co-treatment with two independent aptamer 

chimeras targeting two independent tumor-specific receptors (Axl and PDGFRβ). While one 

chimera silences target mRNAs (GL21.T-miR 137), the other upregulates expression by 

inhibiting miRNA (Gint4.T-anti-miR-10b).104

Additionally, aptamers in conjunction with TNAs can be used to enhance antiviral 

responses. Every phase of the viral life cycle depends on the host cell. Aptamer-mediated 

blocking of either a cellular receptor or a viral glycoprotein is a viable strategy to prevent the 

infection of cells.105,106 Delivery of aptamer–siRNA chimeras via cellular receptor or viral 

envelope proteins on the cell surface may enhance antiviral effects through downregulation 

of viral and/or virus-required host genes. Together with aptamers targeting proteins and 

enzymes crucial for virus replication, we can combat virus infection throughout the whole 

viral replication cycle.107 Furthermore, the simultaneous silencing of both the virus and 

cellular transcripts by a cocktail of several aptamer chimeras has the potential to prevent the 

formation of viral escape mutants. The feasibility of this idea has been tested in the 

experimental model of humanized mice by targeting the expression of HIV-1 viral proteins 

tat and rev and host CD4 receptor that is required for HIV-1 entry as well as transportin 3 

(TNPO3) necessary for viral integration.4 In a follow-up study, an RNA aptamer (G-3) 

targeting the human CCR5 protein alone decreased R5 HIV-1 virus replication regardless of 

the application prior or postinfection. Enhanced suppression of HIV-1 replication was also 

observed in human primary PBMCs treated with G-3-TNPO3 siRNA chimera.5

Recently, a strategy for the stable expression of an aptamer targeting HIV integrase and 

reverse transcriptase was introduced. The long-term inhibition of HIV replication in a cell 

culture system relies on the cellular transcription of aptamers incorporated into the terminal 

loop of an shRNA targeting the tat–rev region.38 Regarding cellular expression of aptamers, 

the flanking sequences of the transcript are important for proper folding. However, on one 

side, these sequences can abrogate functional conformations of an aptamer, but on the other 

side, proper design and experimental validation of aptamer adjacent sequences can stabilize 

transcripts and increase the resistance to degradation.108,109

How to prevent viral infections is a primary concern. If the integrity of the human body is 

not compromised by wounds, bites, etc., the most probable routes for infection are 

accessible tissues, that is, upper respiratory tract, lower airways, or reproductive organs. 

Application of a formulation of aerosol containing therapeutic aptamers or a gel with 

aptamers or aptamer–siRNA chimeras might protect against viral infections. In that context, 

interesting results were observed in a humanized murine model where the application of 

hydroxyethyl cellulose gel formulated with CD4+ (T helper cells)-specific aptamers linked 
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to siRNAs silenced either the host CCR5 gene or the viral gag–vif sequences in order to 

prevent HIV infection up to 4 days before intravaginal exposure to the virus. In the 

following 10 weeks postinfection, no p24 antigen or viral RNA was detected in animal 

plasma, and the number of CD4+ cells remained unchanged.6

In addition to aptamer delivery of oligonucleotides affecting ncRNAs involved in RNAi, 

there are minor but inspirational nucleic-acid-based constructs including DNAzymes, splice-

switching oligonucleotides (SSOs), and decoy oligonucleotides that allow destruction or 

alternative splicing of target mRNA or inhibit transcription factors, respectively. DNAzymes 

are artificial single-stranded DNAs selected to catalyze specific chemical reactions such as 

RNA ligation, DNA phosphorylation, or cleavage of RNA including specific mRNAs.110 

The first attempt at employing aptamer-mediated (AS1411-surviving mRNA specific 

DNAzyme) delivery of DNAzyme resulted in inconclusive results.111 Rather than in targeted 

therapy, aptamer–DNAzyme chimeras can potentially find some applications in biosensing.
112

Splice-switching oligonucleotides are single-stranded oligonucleotides that target nuclear 

pre-mRNA molecules to alter mRNA splicing, resulting in alternative protein isoforms.113 A 

prerequisite of successful therapy is the conjugation of SSOs to an aptamer whose target 

protein (e.g., nucleolin) is translocated to the nucleus. It seems that even a small percentage 

of repaired pre-mRNA becomes sufficient to generate phenotypic effects.114

Another rapidly developing class of TNAs are decoy oligonucleotides that are double-

stranded DNAs with a specific or consensus transcription factor binding sequence. Decoy 

oligonucleotides bind to a corresponding transcription factor in order to inhibit binding to its 

specific target genome sequences present in promoters and enhancers, thus attenuating 

transcription of corresponding genes.115 Delivery of a decoy mimicking the NF-κB 

consensus promoter sequence by an RNA aptamer specific to human transferrin receptor in 

pancreatic carcinoma MIA PaCa-2 cells reduced translocation of NF-κB from the cytoplasm 

to the nucleus. A synergistic effect was achieved by elongation of the aptamer with a 

doxorubicin-binding short GC-rich double-stranded DNA tail that hybridized to an anti-tail 

sequence conjugated through a disulfide linker to an NF-κB self-complementary decoy 

oligonucleotide.36 Most of the stand-alone aptamers can function just by binding to their 

receptors on the cell surface. However, for chimeric aptamers carrying TNA, rapid 

internalization and release to the cytoplasm are crucial processes. Although many aptamers 

that efficiently delivered TNA into the cytoplasm were described, the process of their 

passage through the membrane without help from external carriers remains elusive and is 

represented with a complex set of limitations.116 Therefore, studies requiring high-resolution 

microscopy together with functional tests are necessary to elucidate chimeric aptamer 

trafficking.

Aptamers as Modular Components of Nucleic Acid Nanoparticles.

At the end of the 1990s and the beginning of this millennium, several pioneering studies 

introduced the notion of the programmable design of RNA nanoparticles assembled using 

long-range RNA tetraloop-receptor interacting motifs117–121 or structural RNA motifs 
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derived from the DNA-packaging motor of bacteriophage phi29122 that can serve as a 

building block to engineer NANPs via a bottom-up assembly123,124 and implement 

therapeutic aptamers embedded into their structures. In the latter case, the independent 

folding of several domains is the main hallmark of packaging RNA (pRNA) monomers for 

their further controlled assembly.41 The 5′ and 3′ ends of pRNA located in the double-

stranded helical domain can be replaced with aptamers or other TNAs without affecting the 

pRNA structure. This spatial arrangement has been proven, in multiple in vitro or in vivo 
studies, as an effective vector of diverse functional RNAs. In one of the first experiments, the 

pRNA sequence was fused with a hammerhead ribozyme cleaving hepatitis B virus polyA 

mRNA or U7 snRNA-targeting ribozyme in vitro or in cell culture.125

The ability of dimerization mediated by interlocking domains leads to the assembly of 

NANPs with gene- and cell-targeting properties. CD4-specific aptamer or folate on one 

subunit delivered to targeted cells can introduce an interlocked subunit carrying siRNA 

against the survivin or luciferase genes. Ex vivo treatment of nasopharyngeal epidermal 

carcinoma cells with dimers containing folate and siRNA–survivin suppressed tumor 

formation in athymic nude mice after the axillary injection of targeted cells.126 Engineering 

the central domain of bacteriophage phi29 pRNA forms a stable X-motif that can display up 

to four functional RNA oligonucleotides such as a malachite green aptamer, folate 

displaying sequence, luciferase siRNA, and survivin siRNA.127 Similarly, dimeric pRNA 

with the FB4 aptamer directed against the mouse transferrin receptor delivered siRNA 

targeting intercellular adhesion molecule-1 (ICAM-1) mRNA. Uptake of chimeric dimers in 

murine brain-derived endothelial cells stimulated by TNF-α or under oxygen-glucose 

deprivation/reoxygenation, an in vitro inflammatory cell model, blocked the increase of 

ICAM-1 expression and inhibited the adhesion of monocytes. The treatment has the 

potential to inhibit inflammation in ischemic strokes and other neuroinflammatory diseases.
128

Generalized use of 3WJ motifs of the phi29 DNA packaging motor allows different options 

for bottom-up self-assembly of simple or more complex multifunctional RNA NANPs 

carrying aptamers in their structures.129 For example, the pRNA-3WJ core was adapted to 

display EGFR aptamers for specific targeting and delivery of anti-miR-21 upon systemic 

injection in orthotopic TNBC tumor-bearing mice (Figure 2C). The knockdown of miR-21 

upregulated PTEN and PDCD4, leading to the inhibition of tumor growth. In vivo 
biodistribution of RNA nanoparticles was tumor specific with negligible or no accumulation 

in healthy organs and tissues.130 In a similar study, Endo28 aptamers incorporated to the 

core of pRNA-3WJs targeted annexin A2, which is expressed in the vasculature of ovarian 

tumors. The doxorubicin intercalated into the pRNA-3WJ scaffold with high loading 

efficiency and then selectively entered annexin A2 positive cells through receptor-mediated 

endocytosis. The polyvalency of the pRNA-3WJ scaffold allowed for an imaging probe 

Alexa 647 for tracking. Doxorubicin associated with pRNA scaffolds is slowly released, 

which is advantageous upon systematic application.131

Computer-assisted rational design tremendously expands the possibilities for generating 

versatile NANPs, thus creating an alternative approach to pRNA-based designs.61,132–134 

The compact multifunctional RNA NANPs designed in silico,135 extensively tested in vitro,
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136–138 and then demonstrated in animal models60 have the capacity to simultaneously carry 

on a combination of several aptamers (Figure 5B) and/or RNAi inducers designed to 

simultaneously silence up to six different genes required, for example, in HIV-1 replication.
60 Recently, the simple modification of NANP structures allowed for doubling the number of 

functionalities per the same construct.139 The exceptional diversity of functional NANPs is 

achieved by base pairing the TNAs directly to the NANP strands, and as the study has also 

shown, the use of biotinylated sequences allows the direct coupling of NANPs to 

streptavidin-conjugated proteins. In that work, the J18 RNA aptamer with affinity to EGFR 

provided specificity to target A431 cells,140 but the intracellular trafficking of the particles 

remains to be elucidated (Figure 3C).60 The flow cytometry data, however, suggest that the 

increase in number of aptamers over three per single NANP had no dramatic increase in 

specific cell binding. This means that the remaining positions can be used for displaying 

other functional moieties. Additionally, some recent data suggest that aptamer-mediated 

delivery of naked, large, functional RNA NANPs leads to the internalization of payloads in a 

nondisrupted state for more than 2 h.141 Perseverance of NANPs in correct folding gives an 

opportunity to couple NANPs with fusogenic peptides or proteins that can facilitate the 

endosome escape of NANPs. Similarly, as for chimeric aptamers, the release of NANPs 

from endosomes currently represents one of the main obstacles in the application of naked 

NANPs in vivo. It would be interesting if we could engineer nucleic acid structures that 

would respond to acidic environment analogically as certain viral fusogenic proteins.142 

Whereas RNA structures dynamically responding to changes in pH have been already 

described,143 such effort would probably require the application of unnatural bases. 

Ultimately, such features could lead to development of multifunctional NANPs synthesized 

purely from nucleic acids (Figure 5).

Use of Aptamers in Nanorobot Construction.

Besides NANP technology, significant progress has been demonstrated in the experimental 

application of targeted DNA origamis. DNA origami is a groundbreaking technology used to 

create customizable DNA assemblies by folding multi-kilobase ssDNA via interactions with 

computationally designed short “staple” ssDNAs.144

The RNA NANPs upon specific cell targeting mostly rely on cellular uptake and endosomal 

escape to exert their function. Although this is true also for many reported NANPs delivered 

by aptamers, DNA origami-based structures promise a cell-specific delivery and logical 

release of therapeutic cargo without entering the diseased cell. The following works are 

illustrative of the potential of aptamers for the creation of nanorobots combining diagnostics 

with therapeutics that are based on the aptamer logic-gated checks minimalizing off-target 

effects. The logical trigger is activated only in the presence of cellular receptors that are 

recognized by a pair of NANP-associated aptamers. The first DNA origami-based logic-

gated nanorobot in the form of a hexagonal barrel consisting of two halves linked together 

by single-stranded scaffold hinges was locked by two DNA aptamers (Figure 4D).145,146 

The aptamers base pair to partially complementary strands attached to the opposite half-

barrel domains. In the inactive state, therapeutic cargo is hidden inside the barrel and the 

functional payload is exposed and activated only when both aptamers simultaneously 

recognize target proteins (protein keys), which will cause dissociation of aptamer lock 
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duplexes. The process operates equivalently to a logic AND gate. The specificity of the 

aptamer-encoded logic gating strategy has been proven by six different robots displaying 

pairwise combinations of aptamer locks from a set of three aptamer sequences: 41t, TE17, 

and sgc8c. Several experiments tested the functionality and robustness of nanorobots. For 

example, the fluorescent signal was emitted from fluorescently labeled Fab′ fragments only 

after an aptamer pair recognized two protein keys on the cell surface. Nanorobots with 

specific aptamer pairs were able to distinguish matching antigens on target NKL cells in a 

mixture of 106 receptor-negative cells. Furthermore, nanorobots loaded with a combination 

of an antibody to human CD33 and antibody to human CDw328 Fab′ fragments induced 

growth arrest in target leukemic cells. The result showed an induced growth arrest in NKL 

cells in a dose-dependent fashion. Finally, logic-gated nanorobots induced T cell activation 

in response to human CD3e Fab′ and flagellin Fab′ antibodies.

Recently, another study tested the feasibility of logic-gated nanorobots targeting various 

tumors in vivo. In the open state DNA, the origami nanorobot adopts sheet conformation, 

whereas the closed particle has a cylindrical shape. The tube structure encapsulates four 

blood coagulation factor thrombin molecules, effectively hiding them from circulating 

platelets and plasma fibrinogen. The closed inactive state is ensured by several fastener two-

strand sequences containing duplex fibers and modified DNA aptamers (AS1411) targeting 

the solid tumor-specific molecular marker nucleolin. Four AS1411 aptamers were located 

also at both ends of the tube. The robustness and functionality were tested in a mouse model 

of breast and lung cancer or melanoma as well as in Bama miniature pigs. As hypothesized, 

the nanorobots accumulated at the tumor where binding of aptamer fasteners to nucleolin 

unlocked the nanotubes. Thus, exposed thrombin triggered the formation of intravascular 

blood clots specifically at the tumor site. Clogged vessels resulted finally in tumor 

infarction.147

Currently, there is no known nanorobot similar to the described nanorobot made from RNA. 

This is partly due to the nonexistence of large-scale productions of RNA via synthetic or 

biological processes which we use for DNA.148

Light-up Aptamers as Trackers of NANP Assembly.

Efficient assembly of functional RNA NANPs in mammalian and bacterial cells is a top 

priority in the rapidly evolving field of RNA nanotechnology. Establishing a model for RNA 

NANPs’ assembly in vivo can enhance the therapeutic potential of RNA-based therapeutics 

while minimizing their undesired side effects and toxicities.39 To date, several natural 

fluorescent proteins were discovered and even more were derived from them, but no natural 

or rationally engineered RNA molecule with intrinsic fluorescence is known. Therefore, 

tracking of RNA or monitoring intracellular RNA NANPs’ assembly is challenging with 

limited tools available.

One of the most promising strategies would be to employ RNA aptamers that emit a 

fluorescent signal upon binding a fluorophore.149 The biggest advantage of light-up RNA 

aptamers is their ability to serve as genetically encoded tags. RNA aptamer–fluorophore 

pairs should feature five essential properties: (i) it should be as bright as possible to be 
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sensitive up to one molecule resolution. Therefore, the dye should have an elevated 

absorption coefficient (ε), and its quantum yield should be close to 1. (ii) Fluorogen in its 

free form should display the lowest possible quantum yield to minimize background 

fluorescence and avoid any nonspecific activation by any biological molecules. (iii) The 

aptamer–fluorogen interaction should be highly specific, so the assay will not interfere with 

the other compounds. (iv) Moreover, the interaction should occur with a high affinity in 

order to use a low concentration of the dye to keep the fluorescence background low.150 (v) 

Finally, the RNA aptamer plus fluorophore should be photostable to allow for prolonged 

data acquisition.

Various types of fluorogens are used for attachment to the RNA aptamers: environment-

sensitive fluorogens, molecular rotor fluorogens, and quenched fluorogens. Environmental 

dyes include Hoechst 33258, which binds directly to DNA in the minor groove at AT-rich 

regions. However, the nonspecific DNA binding capacity of these dyes can lead to 

significant unwanted background fluorescence when used in the cell-based assay. This can 

be suppressed by creating chemical derivatives from initial dyes no longer capable of 

nonspecific DNA binding, but preserving their fluorogenic capacity and becoming 

fluorescent only upon specific interaction with DNA and RNA aptamers.151,152 

Fluorogenicity of molecular rotors is the result of intramolecular movements allowing for 

non-radiative relaxation of the dye upon excitation. They are poorly fluorescent in their 

unbound form in a fluid environment. However, fluorescence can be restored by restricting 

intramolecular movements either by strongly increasing medium viscosity or upon specific 

interaction with a nucleic acid. Examples of such molecular rotors are malachite green, 

patent blue,153,154 thiazole orange,155,156 and others. Quenched fluorogens are dyes 

obtained by appending a quenching group to a fluorescent organic dye. The fluorescence of 

the dye is quenched by a photoinduced electron transfer,157 Förster resonance energy 

transfer,158 or contact-mediated quenching.159 In these approaches, fluorescence of the free 

dye is quenched and emitted only upon binding to an aptamer.

Recently, another generation of RNA aptamers mimicking the green fluorescent protein has 

been generated and their potential tested in vitro and in vivo. Spinach, the first member of 

GFP-like aptamers, was selected to bind and activate the GFP-derived chromophore 

(Z)-4-(3,5-difluoro-4-hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-one (DFHBI). 

The brightness of the Spinach aptamer reaches approximately 50% of GFP, and its 

transcription in fusion with 5S rRNA was successfully visualized in HEK293T cells.160 In a 

follow-up study in Escherichia coli, authors developed RNA sensors for small metabolites 

such as adenosine, ADP, SAM, guanine, or guanosine 5′-triphosphate (GTP). The detection 

system consisted of small-molecule-binding aptamers linked to Spinach. Binding of small 

metabolites induced binding of Spinach to DFHBI, leading to fluorescence.161 Using a 

similar setup allows for detection of small proteins.162 Later, the authors rationally designed, 

by systematic mutagenesis, a Spinach2 aptamer that has enhanced thermostability and 

brightness compared to that of Spinach.163 Structural studies elucidated the molecular basis 

of Spinach fluorescence and found structure-driven design and tuning of fluorescent RNAs 

exemplified by an optimized miniaturized version of Spinach, called Baby Spinach.164
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Even with extensive optimization, it is challenging to select aptamers intended for in vivo 
applications using in vitro SELEX. The cellular interior presents several obstacles for 

efficient function of in vitro selected aptamers, including but not limited to RNA degradation 

and incorrect folding. To comply with intracellular conditions, Jaffrey’s group developed a 

modified SELEX protocol generating RNA–fluorophore complexes adapted to the cellular 

environment. The protocol begins with standard SELEX using DFHBI bound to a sepharose 

matrix for RNA aptamer selection. Reverse transcribed aptamers were then cloned into a 

plasmid fused with tRNALys. After induction of transcription in transformed E. coli cells and 

incubation with a fluorophore, cells expressing the aptamer with the highest fluorescence 

can be sorted with flow cytometry. The selected aptamer (a 49 nt long Broccoli) was less 

dependent on magnesium ions and exhibited higher thermostability than Spinach or 

Spinach2. In addition, Broccoli green fluorescence is brighter upon binding DFHBI or its 

improved version (Z)-4-(3,5-difluoro-4-hydroxybenzylidene)-2-methyl-1-(2,2,2-

trifluoroethyl)-1H-imidazol-5(4H)-one) (DFHBI-1T).165,166 So-called directed viral 

evolution is another application that is based on selection in a cellular environment, thereby 

resulting in enhanced brightness of the Spinach2 aptamer. Improved Spinach2 was 

subsequently used for virus tracking.167

Proper folding and stability of synthetic RNA expressed in cells is ensured by a fusion of 

RNA with the natural scaffold. Characterization of Broccoli stability in the context of 

various scaffolds showed that tRNA scaffold, and not Broccoli, triggers RNA cleavage both 

in bacterial and mammalian cells. In E. coli cells, using additional scaffolds—the Vibrio 
proteolyticus 5S rRNA scaffold (V5) and the F29 RNA three-way junction motif (F29) —

showed reduced cleavage of both scaffolds in comparison to the tRNA scaffold. 

Interestingly, in mammalian HEK293T cells, V5-Broccoli was expressed as the full-length 

transcript, but two bands were observed for F29-Broccoli. The deeper analysis found that the 

F29 scaffold contains a sequence similar to the transcription terminator. Despite the presence 

of intact V5-Broccoli transcript in-gel analysis, the fluorescent signal in mammalian cells 

was outcompeted by F29-Broccoli. Re-engineering of F29 resulted in an F30 scaffold that, 

together with Broccoli, is transcribed as a single strand adopting a conformation with robust 

fluorescence. Furthermore, both F30 arms can incorporate at least two additional Broccoli 

aptamers, which increases the fluorescence of the construct.168

One of the main drawbacks of aptamers binding DFHBI is their rapid photobleaching, which 

makes quantitative analysis impossible. Therefore, for monitoring of Pol III transcription 

dynamics, another RNA aptamer, Corn, with markedly improved photostability was 

selected. Corn selectively binds 3,5-difluoro-4-hydroxybenzylideneimidazolinone-2-oxime 

(DFHO), a chromophore found in the red fluorescent protein, and induces its fluorescence in 

the yellow spectrum.169 Even though Corn folding is not dependent on magnesium ions, it is 

dependent on potassium ions. In a solution, this aptamer unexpectedly functions as a 

homodimer with the quasi-symmetric structure of the ligand-binding site. That means that 

even though the two units exhibit an identical primary structure, there are certain minor 

differences in conformations. In this case, the three adenosines that are at the DFHO-binding 

site adopt different conformations in each subunit. Interestingly, there is no intermolecular 

Watson–Crick base pairing at the interface of dimers.170
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Since the selection of Spinach, the trend leads to the reduction of the sequence length from 

98 nt in Spinach, 95 nt Spinach2, and 49 nt for Broccoli to 36 nt for the Corn monomer or 

25 nt for Mango. The decrease in size can potentially make shorter aptamers more favorable 

for fusion with transcripts of interest or incorporation into RNA nanoparticles as the smaller 

structure has a lower probability to interfere with the rest of the tagged molecule.

The conundrum of real-time visualization of RNA NANP co-transcriptional assembly in 
vivo may be resolved by incorporation of fluorogenic split aptamers. The strategy of using 

the split aptamer system is based on the physical separation of the aptamer strand into two 

separate parts. When both nonfunctional halves reassociate together, the functional aptamer 

is formed, which is detected by a fluorescent signal.171 Currently, experimental work has not 

utilized fluorescent split aptamers to monitor the assembly of RNA NANPs in vivo. 

However, co-transcriptional assembly of RNA NANPs was successfully confirmed in vitro 
using the split aptamer approach.172

The ncRNAs predominantly exist as single-stranded molecules, but in comparison with 

coding RNA (e.g., mRNA or viral RNA+ genome) or DNA, where carrying information 

encoded by their primary sequence is their functionality, ncRNAs’ functionality originates 

from their 3D shape. How RNA folds and what processes influence it remains at the 

forefront of RNA biology. Therefore, a model system such as split Spinach or split Broccoli 

represents an important tool for monitoring the dynamics of RNA reassembly in vitro.
173–175

Besides studying the conditions for the reassociation of RNA, a fluorescent aptamer can be 

used to detect nucleic acid sequences.176 As a first intracellular E. coli “split Broccoli” RNA 

system working as a stand-alone AND logic gate and as a device fused to an RNA toehold 

switch upstream of a fluorescent protein, split Broccoli fluorescence was observed ahead of 

the red mCherry translation.177 The self-assembling hexameric nanorings represent a widely 

studied model of RNA NANP.137,138 Fully assembled nanorings consist of six dumbbell-like 

units connected by RNA kissing loop–loop interactions.137 Formation of the functional 

light-up split aptamer confirmed the assembly of nanorings, whereas the maximum 

fluorescence occurred only when a fully assembled ring was formed. As split strands of 

aptamers were linked only to two monomers that adopt, in the hexamer, an opposite 

position, the reassembly of Spinach has the ability to detect/ confirm interactions of units 

that are not directly base-paired to an aptamer (Figure 6A).178 To prove that light-up 

aptamers can track the co-transcriptional assembly of RNA nanoparticles (cubes), which is a 

situation resembling the endogenous transcription, Afonin et al. embedded a split MG-

binding aptamer into two strands (Figure 6B).172

Light-up Aptamers as Trackers for Intracellular Activation of NANPs.

Cell-specific delivery of fully functional nucleic acid nanoparticles is ideal, but the need for 

a more controllable system is of immediate concern. In our laboratory, we are developing a 

system that is conditionally activated where functional RNA/DNA parts are divided and 

carried by two particles. Inspired by split protein systems, our research group and 

collaborators developed a technique based on a pair of RNA–DNA hybrids with embedded 
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split functionalities. Separated hybrids are inactive, and to become functional, hybrids 

require reassociation of cognate double strands. Versatility of the technique was confirmed 

in mammalian cells and in vivo with the triggering of various functionalities and silencing of 

several genes (HIV-1 genes, eGFP, or glutathione S-transferaseP1), fluorescence resonance 

energy transfer (FRET), and aptamer binding the malachite green (Figure 6C).179

Physical interactions of sense and antisense parts leads to the interaction of respective 

complementary counterparts by toehold interactions and restores functionality.180 One of the 

ways to monitor this process is the splitting of the Broccoli aptamer sequence into two 

separate nonfunctional strands (called Broc and Coli). When functionally interdependent 

shape-switching NANPs interact together, the formation of Broc and Coli reassemble into an 

active fluorescent aptamer (Figure 6C).56 Modularity of multifunctional RNA NANPs can 

be used by itself for creation of logic circuits in eukaryotic or prokaryotic cells.181 

Combination of light-up RNA aptamers of various colors into a synthetic RNA network can 

provide a relatively simple read-out for RNA logic gates.182

FRET is one of the tools for monitoring reassembly of various NANPs.53,56 Traditionally, 

oligonucleotides had to be conjugated with dyes before cell transfection, and no genetically 

encoded system was known. Recently, RNA aptamers termed apta-FRET constructs have 

been generated with endogenous FRET. In this single-stranded RNA origami183 construct, 

Spinach and Mango aptamers are positioned in close proximity to induce high FRET signals 

between the two fluorophores. Due to the versatility of nanoparticles to respond to 

conformational changes, two different nanomechanical constructs were designed. In the first 

nanoparticle, the reversible change in FRET resulted after incubation of the apta-FRET 

construct with a complementary invading RNA oligonucleotide strand. In the second case, a 

FRET-based conformational sensor responding to the S-adenosylmethionine (SAM) was 

integrated into the nanoparticle. The unbound apta-FRET construct exhibits low FRET, and 

upon binding to SAM, the FRET signal is increased. The ability of the apta-FRET system to 

induce FRET during the co-transcriptional assembly was observed in E. coli cells.184 

Collectively, this establishes a genetically encodable RNA origami system capable of 

reporting conformational changes in vivo. Therefore, this system has potential to expand our 

knowledge of basic RNA biology in vivo and for broader applications regarding 

nanomedicine.

Aptamer-Assisted Packaging, Visualization, and Delivery of NANPs Using 

Natural Pathways.

Natural vehicles for the delivery of functional RNAs can open a perspective field of diverse 

aptamer technologies. Upon intracellular assembly, genetically encoded TNAs or NANPs 

can be trafficked into the natural vesicles or engineered virus-like particles. We envisage that 

NANP loading will be based on and specifically mediated by aptamers binding to proteins 

characteristic for vesicles. In this section, we discuss described observations and 

experimental efforts loading the vesicles with RNA.

Transportation of extracellular RNAs (exRNAs) by extracellular vesicles (EVs) appears to 

be very abundant in all kingdoms of life. However, the relevance and importance of 
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intercellular delivery of EVs enriched with small ncRNAs remains to be elucidated. Even 

more puzzling is the inter- and trans-kingdom exchange of EVs containing exRNAs that 

may have global evolutional and ecological influence.185 One major advantage of aptamer-

targeted exosomes is their natural fusogenicity that promotes the efficient delivery of cargo 

to cells via endocytosis followed by the escape of the cargo from the endosomal 

compartment to the cytosol. Once in the cytosol, small ncRNAs could then perform a given 

function. Therefore, employment of EVs in biotechnology and therapy may revolutionize 

respective fields of biology.

Extracellular vesicles are a heterogeneous group of small phospholipid membrane-enclosed 

vesicles that are released into the extracellular environment by various cell types. In humans, 

EVs are secreted from healthy, malignant, or virus-infected cells and are involved in many 

physiological as well pathophysiological processes, such as cancer progression, the immune 

response, cell proliferation, cell migration, angio-genesis, and extracellular matrix 

remodeling. Based on the size and biogenesis, EVs can be further organized into apoptotic 

bodies, microvesicles, and exosomes that are the subject of a growing area of research. The 

protein, mRNA, and miRNA composition of exosomes is dependent on the exosome cell 

origin. However, it seems that some proteins and RNAs are specifically enriched in 

exosomes.186,187 Transmission of exosome cargo between the cells may occur via 
endocytosis or by direct fusion. Our current understanding proposes that exosomes 

constitute a sophisticated system of cell-to-cell communication.

Unraveling the processes governing EV biogenesis and cell tropism can lead to the 

development of vehicles for targeted delivery of genetically encoded RNA NANPs. 

Knowledge of the types, selection, and incorporation of RNA into exosomes would therefore 

be instrumental for engineering exosomes with genetically encoded RNA NANPs. Two 

approaches exist for incorporation of RNAs with therapeutically relevant properties into 

exosomes. Either vesicles isolated from cell lines are loaded with siRNAs connected to a 

lipid compound such as cholesterol (Figure 7A) or endogenous siRNAs are selectively taken 

up by exosomes from the transgenic construct (Figure 7B).

One concern regarding the former is the method of cholesterol conjugation to siRNA which 

may affect the loading of siRNA into vesicles and potentially interfere with the gene-

silencing ability of siRNA. Therefore, the optimization of siRNA chemical modification 

patterns is necessary for efficient gene downregulation and reproducible and scalable 

exosome-mediated delivery. Recently, research has investigated the effect of backbone, 5′-

phosphate, and chemical modifications of the ribose and linker on hydrophobically modified 

asymmetric siRNAs. The combination of 5′-(E)-vinylphosph-onate with 2′-F and 2′-O-

methyl ribose modifications surpassed siRNAs with partially modified bases. Furthermore, 

of the two common linkers of cholesterol to siRNA—triethyl glycol (TEG) and 2-

aminobutyl-1–3-propanediol (C7)—the TEG linker provided better loading with a saturation 

number of ~3000 siRNA copies per exosome.188

Interestingly, the position of cholesterol on RNA NANPs has an impact on the loading of 

arrow-shaped pRNA-3WJ nanostructures into the exosomes. Placing cholesterol on the 

arrowhead resulted in partial loading of RNA into the vesicles. In contrast, cholesterol on the 
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arrowtail of the RNA resulted in loading onto the surface of exosomes isolated from 

HEK293T cells. The authors used the later system for linking arrowheads with aptamers and 

folate for targeting exosomes loaded with siRNA against survivin in three cancer models. 

Exosomes displaying aptamers for EGFR or PSMA inhibited orthotopic breast cancer 

models or prostate cancer xenografts, respectively. Similarly, folate-displaying exosomes 

suppressed colorectal cancer xenografts.189

However, the mechanisms underlying small RNA enrichment in exosomes are not well-

defined. Therefore, it is necessary to understand mechanistically how genetically encoded 

RNAs are directed and enriched in exosomes in order to develop effective exosome-based 

therapeutics. Current observations suggest the existence of an active process for loading 

RNAs even with the ability to discriminate among mRNA, miRNA, and other small RNAs. 

It seems that the sequence motif of miRNAs or “zipcode”-like sequence of mRNAs may 

facilitate their selective loading into vesicles.190,191 In addition to this, an alternative model 

proposes that sorting specific miRNAs into exosomes is necessary for maintaining balance 

with a cell. In this model, miRNAs in excess compared to their cellular target mRNAs are 

passively transported to exosomes for disposal.192 Despite these and other reports, there is 

no general concept of RNA loading into exosomes. In fact, more processes may be involved.

As discussed in previous sections, aptamers can function as a delivery agent. Therefore, an 

aptamer could potentially target delivery of therapeutic RNA to exosomes.189,193,194 

However, strategies using aptamers for active uptake to exosomes are undeveloped. In a 

recent effort to identify exosome-tropic exogenous RNA sequence aptamers by SELEX, an 

RNA library was transfected into B16-BL6 murine melanoma cells. After subsequent 

isolation of exosomes, isolated RNAs were subjected to the next round of SELEX. Of the 56 

exosome-associated clones that were found, 29 shared a similar sequence.195 However, it is 

currently not known if these common sequences are sufficient to drive sorting and 

enrichment of RNAs into the vesicles.

Alternative to SELEX-developed aptamers or natural sequences, specific protein-binding 

RNA motifs may be fused to sequences intended for exosome uploading. An engineered 

system for active RNA loading into vesicles might help to elucidate fundamental questions 

of RNA sorting to exosomes as well as lead to the development of therapeutic RNA delivery 

by exosomes. To meet these criteria, a recent platform named targeted and modular EV 

loading (TAMEL) was established. The TAMEL system is based on the recombinant EV-

loading protein fused with its luminal terminus to an RNA-binding domain, the MS2 

bacteriophage coat protein. Therefore, RNAs of interest displaying the simple stem-loop 

binding motif for MS2 should be selectively incorporated into the EV interior.196

The analysis provided by the TAMEL system revealed that the length of RNA is one of the 

parameters for its efficient upload. Another important variable that impacts active loading of 

mRNA is the choice of EV-loading protein. The highest enrichment of MS2-binding mRNA 

was observed in vesicles produced by cells expressing the viral VSV-G protein. 

Interestingly, despite the differences in the amount of incorporated RNA due to loading, no 

difference in the numbers of produced vesicles was seen.196 The analogical system was 

engineered by fusion of a lysosomal-associated membrane, Lamp2a protein, with the TAT 
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peptide/HIV-1 transactivation response (TAR) RNA interacting peptide, and the modified 

TAR RNA loop was inserted into the gene for pre-miR-199a.197 Even if both systems are 

functional, the effect on target cells upon delivery is minimal in comparison with results 

obtained by application of exosomes with exogenously loaded siRNAs. One explanation 

would be that there are almost ~106 more RNA copies per vesicle when exosomes are 

loaded with RNA by transfection. Alternative explanations include RNA’s inability to 

escape the endosomal compartment, resulting in degradation within the lysosomes or 

degradation of released RNA cargo by cytoplasmic nucleases.

Viruses offer an additional option for delivery of therapeutic RNA NANPs. The viral life 

cycle requires effective packaging of its genome into a virion within host cells and virion 

transfer to other host cells. After three decades of research, virus-mediated gene therapy is 

slowly translating into a promising therapeutic option.198 If temporary or persistent gene 

expression is not compatible with the expected outcome, virus-mediated delivery of ready-

to-work molecules is an option. Protein transduction is the delivery of proteins without a 

genome by pseudotyped lentivirus-like nanoparticles. Delivered proteins execute their 

function immediately and therefore host-mediated gene expression is not required.199,200 It 

is tempting to expect that direct delivery of fully assembled multifunctional RNA 

nanoparticles could carry out instantaneous action. Again, the incorporation of RNA NANPs 

would require the identification of sequences that are preferentially packed into the virion. 

Such sequences could be embedded into the RNA nanoparticle and drive hitchhiking of 

therapeutic RNAs to the budding virus particle. Extensive research focused on the biology of 

retroviruses revealed that several diverse RNAs (mostly ncRNAs) are encapsidated during 

virion assembly, and this RNA may reach up to 30% of total RNA mass in the virus particle. 

It seems that, for some host RNAs, the process of packaging is nonrandom, but the common 

mechanism has yet to be fully elucidated.201 Aptamers selected against internal viral 

proteins are effectively encapsidated upon expression in virus-producing cells as has been 

shown for aptamers targeting HIV reverse transcriptase.202,203 The method of expressing an 

RNA library inside the virus-producing cells followed by the iterative process of isolation, 

reverse transcription, and again transfection of other virus-producing cells can lead to the 

selection of aptamers with high affinities to structural or functional components of the virus 

interior.204 This method may provide a mechanism for enrichment of therapeutic RNAs into 

virions and increase the potential of viral-mediated gene therapy (Figure 5C). A platform for 

recruitment of RNA to virus particles via binding of a 19 nt long MS2 RNA motif to MS2 

proteins is another option. Fusion of the MS2 protein sequence to retroviral nucleocapsid 

proteins compared to the fusion with one of its zinc finger domains drafted around six 

mRNAs with MS2 motifs per virus particle. Delivery of engineered mRNAs was confirmed 

in vitro and in vivo where the signal was still detectable after 5 h.205 In a similar study, 

several retroviral proteins were tested for fusion with the MS2 coat protein. From viral 

protein R, negative regulatory factor, nucleocapsid protein (NC), and matrix protein, the 

transduction of cells with particles containing the fusion of MS2 with NC led to the highest 

number of cells with expected phenotypes. The number and proper insertion of MS2-binding 

RNA motifs into the 3′ UTR of mRNA has also had a profound impact on the production of 

functional viral particles. More than one MS2 motif decreases the stability of mRNA. To 
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improve mRNA endurance, authors inserted two 3′ UTR copies of human β-hemoglobin 

between the stop codon and MS2 aptamer.206

Because biogenesis and biochemistry of EVs resemble retroviruses, combining our 

knowledge of exosomes and viral replication may yield RNA motifs that drive efficient 

packaging into these therapeutic delivery agents. Moreover, a very blurred line exists 

between EVs and defective retroviruses, leading to the hypothesis that EVs and viruses may 

be related entities.207 Viruses manipulate exosome composition and production to help their 

spread into uninfected tissue, where exosomes carry on similar functions as they have in 

cancerogenesis by preparing target tissue for receiving metastases—arranging the conditions 

for virus infection. Therefore, exploitation of viral factors for the production of exosomes 

specifically delivering RNA cargo would be another strategy in the development of 

nanotherapeutics.208,209 Although, as mentioned earlier, aptamers have potential in virus 

targeting and inhibition, the opposite idea to retarget the virus by aptamers was suggested for 

vectors of lentiviral origin, and aptamers were used to improve transduction of glioma cells 

by an adenovirus.210,211 The concept is to develop a general approach to alter the targeting 

specificity of vectors using aptamers. This approach has two main components: a vector 

containing a blinded envelope protein and an interchangeable cell-specific aptamer attached 

to an envelope protein.

Transfecting or endogenously loading NANPs into EVs or viruses would offer an appealing 

mode of delivery, but as our recent research shows, the situation is more complicated. 

Whereas naked NANPs are immunoquiescent, upon formulation with transfection reagents, 

they may become immunogenic. Immunogenicity of NANPs depends on, but is not limited 

to, shape, connectivity, and composition. In comparison to traditional TNAs, NANPs may 

activate different pathways of TLR signaling and cytokine responses.51–54,212 How 

encapsidation of NANPs by natural membranes would compare with delivery by 

transfection agents is unknown, but we might expect a similar response. In this case, the 

delivery of immunostimulatory NANPs within exosomes or viruses may represent promising 

approaches in immunotherapy and should definitely be investigated further.

The idea of intracellular assembly of less or more complex genetically encoded NANPs is 

very appealing, but transcription of aptamers and other functional or scaffold NANP strands 

is challenging. Transcription from several cassettes would be required to be rapid and 

efficient before individual vectors will be separated due to cell division. On the other side, 

expression from one vector would require optimization of transcription to obtain all 

transcripts in an equimolar ratio. After transcription, it is important to maintain proper 

folding and stability. This will require implementing in silico designed or naturally derived 

flanking sequences to individual NANP strands. However, the presence of such flanking 

sequences may interfere with the ability to assemble into NANPs. Recently, an innovative 

approach for expression of aptamers was presented. The Tornado (Twister-optimized RNA 

for durable overexpression) expression system creates stable RNA aptamers by quick 

circularization that is mediated by flanking ribozymes. Free termini are subsequently ligated 

by cellular RNA ligase RtcB.213 The resulting structure resembles a dumbbell. The loop 

sequences therefore can be used for kissing loop interactions, creating NANPs (Figure 8).
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Stable and efficient in vivo transcription of NANPs has potential to revolutionize the field of 

NANP technology with the promise of scaled up production either for NANP isolation or 

formulation within biologically derived vesicles.
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VOCABULARY

SELEX systematic evolution of ligands by exponential enrichment, 

a technique that allows selecting oligonucleotides, called 

aptamers, to bind to specific targets with the highest 

affinity

NANPs nucleic acid nanoparticles composed of rationally designed 

short oligonucleotides that self-assemble into various 

programmable geometric shapes

TNAs therapeutic nucleic acids

immune checkpoints immune system pathways that regulate the extent of 

immune responses by either stimulating or inhibiting 

immune progress

EV extracellular vesicles are lipid-bilayer-enclosed particles 

with complex cargos that are naturally released by most 

cells to act as mediators of intercellular communication

exosomes extracellular vesicles ranging from 30 to 100 nm that 

contain nucleic acids (mostly RNA) and proteins which are 

released into surrounding body fluids to facilitate cell–cell 

communication
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Figure 1. 
Schematic description of growing structural and functional complexity of aptamer 

involvements into nucleic acid nanotechnology. Fluorescently labeled aptamers that are 

specific to cell receptors can be used for cell detection. Their interactions with receptors 

often result in modulation of the receptor signaling. Later development led to the design of 

aptamer chimeras, where aptamers deliver the functional RNA or DNA moieties to target 

cells. Inclusion of aptamers to NANPs enhances the combinatorial applications of aptamers 

in changing cellular pathways and allowing for NANPs to logically respond to the presence 

of key triggers. In addition, light-up aptamers are potentially suitable reporters of NANP 

assembly or real-time monitoring of mutual interactions of NANPs in vivo. One of the future 

applications of aptamers in NANP technology could be a transport of NANPs to cell vesicles 

or viral vectors that would be mediated by aptamers targeted to vesicle- or virus-specific 

proteins.
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Figure 2. 
Schematic illustration of whole-cell SELEX. A library of commercially available ssDNAs is 

amplified by PCR and subsequently in vitro transcribed to an RNA library. This is possible 

due to the constant 5′ and 3′ sequences that are the same for each ssDNA and contain 

complementary sites for PCR as well as a T7 promoter for transcription. The variable body 

of aptamers that is unique for each strand is located between common 5′ and 3′ sequences 

required for PCR amplification. In the first step, the RNA library is incubated with the 

control cell population that does not express target receptors. In the next step, the unbound 

sequences are recovered and reverse transcribed to cDNA that is amplified by PCR. The 

subsequent in vitro transcribed RNA library is enriched with sequences with low or no 

affinity to the control cell line. The library is then incubated with target cells, unbound RNA 

is washed out, and bound strands are isolated and again reamplified. In vitro transcribed 

RNA in this step is used for the next round of selection. With each cycle, specific aptamers 

should prevail in the reamplified population. The final sequence(s) with the highest affinity 

is identified by sequencing analysis. RNA structures can be visualized using the NUPACK 

Web Application.20–27
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Figure 3. 
Schematic depiction of various chimeric aptamers. Multiple nucleic-acid-based 

functionalities can be linked to cell-specific aptamers with many different approaches that 

are beyond the scope of the article. (A) Post-transcriptional silencing of gene expression is 

achieved by delivery of miRNA or siRNA. Transcription of aptamers within pre-miRNA 

from gene constructs offers prolonged production of chimeric RNA. Downregulation of 

some genes by endogenous miRNAs during tumorigenesis can be reverted by the delivery of 

anti-miRs that block binding of miRNAs to target mRNAs. Delivery of a DNAzyme that 

cleaves specific mRNA is another way to repress gene expression. Conjugation of two 

identical aptamers is used for oligomerization of receptors in comparison with two different 

aptamers that may attach to cell surface proteins from intercellular space or the bloodstream 
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as well as interconnect two different cells. (B) Schematic illustration of cell targeting by 

chimeric aptamer with a synergistic effect. An aptamer blocks signaling, while the 

therapeutic payload silences genes crucial for cell survival. Thus, simultaneously both 

functional parts promote apoptosis. (C) Most utilized ways of chimeric TNA conjugations. 

(D) From left to right: 3WJ-EGFR aptamer/anti-miR-21 nanoparticles harboring three 

functional modules: EGFR RNA aptamer for targeted delivery, anti-miR-21 LNA for 

therapy, and Alexa-647 dye for imaging. The RNA nanoring carrying five J18 aptamers for 

cell targeting, connected to the RNA ring. One biotinylated oligonucleotide provides 

fluorescent readout after coupling to a streptavidin–phycoerythrin conjugate. The 3WJ 

pRNA motif can be used to multiply assemble scaffolds.
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Figure 4. 
Illustration of aptamer involvement in cancer immunotherapy. (A) Two most crucial (most 

known) immune checkpoints. (B) Antagonistic aptamers, selected against either receptor or 

ligand, inhibit their interaction. Therefore, the downstream pathway is not triggered. 

Agonistic aptamers dimerize receptor dimers that result in switching on respective signaling. 

(C) Selected immune system receptors that have already been targeted by aptamers. (D) 

Whereas standard approaches use aptamers as targeting agents to deliver therapeutic cargo to 

cells, aptamer-engineered NK cells are directed by cell-membrane-embedded aptamers to 

lymphoma cells.
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Figure 5. 
Vision of uptake of multifunctional NANPs composed purely from nucleic acids (NA). Cell-

specific aptamers facilitate targeted delivery of NANPs. Fluorescent aptamers would provide 

tracking of NANPs from the cell surface, through the endosome compartment, to cytoplasm. 

Membrane crossing NAs, currently hypothetical in structure, promote escape of NANPs to 

the cytoplasm. Subsequently, intracellular enzyme machineries would “liberate” functional 

parts—siRNAs and aptamers against intracellular targets—resulting in a synergistic effect.
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Figure 6. 
Fluorescent aptamers as a tool in NANP assembly. (A) Signal from individually reassembled 

nanoparticles’ parts forming complete NANPs correlates with full ring assembly. (B) 

Assembly of 3D nanostructures is possible during the parallel transcription of all templates.

(C) Embedding split light-up aptamers into conditionally pairwise reshaping NANPs enables 

the monitoring of their interactions in real time.
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Figure 7. 
Schematic description proposing NANP loading into exosomes or lentiviruses. (A) In vitro 
loading of NANPs to isolated exosomes.(B) Genetically encoded NANPs are loaded to 

exosomes. (C) NANPs are loaded into viral particles via the aptamers binding to virus 

proteins.

Panigaj et al. Page 42

ACS Nano. Author manuscript; available in PMC 2020 July 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Intracellular assembly of NANPs can be designed on the basis of the Tornado system.213 

NANP building blocks transcribed from one or several vectors are flanked by ribozymes 

that, after self-cleavage, create termini—a 5′ hydroxyl and a 2′,3′-cyclic phosphate at the 3′ 
end that are recognized by endogenous RtcB ligase. The resulting circularized sequence is 

chemically stable and, in addition to the Broccoli aptamer, can also code for another 

functional aptamer (e.g., NF-κB). This system is inspiring for the creation of intracellular 

structures that can assemble into NANPs.
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