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Abstract

RNA nanotechnology employs synthetically modified ribonucleic acid (RNA) to engineer highly 

stable nanostructures in one, two, and three dimensions for medical applications. Despite the 

tremendous advantages in RNA nanotechnology, unmodified RNA itself is fragile and prone to 

enzymatic degradation. In contrast to use traditionally modified RNA strands e.g. 2′-fluorine, 2′-

amine, 2′-methyl, we studied the effect of RNA/DNA hybrid approach utilizing a computer-

assisted RNA tetra-uracil (tetra-U) motif as a toolkit to address questions related to assembly 

efficiency, versatility, stability, and the production costs of hybrid RNA/DNA nanoparticles. The 

tetra-U RNA motif was implemented to construct four functional triangles using RNA, DNA and 

RNA/DNA mixtures, resulting in fine-tunable enzymatic and thermodynamic stabilities, 

immunostimulatory activity and RNAi capability. Moreover, the tetra-U toolkit has great potential 

in the fabrication of rectangular, pentagonal, and hexagonal NPs, representing the power of 

simplicity of RNA/DNA approach for RNA nanotechnology and nanomedicine community.
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Natural RNA is a biopolymer that folds into complex and functional structures according to 

the principles of hierarchy. In living organisms, the structures of an RNA complex usually 
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comprise different types of recurrent and modular 3D motifs that have been widely utilized 

to design self-assembling RNA NPs of diverse architectures and novel functionalities.1–4 

The library of RNA motifs is populated by novel artificial sequences obtained by in vitro 
selection methods and having novel binding selectivity and enzymatic capability.5 The 

modularity of RNA building blocks and the catalytic features of these molecules together 

with programmability of its secondary structure with predicted thermodynamic parameters 

make RNA biopolymers highly attractive material for diverse applications in nanomedicine.

As a matter of fact, a large number of natural RNA motifs are suitable for nano-fabrication6: 

kissing hairpin loops,7 cognate hairpin loop/loop-receptor pairs,8 paranemic motifs,9 the 

right angle motif,10 kink-turns,11,12 C-loops,13 three-way14 and multi-helix junctions,15 

protein binding motifs,16,17 just to name a few. Perhaps, RNA A-from double helix is the 

central building block as it provides highly regular supports of variable length for the 

regulation of other RNA modules arrangement in 3D space allowing creation of novel 

nucleic-acid-based nanoparticles.

Since the pioneering work on therapeutic RNA nanotechnology by Guo’s group,7 the 

development of novel nucleic acid-based NPs that possess desirable applications in 

nanomedicine is of prime importance for the future of RNA nanotechnology and 

therapeutics. The nucleic acid therapeutics community has begun to accept the concept that 

RNA displays higher thermodynamic stability than DNA. However, RNA is not only 

thermodynamically stable but also enzymatically in vivo and in vitro. 1 This is due the fact 

that RNAs used for therapeutic reagents are those containing chemical modifications such as 

2′-fluorine, 2′-amine, 2′-methyl, or Locked Nucleic Acid. Recently, tremendous progress 

has been made towards that goal. For instance, this foundational approach was employed to 

generate in vitro self-assembling monomers, dimers, trimers,18,19 2D polygons such as 

triangles,20 squares,21–24 pentagons,25 hexameric nano-rings,26 heptamers,27 RNA 

supramolecular assemblies such as RNA filaments,28,29 RNA planar arrays,30,20 and 3D 

RNA nanoparticles (NPs).31,32 Importantly, RNA nanoparticles can be rationally engineered 

to fold into thermostable complexes with high assembly efficiency, increased resistance to 

nuclease digestion, yet possessing functional properties including binding to its ligand, 

producing siRNA for protein regulatory purposes. Extensive biophysical studies of RNA 

structural motifs have provided great experimental insight into some of the constraints that 

dominate RNA folding.33–37 By unraveling the sequence–structure relationship for RNA 

tertiary folds, researchers have begun to establish the toolkit for rationally designing and 

constructing more complex and sizeable RNA assemblies.38 The use of RNA nanostructures 

as delivery vehicles for potential therapeutic RNAs is still a novel direction that holds 

tremendous promise. Moreover, there is great potential in generating co-transcriptional RNA 

nanostructures able to serve as multi-purpose self-assembling scaffolds in cells.

Recently, different RNA 3D nano-cubes were modeled utilizing the 3D conformation of A-

form helix and different numbers of single strand nucleotide sequence in the so-called helix-

centric approach.39 Herein, we have taken the advantage of this approach and have 

computationally generated an artificial RNA module which utilizes three RNA helices 

connected via the four single-stranded uracils (ssUs) abbreviated as tetra-U helix linking 

motif (Figure 1). The overall building block resembles a three-way-junction (3WJ) type 
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RNA secondary structure. However, in contrast to the reported 3D nanocubes, there is no 

evidence that this building block can be utilized for the construction of the 2D nano-objects 

e.g., polygons or rings. Both such RNA 2D architectures polygons and nano-rings have 

recently demonstrated tremendous potential in nanomedicine to be used as nanovehicles to 

carry out RNA functional moieties such as aptamers, proteins, riboswitches, ribozymes, or 

short interfering RNAs (siRNAs) to target and treat cancer cells.25,40

In the current approach, the artificial module containing a bulge 4 × 4 × 4 uracils (Us) 

flexible region and three helical arms, is used as the proof-of-concept in the implementation 

of this building blocks containing unmodified RNA to fabricate triangular nano-scaffolds 

from both RNA and DNA strands, as well as their mixtures resulting in a hybrid DNA/RNA 

nanoparticle (Figure 1). Throughout the text, the 4 × 4 × 4 tetra U building-block will be 

referred to as “RNA 4Us Helical Linking Motif” or RNA 4Us HLM. We hypothesize that, 

depending on the nucleic acid inclusion within the NP, we can regulate (i) the 

thermodynamic stability of the complex, (ii) its resistance to nuclease degradation, (iii) its 

immunostimulatory activity, and (iv) simultaneous delivery of multiple siRNAs targeting 

specific genes. This work reevaluates the principles behind the fabrication of RNA 

nanoparticles by implementing the hybrid RNA/DNA nano-constructs, and will demonstrate 

significant economic advantages over the use of modified RNA bases. Furthermore, we have 

obtained preliminary data demonstrating versatility of the RNA 4Us HLM to construct other 

polygons including square, pentagon and hexagon. This project highlights the capacity of 

the artificially designed nucleic acid 2D nano-scaffolds to simultaneously deliver specific 

therapeutics targeting selective human tissues while controlling the formulation of the drugs.

Methods

The detailed method section can be found in Supporting Information.

Triangular nano-scaffolds self-assembly

All triangular complexes RNA, DNA and hybrids were assembled by mixing corresponding 

nucleic acid strands (1 μM) in TMS (50 mM TRIS pH = 8.0, 100 mM NaCl and 10 mM 

MgCl2) buffer by heating the mixture to 80 °C and slow cooling (over 1 h) to +4 °C.

Electrophoretic mobility shift assay

The assembled nucleic acid complexes were evaluated on native 7% PAGE. The gel run in 

0.5× TBM buffer (45 mM Tris/borate pH = 8.2, 5 mM MgCl2) at room temperature with 

constant 80 V.

UV-melting experiments

Temperature-dependent absorption measurements were recorded at 260 nm on Agilent 

spectrophotometer (Agilent Inc.) equipped with a temperature Peltier controller.
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Fetal bovine serum degradation assay

Four nucleic acid triangles were preassembled in TMS buffer at the 1 μM concentration 

prior to incubation with 2% (v/v) FBS (Sigma-Aldrich™) at 37 °C for various times ranging 

from 0 to 90 min.

AFM imaging and sample preparation

AFM images were acquired at room temperature in tapping mode using silicon probes on 

5500 AFM system (Keysight Technologies). Images were processed by PicoView 1.2 

software.

Transfection of human cell lines

To assess the delivery and intracellular activity of functionalized triangular nanoparticles, the 

human breast cancer cell line MDA-MB-231 (with or without GFP) was used. 

Lipofectamine 2000 was used for all transfections.

Fluorescent microscopy and flow cytometry

The silencing experiments were visualized using a UV 510 confocal microscope (Carl Zeiss, 

Oberkochen) and a Plan-Neofluar 40×/1.3 Oil lens. Flow Cytometry. BD Accuri C6 flow 

cytometer was used for all experiments. CellQuest or the CFlow Sampler software was used 

to retrieve the geometric mean fluorescence intensity (gMFI) and the standard error of the 

mean.

Immunotoxicity experiments

The human astrocyte-like cell line, U87 MG (ATCC HTB-14) and microglia-like cell line, 

hHμ, were used in all experiments.

Results

Rationale behind application and design of artificial RNA 4Us helical linking motif

The Protein Data Bank features myriad RNA multi-way junctions available for 

nanofabrication purposes. Most of them have been cataloged based on their authentic 3D 

geometries, e.g. 3WJ data base.41 Alternatively, they can be accessed using innovative 

search tools available under the Nucleic Acid Data Base.42 In general, natural RNA motifs 

have not been implemented in our studies due to the fact that most of the RNA structures 

have been folded to their 3D conformations under native conditions. Such folding often 

requires the use of specific mono- and divalent metal ions,43 proteins,23 a certain pH level,44 

the presence of other short- and long-range RNA– RNA interactions etc. Ideally, these 

factors need to be considered prior the fabrication of de-novo RNA nano-constructs to 

preserve all canonical Watson–Crick and non-canonical (non-WC) interactions within the 

3D geometry of the RNA motif. Indeed, any forces that disturb the native conformation of 

the motif will result in the instability of the overall complex and, consequently, in 

unfavorable thermodynamic parameters. For instance, the replacement of one of the RNA 

strands with a cognate DNA sequence during the nanoparticle fabrication disrupts the 3D 

geometry of the RNA motif, resulting in significant loss in thermodynamic stability.21
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In the current approach, using 4 Us HLM, the main driving force for nanoparticle folding to 

the desired configuration is manifested by the formation of either A-form or B-form helices 

via a Watson–Crick (base-pair), referred to as helix-centric approach.39 The design mainly 

relies on the energy minima driven by the formation of the duplex including RNA/RNA, 

hybrid RNA/DNA and DNA/DNA. The assumption is that any 3D configuration that could 

potentially be formed by non-canonical interactions between uracils in 4 × 4 × 4 Us internal 

loop will acquire much higher ΔG value than formation of a helix, hence helix formation is 

always favorable and can be treated as rigid modules.

The single-stranded linkers using 4 uracils were chosen for several reasons. First, previous 

studies utilizing poly-Us as helical linkers were shown to be successful in the construction of 

functional RNA 3D nano-objects e.g. nanocube.32,39 Second, due to their small size, Us are 

particularly suitable for co-transcriptional chemical modification, increasing the resistance 

of the whole NP to ribonuclease activities. Third, computational studies using coarse-

grained structure dynamic characterization of different length of Us have revealed that, upon 

increasing the number of the nucleotides, the overall structure becomes more flexible and, 

importantly, more stable.39 While previous studies have explored the effect of assembly 

efficiency only 0–3 Us to link three helices, here we utilize 4 Us with the main assumption 

that this will provide greater flexibility allowing for the assembly of higher order and more 

sophisticated polygons.

The edges of the triangle were formed by 22 bp nucleic acid duplexes. The sequences were 

generated randomly to have average ΔG = −37.0 ± 3.0 kcal/mol per double helix. The RNA 

2D folding program mfold45 was extensively utilized to prevent misfolding of the sequences 

and formation of alternative stable conformations. Each edge possess two complete RNA 

turns resulting in a length of 6.4 nm (3.2 nm/11 bp). Each vertex of the triangle contains one 

helical turn (11 bp) to additionally stabilize the overall architecture. Moreover, to prevent the 

duplex from opening on the vertex, at least two GC/GC base pairs were included at the ends 

of triangle vertices. Based on the model structure, the triangle has equilateral geometry and 

is symmetric as well as planar. It is ~10 nm in size and provides three helical branches for 

the potential inclusion of three different (or same) RNA functional groups. Importantly, the 

regiospecificity of the functional groups can be easily regulated within the triangular nano-

scaffold by design preferences. In addition, during folding, the core architecture is designed 

to remain in its original triangular shape, allowing for each functional group to fold to their 

authentic structures with specific functionality at each vertex. We expect that utilizing a 

“one-pot” assembly of different RNA strands will result in nanoparticle with addressable 

properties. For example, to make therapeutic RNA nanoparticles for medicinal purposes, one 

might include targeting (RNA aptamers), treatment (RNA interference by siRNA and 

miRNA) or detection modules (fluorophores) within one defined nanostructure to combat a 

disease.

Nucleic acid triangular nanoscaffolds assembly and characterization

For this study, we fabricated four RNA triangles that differ in their nucleic acid composition. 

The RNA NP is composed of RNA strands named rT1 (central strand), rT2, rT3, and rT4 

(Figures 1 and 2, D structure). The DNA triangle has been constructed from DNA strands 
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exclusively using dT1 (central strand) dT2, dT3, and dT4. The two hybrid triangles RNA/ 

DNA-center (or DNA-center) and DNA/RNA-center (or RNA-center) made from mixture of 

RNA and DNA as follows: RNA/DNA-center has dT1, rT2, rT3, rT4 the DNA/RNA-center 

hybrid is made of rT1, dT2, dT3, and dT4. Thus, by varying the central strand within RNA 

triangle or DNA triangle, we are aiming to obtain NPs possessing different physicochemical 

properties and selecting a triangle candidate for subsequent in vitro studies.

The RNA triangular NPs self-assemble from an equimolar mixture (1 μM each) of 4 nucleic 

acid strands under physiological condition using 1× TMS buffer with subsequent heating 

and cooling processes (annealing); all assembly experiments were monitored on 7% native 

PAGE (Figure 2, A, and Supplementary Figure S1). The gradually decreasing mobility of 

RNA species on the gel upon addition of corresponding strands indicated the formation of 

monomers (M), dimers (D), trimers (T) and fully assembled triangles (tetramers). In 

addition, to evaluate the participation of all four RNA strands within the tetramer complex 

we conducted radioactive labeling assays, where NPs were assembled using radiolabeled 

(gamma P-32 ATP) strands enabling the detection the signal of the labeled strand only. It 

was found that all RNA strands rT1, rT2, rT3, and rT4 contribute to the formation of the NP, 

as their individual activities have been detected on the gel corresponding to the RNA 

tetramer (Supplementary Figure S2).

The yield of the triangle nanoparticle folding was found to be different depending on the 

composition of the nucleic acid strands within the triangle. Table 1 summarizes the 

calculated percent yields for each individual NP. The NP formed by only RNA and only 

DNA strands resulted in almost the same assembly efficiencies of 85.9% and 88.4% 

respectfully. Triangles formed by hybrid strands have shown significantly different assembly 

yields: 90.6% DNA/RNA-center and 76.6% RNA/DNA-center (presumably because the 

affinity of three DNA strands to the central RNA is higher than three RNA strands to DNA). 

Nevertheless, the assembly experiment demonstrated that all NPs have a high efficiency of 

assembly in solution.

Further evidence that the RNA complex folded into a triangular architecture was obtained 

from AFM experiments. The 50 nM gel-purified RNA nanoparticles were deposited on a 

freshly cleaved mica (Ted Pella) surface pre-treated with 1 mM NiCl2, air dried, and imaged 

on AFM 5500 (Keysight Technologies). Consistent with the theoretical model structures, the 

AFM images of RNA complexes revealed triangle shaped features (Figure 2, B). The 

measured average diameter of the triangles was found to be about 12 nm.

Thermal stabilities of triangular nanoscaffolds

Having confirmed the triangular nano-scaffold formation, we then addressed the question of 

the stability of the NPs in solution with respect to temperature. To achieve this goal, UV-

absorbance of the nucleic acid NPs at 260 nm was monitored upon gradually increasing 

temperature, better known as UV-melting technique.46 Figure 2, C shows melting curves for 

RNA, DNA and the two hybrid triangles. The melting temperatures (TM) were obtained 

from the first derivative of resulting curves. All NPs displayed one strong transition and their 

corresponding TM values are summarized in Table 1. The order of stability decreases in the 

following direction from the most to the least stable: RNA, RNA/DNA, DNA/RNA and 
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DNA. Accordingly, RNA is the most thermally stable NP (TM = 79.2 ± 0.2 °C) followed by 

two hybrid NPs. The thermal analysis of the hybrid triangles shows that these complexes 

have nearly the same TM values around 70 °C. The least stable NP is the triangle containing 

DNA strands only with the apparent TM = 59.5 °C. Interestingly, the transition temperatures 

vary by roughly 10 °C between RNA and hybrid NPs and between hybrid NPs and DNA 

triangle. The difference between the RNA-based triangle and the DNA triangle is 

significantly higher; the calculated ΔTM = 19.7 °C. Such differences between the thermal 

stabilities of the RNA NP and DNA NP can be attributed to the difference in 

thermodynamics between the RNA and DNA helices. In general, a higher melting 

temperature of RNA relative to the same sequence in DNA is observed under the same 

conditions.47 The dominant source of the higher energy for RNA is due to modestly better 

base-stacking energy in the A-form conformation of the helix compared to the B-form of the 

DNA. Therefore, by changing the ratio of RNA and DNA strands within NP, its 

thermodynamic stability can be precisely controlled, which demonstrates the advantage of 

this system for nanofabrication.

Chemical stabilities of triangular nanoscaffolds

The instability of RNA duplexes within the intracellular environment has posed major 

obstacles to the use of naked RNA strands for drug delivery purposes. To increase the life 

span of the RNA based nanovehicles in vivo, several methods have been introduced 

including modification RNAs with 2′-fluoro pyrimidines14,20,48, complexation RNA with 

proteins23, introduction DNA/RNA hybrid approach.21,49,50

Next, it was of particular interest to evaluate the behavior of the triangular NPs in presence 

of nucleases. The NPs were incubated in 2% FBS at 37 °C for various time points. Figure 2, 

D shows the fraction of remaining NPs with respect to incubation time. Supplementary 

Figures S3 and S4 show some raw data of the conducted experiment. The results suggest 

that the stability of the nanoparticles in FBS is highly dependent on the nucleic acid 

composition of the triangular complex. While the RNA NPs completely degraded after 1.5 h, 

the RNA‐center and DNA NPs were found to be stable (Figure S3). Although DNA‐center 

hybrid NP degrades much more rapidly than the RNA‐center hybrid NP, it is more stable 

overall than the RNA NP. To assess the NPs’ relative degradation rates, their corresponding 

decay constants were calculated assuming an exponential decay process. Table 1 

summarizes the decay constants gleaned for the individual NPs. The data suggest that RNA 

triangle degrades ~10 times faster than its DNA counterpart, while the RNA‐center hybrid 

triangle is two times less stable than its DNA‐center counterpart. These results, taken 

together, suggest that the NPs’ resistance to blood serum can be increased by simply varying 

the ratio of DNA strand over RNA during the NP fabrication.

Collective results obtained from thermal and enzymatic stability analysis suggest the 

following tendency: upon increasing the numbers of DNA strands within the triangle 

complex, thermal stability decreases and enzymatic stability increases. These data can be 

further implemented to design a triangular scaffold with finely tuned properties, as discussed 

below.
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Immunostimulatory activities of triangular nano-scaffolds

To determine the immunostimulatory activity of NPs, we assessed the release of 

inflammatory mediators from human astrocyte-like and microglia-like cells transfected with 

the triangle NPs. In the CNS, microglia and astrocytes are important for the development of 

protective immune responses and potentially damaging neuroinflammation. These cell types 

use pattern recognition receptors such as Toll-like receptors (TLRs), nucleotide 

oligomerization domain (NOD)-like receptors (NLRs), and retinoic acid inducible gene 

(RIG)-like receptors (RLRs) to recognize pathogen-associated molecular patterns (PAMPs). 

In response to PAMPs, stimulated microglia and astrocytes release inflammatory and anti-

viral mediators such as IL-6, IL-8, TNF-α, IL-1β, and IFN-β.51,53 The profile of 

inflammatory mediators released in response to NP transfection was dependent on nucleic 

acid composition (Figure 3, A) and cell type. Similar to recognition of viral RNA and DNA, 

we predicted NPs would be recognized by a combination of TLRs, NLRs, and RLRs 

resulting in an anti-viral response. In support of this hypothesis, we primarily observed an 

elevated release of IFN-β from human microglia-like cells. Interestingly, RNA/ DNA and 

DNA/RNA hybrid triangles significantly increased the release of IFN-β (Figure 3, B). The 

RNA triangle modestly increased release of IFN-β, although this was not statistically 

significant (Figure 3, B). In contrast, we observed no release of IFN-β in response to the 

DNA triangle suggesting the necessity of RNA to induce an IFN response (Figure 3, B). 

Additionally, in response to transfection with all NPs human astrocyte-like cells released 

modestly elevated levels of IL-1β (Figure 3, C). Only the DNA triangle caused a statistically 

significant elevation of IL-1β release. Regardless of NP nucleic acid composition or 

themicroglia cell type transfected, we observed no significant increase in the release of the 

inflammatory mediators IL-6 and IL-8 (Supplementary Figure S5) and no detectable release 

of TNF-α (data not shown). Together these data demonstrate that NPs are 

immunostimulatory and the composition of the NPs can alter the degree and profile of 

inflammatory mediators released. These data suggest the exciting potential of NPs to be 

eloquently designed to limit immune cell stimulation or serve as an adjuvant to elevate 

protective interferon responses and reduce damaging inflammatory response.

RNA/DNA-center hybrid nano-scaffold carrying siRNA demonstrate efficient gene 
silencing properties

To confirm that triangular NPs can be used as programmable nano-scaffolds for controllable 

cargo delivery, the RNA/ DNA-center triangles were functionalized with three siRNAs and 

fluorescent dyes. The formation of functionalized triangles was confirmed (Figure 4, A) and 

further tested in various human cells (Figure 4, B-E and Supporting Figure S7). As the proof 

of concept, green fluorescent protein (GFP), was chosen as target for siRNAs delivered with 

triangular NPs. To guarantee the intracellular release of siRNAs upon dicing, NPs were 

decorated with dicer substrate RNAs (DS RNAs)52 that have been used in multiple prior 

studies.40,54,55 Assembled functionalized NPs were further used for experiments with human 

breast cancer cells. In all cell culture experiments, the equivalent concentrations of free DS 

RNAs were used as a control.

To evaluate the relative cellular uptake efficiencies, human breast cancer cells were 

transfected with fluorescently labeled nanoparticles (Figure 4, B and C). The results 
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analyzed by fluorescent microscopy and flow cytometry demonstrate that the transfection 

efficiencies for nanoparticles are comparable to the uptake of free fluorescently labeled DS 

RNAs tested at three-times higher concentration.

To confirm the successful dicer-assisted intracellular release of siRNAs and further 

activation of RNA interference, specific gene silencing experiments were carried out (Figure 

4, D and E). As a proof of concept, GFP expressing breast cancer cells (MDA-MB-231/

GFP) were transfected with NPs functionalized with three anti-GFP siRNAs and compared 

to free anti-GFP DS RNAs (Figure 4, C and D). The combined results show GFP silencing 

of ~90% with comparable efficiencies for triangles and DS RNA at nanomolar 

concentrations. However, at lower picomolar concentrations, significant GFP silencing was 

also observed (Supporting Figures S7, and S8 for negative controls). All the results clearly 

indicate that the RNA triangles can be used as scaffolds for controlled delivery of siRNAs 

and fluorescent probes to the diseased human cells.

Discussion

Precise control of RNA nanoparticle properties such as shape and size at nanometer levels is 

one of the most prominent goals of RNA nanotechnology. The progression in the field of 

RNA nanotechnology has begun achieving this goal as various elegant RNA nano-

architectures using computer-aided 3D model software and RNA 2D folding programs have 

been recently reported.56–58 The novel multipurpose structural RNA 3D motifs are desirable 

to promote the art of nanofabrication to the more sophisticated level. We hypothesized that 4 

× 4 × 4 tetra-U HLM can be further used to fabricate other nanoparticles, such as a square, 

pentagon, hexagon, heptagon, octagon etc. demonstrating its value as a toolkit in RNA 

nanotechnology (Figure 5, A).

Previously, the design and construction of RNA polygons have been undertaken using 

naturally occurring RNA 3WJ from pRNA with 60° angles that served20,59 as corners of the 

polygons. A 60° junction is ideal for triangular nanostructures, but not for squares, or 

pentagons. As the angle of the junctions increases with the number of sides, an artificial 

stretch is exerted on the native conformation of the RNA 3WJ motif. This results in 

decreasing stabilities when progressing from a triangle conformation to a square or 

pentagon. The formation of hexagonal RNA nanostructure has not been achieved25 because 

of the tension applied to stretch native 60° angle to 120° is too high leading to distortion of 

the overall complex. In the current approach, the artificial 4 × 4 × 4 uracils (Us) flexible 

module can be beneficial as there are little, if any, structural hindrance observed while 

stretching the intra-helical angles. The design principle of RNA polygons using RNA 3WJ 

motifs is detailed elsewhere.56 Following this strategy, the transition from a triangle NP to a 

square, pentagon, and even a hexagon has been achieved using the 4 × 4 × 4 tetra-U HLM. 

The assembled RNA complexes corresponding to polygons have been analyzed by mobility 

shift assays (Figure 5, B). The formation of homogeneous and distinct RNA bands on native 

PAGE suggests that RNA strands corresponding to triangle, square, pentagon, and hexagon 

fold into stable and compact RNA complexes.
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So far, we have obtained only these preliminary data demonstrating versatility of the 4 × 4 × 

4 tetra-U HLM. The current project is under investigation and there are more details to be 

addressed before we can draw a conclusion as to whether the artificial module is universal 

for nanofabrication purposes.

Importantly, enzymatic instability hampers the application of nano-scaffolds assembled from 

pure RNA strands. This is due to the structural nature of ribonucleic acid: specifically, the 

hydroxyl group at the 2′-C position makes it susceptible to hydrolysis by nucleases, as well 

as by divalent metal ions. Thus, a variety of techniques to chemically modify ribose rings 

have been developed to improve enzymatic resistance and elevate its efficiency in drug 

delivery.60 However, this makes the production costs of such modified RNA nanoparticles 

expensive. Hybrid RNA/DNA nanovehicles, on the other hand, are less thermodynamically 

stable than pure RNA, yet they remain resistant to nucleases in the blood stream for a longer 

period of time.55 In addition, the production economy of RNA/DNA nanoparticles is 

significantly favorable. With the current solid-state synthesis approach, DNA strands are 

available from many vendors for less than ~$0.50/base. It’s worth noting that, while 

RNA/DNA are native molecules to cells, the chemically modified nucleic acids, specifically 

those at ribose rings, are alien. Unfortunately, very little to no examination has been 

conducted on the toxicity aspects of modified RNA nanovehicles.

To conclude, we have demonstrated the design and construction of fine-tunable triangular 

nanoarchitectures using unmodified de-novo 4 × 4 × 4 tetra-U helix linking motif. The 

highly versatile properties of the tetra-U HLM were also demonstrated by fabrication of 

equilateral RNA/DNA polygons such as a rectangle, a pentagon, and a hexagon with a great 

potential for extension the polygonal structures. The modulation of RNA and DNA strand 

composition makes it possible to engineer economically advantageous triangular nano-

scaffolds with fine-tunable thermodynamic and enzymatic stability as well as 

immunostimulatory activity that can be used for effective delivery of fluorescent probes and 

gene-silencing agents to cancer cells. The employment of the hybrid RNA and DNA strands 

to fabricate functional nanoparticles holds tremendous potential to advance medicine. The 

technique shown here for a simple design to precisely tune physicochemical properties adds 

a new angle to exploit RNA/DNA hybrid nanoparticles in a clinical setting. Further work is 

currently under investigation and rapidly developing with a goal to implement modified 

synthetic RNA strands and investigate properties of the resulting nanoparticles in vitro and 

in vivo.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Overview of theoretical 3D model and 2D structure of RNA triangular nanoparticle designed 

from RNA 4 × 4 × 4 Us HLM building unit.
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Figure 2. 
RNA NP characterization. (A) Self-assembly properties of the triangle RNA were evaluated 

by 7% native PAGE in 0.5× TBM running buffer. Lane L is DNA ladder (Low Molecular 

Weight, New England Biolabs); Lanes M, D, and T are RNA monomer (rT2), dimer (rT2 

and rT3), and trimer (rT2, rT3, and rT4) complexes, respectively. Lane NP (nanoparticle) 

contains fully assembled RNA triangle complex composed of all four RNA strands. The gel 

was stained in EtBr solution for the total RNA visualization. (B) RNA triangle AFM images 

acquired in air at ambient temperature. (C) Example of first derivatives of UV-melting 

curves of RNA, DNA and two hybrid RNA/DNA and DNA/RNA nanoparticles. The peaks 

correspond to Tm values of each individual NP. (D) Time dependent triangle NP (1 μM 

each) degradation profiles, obtained by incubation in 2% (v/v) fetal bovine serum at 37 °C 

demonstrating different decay rates. The data represent mean values of at least three 

independently repeated experiments.

Bui et al. Page 15

Nanomedicine. Author manuscript; available in PMC 2019 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Nanoparticle immunostimulatory activity. Human astrocyte-like and microglia-like cell lines 

were transfected with NPs at a final concentration of 5 nM and 20 nM. Cell supernatants 

were collected at 24 h post transfection and levels of IFN-β and IL-1β assessed by specific-

capture ELISA. Differences in inflammatory mediator release between cells transfected with 

NPs and the L2K control were compared with Student’s two-tailed t test. Asterisks indicate 

a statistically significant differences (P value <0.05).
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Figure 4. 
Uptake and gene specific silencing experiments using human breast cancer cell line (MDA-

MB-231) with and without GFP. (A) Native 7% PAGE experiment demonstrating sequential 

assembly of triangle NP with 1 μM, 2 μM, and 3 μM DNA-Alexa 546 oligodeoxynucleotide 

(ODN) per 1 μM NP, respectively. The gel was first scanned to detect signals from ODN-

Alexa546 conjugates (left) then stained using EtBr for total nucleic acid imaging. 

Fluorescent microscopy (B) and flow cytometry (C) of non-fluorescent cells 24 h post-

transfection with Alexa 546 labeled triangles (5 nM final) and DS RNAs (15 nM final) are 

shown. GFP expressing cells were analyzed three days post-transfection with functionalized 

triangle (20 nM final) and DS RNA (60 nM final) by fluorescent microscope (D) and flow 

cytometry (E). Error bars denote ±S.E.M.
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Figure 5. 
Versatile features of the 4 × 4 × 4 tetra-U linking motif. (A) Conceptual view of application 

of the 4 × 4 × 4 tetra-U HLM to fabricate 2D nucleic acid polygons. (B) Preliminary data 

obtained by gel shift assay suggest the formation of RNA stable complexes of tetragonal, 

pentagonal, and hexagonal shapes.
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Table 1

Physicochemical features of triangle NP.

NP type Assembly yield, % Melting point (TM), °C Decay constant (τ), min−1

RNA 85.9 ± 7.2 79.2 ± 0.2  4.6 ± 0.8

RNA-center 76.6 ± 3.3 71.0 ± 1.5 30.3 ± 8.2

DNA-center 90.6 ± 3.8 68.8 ± 1.2 15.7 ± 3.2

DNA 88.4 ± 6.9 59.5 ± 2.0 44.1 ± 9.2
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