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Abstract

Besides mRNA, rRNA, and tRNA, cells contain many other noncoding RNA that display critical
roles in the regulation of cellular functions. Human genome sequencing revealed that the majority
of non-protein-coding DNA actually codes for non-coding RNAs. The dynamic nature of RNA
results in its motile and deformative behavior. These conformational transitions such as the change
of base-pairing, breathing within complemented strands, and pseudoknot formation at the 2D

level as well as the induced-fit and conformational capture at the 3D level are important for

their biological functions including regulation, translation, and catalysis. The dynamic, motile

and catalytic activity has led to a belief that RNA is the origin of life. We have recently

reported that the deformative property of RNA nanoparticles enhances their penetration through
the leaky blood vessel of cancers which leads to highly efficient tumor accumulation. This special
deformative property also enables RNA nanoparticles to pass the glomerulus, overcoming the
filtration size limit, resulting in fast renal excretion and rapid body clearance, thus low or no
toxicity. The biodistribution of RNA nanoparticles can be further improved by the incorporation
of ligands for cancer targeting. In addition to the favorable biodistribution profiles, RNA
nanoparticles possess other properties including self-assembly, negative charge, programmability,
and multivalency; making it a great material for pharmaceutical applications. The intrinsic
negative charge of RNA nanoparticles decreases the toxicity of drugs by preventing nonspecific
binding to the negative charged cell membrane and enhancing the solubility of hydrophobic drugs.
The polyvalent property of RNA nanoparticles allows the multi-functionalization which can apply
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to overcome drug resistance. This review focuses on the summary of these unique properties of
RNA nanoparticles, which describes the mechanism of RNA dynamic, motile and deformative
properties, and elucidates and prepares to welcome the RNA therapeutics as the third milestone in
pharmaceutical drug development.

Introduction

Ribonucleic acid (RNA) plays an important role in biological processes. It includes coding
RNA (mRNA) for protein translation, and non-coding RNA (ncRNA) for regulation of
biological functions. The ncRNA has two subcategories, housekeeping ncRNAs such as
transfer RNA (tRNA) and ribosomal RNA (rRNA) as well as regulatory ncRNAS such

as small interfering RNA (siRNA) and microRNA (miRNA) [1,2]. The malfunction and
misregulation of natural RNAs can cause disease, which makes them promising targets

for therapeutic purposes [1]. RNA can be targeted by oligonucleotides such as patisiran
siRNA and small molecules such as risdiplam for disease treatment [3-7]. In addition to the
natural RNAs, artificial RNAs have been generated for the therapeutic purposes, that can
be used as therapeutic agents directly such as siRNA or as drug delivery platforms such as
RNA nanoparticles [3,8]. With the approval of numerous RNA drugs including antisense
oligonucleotide (ASO), siRNA, and mRNA vaccine, RNA drugs have become the third
milestone in drug development after small molecule drugs and protein-based drugs [8-12].

RNA is a polymeric molecule that is composed of four types of nucleotides with four
nitrogenous bases including adenine (A), guanine (G), cytosine (C), and uracil (U). The
canonical Watson-Crick (A-U, G-C) and non-canonical (e. g., G-U) bases pairs allow RNA
molecules to form diverse secondary and tertiary structures [13]. The secondary structure
of RNA is formed mainly by WC base-pairing and can be predicted using nearest neighbor
parameters. The tertiary structure contains the long-range interactions of secondary motifs,
and the quaternary structure refers to the higher-order architectures formed via RNA-RNA
interaction or RNA interaction with other molecules such as proteins. The precise structure
of RNA and its dynamics are essential for RNA’s functional versatility. RNA molecules

in solution possess a set of conformations whose distribution is proven to change with
environmental triggers [14]. RNA dynamics covers motions at a wide range of timescales
including secondary structure transition, tertiary interaction change, and “jittering” motions
[15]. RNA dynamics are closely related to their biological functions such as catalysis in
ribozyme, translation in the ribosome, and gene regulation in riboswitch [14-16].

RNA nanotechnology is the study of nanoparticles whose main composition is RNA

[8]. It includes the construction of RNA nanoparticles with various complexity and the
application of RNA nanoparticles such as their biomedical usage [9]. RNA nanoparticles
are designed by naturally derived RNA motifs or from scratch with the assistance of
computation modeling [17-19]. RNA nanoparticles can be constructed through different
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approaches, including one-pot assembly, rolling circle transcription (RCT) and RNA origami
[20-24]. The deformative property of RNA, in combination of their advantageous size
(10-40 nm) to avoid nonspecific diffusion and nonspecific entry to organs, allows RNA
nanoparticles to penetrate leaky blood vessels and accumulate at the tumor site as well

as bypass renal filtration and reduce toxicity [25]. This favorable biodistribution of RNA
nanoparticles could be further improved by the incorporation of ligand or aptamer for
active cancer-targeting [26,27]. In addition to the unique deformative property, there are
many other advantages of RNA nanotechnology for pharmaceutical applications. RNA
naturally carries a negative charge which minimizes its interaction with negative charged
cell membrane without the need to coat nanoparticles with polymers, thus preventing
interactions with healthy organs. RNA nanoparticles have high programmability including
shape, size, stability, and stoichiometry that self-assemble with high stability from shorter
oligonucleotides [9]. Due to the high hydrophilic nature of RNA, RNA nanoparticles could
significantly increase the water solubility of hydrophobic drugs thus eliminating the use of
toxic formulation [28,29]. RNA is multivalent which allows them to be multi-functionalized
and can be synthesized with defined structure and stoichiometry, which is beneficial for
overcoming drug resistance by achieving combination therapy [30,31]. RNA nanoparticles
are commonly synthesized to include targeting ligands that enhance local nanoparticle
concentrations and allow for specific cell entry through receptor-mediated endocytosis [32].
In combination with extracellular vesicles, RNA nanoparticles could improve the delivery
efficiency of therapeutic oligos such as siRNA by targeting delivery and avoiding endosome
trapping [32,33]. Together, RNA nanoparticles have delivered small molecule drugs such as
doxorubicin (DOX) and paclitaxel (PTX) as well as oligonucleotide drugs such as sSiRNA
and anti-miRNA for disease treatment [28,34-36]. Furthermore, the immunogenicity of
RNA nanoparticles is size, shape, and sequence-dependent leading to an adjustable immune
response; and the lack of proteins eliminates issues with antibody induction and allows for
repeatable intravenous injections without resulting toxicities [37]. They showed promises for
the treatment of various types of cancer, including breast, prostate, colorectal cancer, and
other disease such as central nervous system (CNS) and eye diseases (Table 1) [28,36,38—
41].

2. RNA as a dynamic, deformative, and motile being

2.1. RNA hierarchical structure in relationship to motion

As classical biological studies have elucidated the expansive roles of RNA within cells, the
understanding of the complex folding of RNA structures have also been demonstrated and
predicted by experimental and computational approaches. Determination of RNA structure
is important for understanding its biological functions and designing therapeutics to target
RNA for disease treatment [7]. The hierarchy of RNA structures includes primary, secondary
and tertiary structure. The primary structure of RNA is the nucleotide sequence which
contains the ribose sugar, nucleobases, and phosphodiester bond. The secondary structure
of RNA is the local folds created through Watson-Crick base pairing, which contains both
the base-paired regions and non-paired regions. The base-paired region refers to helices
and the non-paired region includes apical loops, internal loops, and bulges (Fig. 1A)
[51,52]. Current RNA secondary structure prediction methods are mainly based on free
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energy minimization using nearest-neighbor parameters [53]. Recently, new methods such
as SPOT-RNA combine the nearest neighbor model with machine learning which improves
the prediction accuracy by covering all base pairings including lone, pseudoknotted, and
noncanonical base pairs as well as triplet interactions [54]. The tertiary structure is
composed of secondary structural motifs that are brought together through long distance
interactions (Fig. 1B) [51]. The long-range intramolecular interactions that drive the folding
of RNA tertiary structures includes interactions between helical regions such as coaxial
stacking, between helical regions and unpaired regions such as tetraloop motif, and between
unpaired regions such as pseudoknots and loop-loop interactions [55,56]. RNAs such as
ribozyme and riboswitch require complex tertiary structure to exhibit biological activities.
Furthermore, the quaternary structure forms when RNA molecules participate in interactions
with other molecules such as proteins and nucleic acids. RNAs can form ribonucleoproteins
with RNA-binding proteins such as ribosome and spliceosome, RNAs can also form higher
order assemblies with other RNAs such as bacteriophage Phi29 prohead RNA (pRNA)
which forms hexamer with six RNA subunits (Fig. 1C) [57,58].

Instead of remaining static, RNA relies on their dynamic properties which is encoded

by the inherent properties of RNA structure and the external trigger factors to achieve
complex functionality [16,59]. An RNA molecule in a biological condition forms a
statistical distribution of many interconverting conformations, which can be described
using a continuous and rugged free-energy landscape [15]. The population of each
conformation within this statistical ensemble depends on its free energy [14]. Environmental
triggers such as variation in temperature, concentrations, and addition or presence of

other interacting molecules such as proteins or RNA substrates can change the relative
populations of different conformations. The rate and difficulty of transformation between
two conformations depends on their energy barriers. The similar internal energies of two
conformations allows for faster and more prevalent transitions. And the conformational
change can occur at secondary structural level such as riboswitch during gene regulation
and tertiary structural level such as ribozyme during catalysis. RNA dynamics includes
both internal motions and external triggered rearrangement that covers many motional
modes with a large range of amplitudes and timescales. Due to the hierarchal structuring

of RNA (primary, secondary, tertiary), each level of structuring acts independently of other
levels. Similarly, RNA motion is divided into three independent modes based on their
locations in a hierarchical free-energy landscape. These levels of motion not only describe
the level of motion in the RNA but can each independently happen without requiring
motion from other tiers. Tier O refers to the secondary structural transitions at larger than
millisecond timescales. These are the largest RNA dynamics that involve restructuring of
RNA formations and global base pairing. Tier 0 motion comes at high energy costs due to
the unfavorable energies of breaking several base pairs. Tier 1 includes base-pair changes
and tertiary dynamics at timescale ranging from microsecond to millisecond. These smaller
interactions are the breaking and reforming of singular base pairs that can be described

as nucleic acid breathing that is divided into four categories: base-pair melting, base-pair
reshuffling, base-pair isomerization, and long-range tertiary interaction. Each of these
dynamic types works to optimize internal thermodynamic stabilities of the RNA molecules.
Finally, Tier 2 contains “jittering” motions including interhelical and loop dynamics which
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happens at picosecond to nanosecond timescales (Fig. 1D) [15]. These rather rapid dynamics
of an RNA results in the “vibration” of the molecule when observed in set space and include
unpaired bulge and internal loop residues, sugar repuckering, and phosphate-backbone
reorientation. Several studies have undertaken the examination of the structure and motion
of RNA using nuclear magnetic resonance (NMR) [60-65], X-ray crystallography [66,67],
single-molecule imaging microscopy [68—70], cryogenic electron microscopy (cryo-EM),
small-angle scattering (SAS), atomic force microscopy (AFM), and fluorescence resonance
energy transfer (FRET) [71-73]. The increasing amount of experimental data acquired from
these approaches has significantly improved the computational modeling and simulation of
the RNA structural dynamics [73-76].

2.2. The dynamics of RNA at energy, structure, and function level

2.2.1. Energy landscape: Melting temperature and nearest neighbor
dynamics—RNA thermodynamics refers to RNA structural changes affected by
temperature. The melting temperature (T,,) is the temperature at which half of the total
RNA complexes in the system are denatured into unfolded single strands. The T, of RNA
is length, sequence, and concentration dependent; longer strand, more GC pairs, and higher
concentration leads to higher Ty,. It also depends on counter ion because RNA is negative
charged, thus, cations such as sodium (Na*) and magnesium (Mg?*) bind to RNA and form
a shield which neutralize the overall negative charge. The measurement of T, provides a
convenient way to evaluate the thermodynamic parameters such as Gibbs free energy (G),
enthalpy (H) and entropy (S) from experimental data. By adjusting the composing strand and
overall structure, RNA nanoparticles with desirable thermodynamic properties have been
constructed to meet the requirement of various applications. Phi29 3WJ has been proven

to be a thermostable RNA motif, however, the multiple drug conjugation significantly
decreases its thermostability due to increased steric constrains and physical hindrance. The
Tm of Phi29 3WJ decreased to 32° C after conjugation with 10 copies of PTX, which
makes it unstable at physiological condition (37° C) [28] (Fig. 2A). To improve the drug
loading capacity, RNA nanoparticles with increased thermostability need to be constructed.
It is generally believed that increasing GC content of RNA nanoparticles would result

in increased Ty, value and therefore stabilize RNA nanoparticles. However, unrestricted
increase of GC percentage can result in misfolding as the chance of self-dimerization and
the formation of quadruplex also increases. Thus, a new 4WJ RNA nanoparticle has been
designed with more base pairing resulting from more and longer branches. The annealing
temperature (T,) of 4WJ (80.9° C) itself is much higher than 3WJ (58.4° C) which indicates
its high thermostability. This ultra-high thermostability allows 4WJ RNA nanoparticles to
have high drug loading capacity without diminishing its stability. After conjugation with 24
copies of PTX, 4WJ remains its high thermostability with the T, of 79° C, which enables its
in vivo application without stability concerns [28] (Fig. 2A).

In addition to the interaction within base pairs, the interaction between base pairs in
nucleic acid strands also affect the free energy of RNA molecules. The nearest neighbor
model is used for predicting RNA secondary structure using thermodynamic parameters by
minimizing the Gibbs free energy computed with stacking energy associated costs between
matching with complementary nucleotides of not just single base pairs but ‘neighboring’
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base pairs. The nearest neighbor principle also plays an important role during the folding
of RNA structures. Phi29 pRNA has been reported to have a highly thermodynamically
stable 3WJ core (T, 58° C), which is resistant to 8 M urea denaturation and serum
degradation [77,78] (Fig. 2B). During the folding process, the formation of stable 3WJ
core facilitates the correct folding of other attaching modules, such as aptamer, SiRNA,

and ribozyme, attached to the pRNA strand, which allows them to remain functional [78]
(Fig. 2C). Mechanism study of pRNA with malachite green (MG) aptamer demonstrated
the role of nearest neighbor principle in RNA folding process [78]. Studies have shown
pRNA-MG aptamer with interfering sequences at 5" showed different fluorescent intensity
during transcription and after refolding. During transcription, as the 5” interfering sequence
is synthesized first, it complements to the MG aptamer sequence which disrupt its structure
leading to decreased fluorescent intensity. However, the fluorescent intensity is regained
after refolding, during which the highly stable 3WJ core forms first at high temperature
leading to the correct folding of the MG aptamer. The presence of 5” interfering sequence
pairs with the MG aptamer leading to the kinetical trap of RNA in the misfolding structure
during transcription, while the denaturation and annealing process allows the thermostable
3WJ core to form which results in correct formation of the MG aptamer.

2.2.2. Structure transition: Pseudoknot formation and RNA breathing—
Structure transition via RNA breathing and pseudoknot formation governed by the nearest
neighbor principle resulted in a conformational dynamic process that causes passive mation.

RNA pseudoknots are conformations of folded knot-shaped 3D configurations that are
not true topological knots [79]. It is a secondary structure containing two stem loops, or
one stem and one stem loop. Hairpin type (H-type) pseudoknots, consisting two helical
stems and two loops, are the most common type and is formed by base-pairing between
a hairpin loop and the single-stranded region of the second hairpin [80] (Fig. 3A). In
H-type pseudoknot, two helical stems stack coaxially to form a quasi-continuous structure
and the coaxial stacking stabilizes the overall RNA structure [80]. Pseudoknots play an
indispensable role in the structure and function of many RNAs such as ribozyme and
ribonucleoproteins (RNPs) such as ribosome and telomerase [79,81]. The formation of
pseudoknot is essential in a variety of biological processes such as the regulation of
translation initiation by inducing ribosomal frameshifting [81,82].

Double-stranded DNA (dsDNA) has spontaneous conformational fluctuation, also called
DNA breathing, which leads to the breaking of base pairs and transit single stranded region
(ssDNA), also called a DNA bubble (Fig. 3B) [83-85]. Due to the similar composition with
DNA, RNA also processes the breathing process. However, RNA breathing is not widely
recognized as it does not generate of an observable bubble at double strand region as seen in
DNA [83]. Nevertheless, RNA breathing has great impact on the dynamic property of RNA
as it exposes the nucleotides within the base pairs to the environment causing the formation
of motifs such as pseudoknot that leads to a cascade of structural changes at the secondary
and tertiary level.

2.2.3. Configuration adjustment: Induced fit and conformational capture—
RNA interacts with proteins and small molecules to exhibit biological functions such as
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riboswitch regulation and ribozyme cleavage. The dynamics of RNA interacting with other
molecules fall under induced fit and conformational selection models. The induced fit
model proposes that RNA actively adapts and changes its shape upon binding to substrate
and continually reform until reaching a final stable state. The interaction between tRNA
and MiaA transferase involves a mutually induced fit mechanism with the movements

of large domain in MiaA leading to the partial unfolding of anticodon loop in tRNA

[86]. The conformational selection model assumes that the RNA confirmation required for
stable binding preexists, and the binding of substrate stabilizes this confirmation which
makes it predominant in the conformational population. The SAM-I riboswitch aptamer has
confirmations with both open and closed binding pocket in the ligand-free state despite the
energetic differences [87]. RNA systems participating intermolecular interactions utilizing
both mechanisms have also been reported. ULA-RNA molecular recognition is mediated

by the contact of U1A with RNA through conformational selection and the stabilization of
U1A-RNA complex by induced fit [88]. In another study, FMN riboswitch aptamer showed
FMN binding through different mechanism in different environment (Fig. 3C). The FMN
recognition mechanism of riboswitch aptamer is conformational selection in the presence of
Mg?2* ion and is induced fit in the presence of molecular crowding agent such as PEG200
without Mg2* [89].

2.3. RNA dynamics before, during, and after intrinsic equilibrium

RNA dynamics can be classified into three statuses, before, during, and after intrinsic
equilibrium. RNA itself has an intrinsic equilibrium that aims to fold the nucleic acids
populations into the lowest energy conformation possible. RNA populations exist as
ensembles of folding conformations, with the population as a whole is in equilibrium with
defined percentages of the population remaining in each conformation. However, individual
RNA molecules are in transient motion between each conformational state. This ensemble of
RNA conformations provides a stable set of RNA folded states and a level of equilibrium.
Before intrinsic equilibrium refers to the stage of RNA cotranscriptional folding, during
means the status of native RNA reaches equilibrium of possible conformations, after refers
to the transition of RNA conformations triggered by external changes.

During transcription, an RNA strand increases its length until reaching the final product.
However, during the relatively slow transcription process RNA has been shown to fold

into structures to conserve energy at a much more rapid rate. Recent studies revealed the
rearrangement pathway of non-native RNA intermediates during cotranscriptional folding of
E. colisignal recognition particle (SRP) RNA using molecular dynamics (MD) simulation
(Fig. 4A) [90]. The cotranscriptional folding of RNA is driven by local interactions and
distant interactions. Local interactions are mainly mediated by the base-pairing changes such
as formation and melting (Tier 0 and 1) at the nearest neighbor region, which can be imaged
as the RNA breathing process. Distant interactions are mainly mediated by the formation
and deformation of tertiary motifs (Tier 1) such as pseudoknots. The base-pairing regions
are continuously changing which leads to the formations of different tertiary motifs resulting
in the formation of RNA structure with relatively high stability and low free energy. The
structure is constantly changing during transcription as more nucleotides are added onto the
RNA strands until it reaches the intrinsic equilibrium at full length.
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RNAs once folded into their equilibrium structure will maintain a relative level of stability
and defined structure with small reorganization through intramolecular conformation
changes. Intramolecular zipping/unzipping of base pairs and backbone conformational
changes routinely occur throughout the RNA on a scale of < 0.1 ps. This reorganization

of small regions of an RNA strand provides small vibrational movements in the RNA over
time. Within RNA structures, frequent and rapid motion can be found on the 1079 to 107>
second time scale [16,60,62,91]. Using NMR, Zhang et al. were able to demonstrate the
inter-helical bending and twisting, and axially twisting of transactivation response element
(TAR) RNA from the HIV-1 virus without the presence of its ligand (Fig. 4B) [62].

These dynamics within the RNA provides an overall motion of the RNA molecule itself.
Furthermore, RNA motion has been found within RNA tetraloops, including the smallest
know RNA structure the UUCG tetraloop RNA hairpin [64,92]. This natural tetraloop
demonstrates significant mobility and multiple conformations while retaining high stability
[92]. RNAs intrinsically contain motion via intramolecular zipping/unzipping of base pairs,
sugar puckering, and backbone conformational changes that can create a floppy or wiggling
motion of the RNA over time.

Environmental changes can lead to movement of a region of the RNA or the entire

RNA structure, resulting in redistribution of conformations in the previous dynamic
equilibrium [14]. This motion and restructuring are due to the higher affinity and lower
energy landscape to the rearranged interaction with the substrate. Riboswitches are able to
change conformation to change gene expression upon sensing the presence of metabolites,
vitamins, metal ions, and temperature changes [93-95]. The signaling off of genes is highly
orchestrated with riboswitch conformational changes or motion in the RNA. The aptamers
region of riboswitches can have motion required of the riboswitch to switch to an on or off
state (Fig. 4C) [16]. In addition, intermolecular interactions with other proteins and RNAs
can lead to restructuring of large regions of an RNA. Ribosome assembly is the most well
studied case of RNA motion in this category as 16S ribosomal RNA (rRNA) associate
with 20 ribosomal proteins [68,96]. These motions were probed by Kim ef a/. through
fluorescence resonance energy transfer (FRET) studies to observe the motion in real-time
[68]. It was found that the 5" region of the 16S rRNA initiated interactions with the S4
ribosomal protein that led to stable non-native intermediate before changing the frequency
and direction of RNA helix motions into a native complex allowing for completion of the
30S complex formation.

3. The Dynamic, deformative and motile properties of RNA nanoparticles

enable their favorable biodistribution

It has been reported that RNA nanoparticles have a rubbery property which facilitate their
favorable biodistribution, including efficient cancer accumulation and fast renal excretion
[25]. This unique advantage is based on the dynamic property of RNA, which results in its
versatile conformational changes within the biological environment using induced fit and
configuration capture mechanisms.
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Programmability over shape, size, stability, and stoichiometry

One of the advantages of RNA nanoparticle is that their shape, size, stability, and
stoichiometry can be easily and precisely controlled by changing the sequence, length, and
modification of their composing RNA strands, which makes RNA nanoparticle an idea drug
delivery platform [9].

RNA has been shown to fold into nanocomplexes with stable structures from one or multiple
RNA oligo strands. Myriads of RNA nanoarchitectures with various 2D structures, such

as RNA triangle, square and pentagon (Fig. 5C) [97], as well as 3D structures, such as

RNA polygons, polyhedrons, and dendrimers, have been rationally designed and assembled
[98-101]. The approaches to design RNA with specific shape include utilization of existing
RNA motifs with specific angles and de novo design assisted by computation [17-19].
Atomic force microscopy (AFM) and cryogenic electron microscopy (Cryo-EM) are two
methods to confirm the shape of RNA nanoparticles [28,97]. The size of RNA nanoparticles
can be easily controlled by changing the length of composing RNA strands. RNA squares
with the size of 5, 10, and 20 nm have been constructed by modulating the length of

the core and side strands accordingly (Fig. 5B) [21]. Gel electrophoresis and dynamic

light scattering (DLS) are two methods to demonstrate the relative size and measure the
hydrodynamic diameter of RNA nanoparticles, respectively [21]. There is a large repertoire
of existing RNA nanoparticles with versatile structures covering a wide range of size which
is continuously expanding [9]. Besides small RNA nanoparticle s constructed by bottom-up
assembly, large RNA nanoparticles are also available using RNA origami (up to 6000 nt)
and RCT (100-2000 nm) method [102,103]. The size and shape of RNA nanoparticles have
great impact on their /n vivo behavior including circulation time and organ accumulation
[104]. Furthermore, RNA nanoparticles with special size and shape could provide protection
to loaded cargos. RNA prism and RNA dendrimer have been used to protect the embedded
RNA aptamer from degradation by ribonuclease (RNase) and protect the encapsulated

drug from interaction with surrounding proteins, respectively [98,105]. More recently,
reconfigurable RNA nanocubes with “open” and “closed” states were constructed which
demonstrates the potential of developing RNA nanoparticles with changeable conformation
in response to biological stimulus for advanced biomedical applications [106].

Besides shape and size, the thermal and enzymatic stability of RNA nanoparticles can

also be controlled by changing the composition and sequence of composed RNA strands.
Natural RNA molecules are sensitive to nuclease and are unstable in biological fluids,

and this property leads to short half-life and unsatisfied therapeutic effect for unmodified
RNA therapeutics [107]. Various kinds of chemical modification at the backbone, base,
ribose have been generated and incorporated into RNA therapeutics and RNA nanoparticles
to increase their stability and avoid the rapid degradation in serum [108]. Nucleotides

with various base modifications, such as 2’-Fluoro (2’-F), 2”-O-methyl (2"-OMe), and
2’-O-methoxyethyl (2"-MOE) have been incorporated into RNA nanoparticles to improve
their thermal and enzymatic stability and ensure their integrity for /n vivo applications [109].
The most used modified phosphoramidites for the construction of RNA nanoparticles are
2’-F or 2’-OMe modified pyrimidines (2"-F/2"-OMe C and 2’-F/2’-OMe U) [110]. One
approach to modulate thermal stability is to change the composition of RNA nanoparticles.
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Phi29 3WJs with the same sequence but different composition, including DNA, RNA,

2’-F RNA, and locked nucleic acid (LNA) showed different thermal stabilities which were
measured by temperature gradient gel electrophoresis (TGGE) [111]. The T, for 3WJpna.
3WJIrnA, 3WJyE RNA and 3WJ na at 104 M was 39.3 °C, 58.0 °C, 67.5 °C, and higher
than 80 °C, respectively [111]. Furthermore, the sequence of RNA nanoparticles can also
be adjusted to tune the stability of the nanoparticle. The thermal stability of 3WJs with

the same composition but different sequences has also been measured by TGGE, which
indicates higher guanine-cytosine (GC) contents leads to higher T,,. The Ty, of three 2’-F
3WJs with 46.3%, 51.9%, and 66.7% GC content at 2.5¢ M was 54.8 °C, 61.7 °C, and 68.5
°C, respectively (Fig. 5C) [105]. In addition to simple RNA structures such as 3WJ, the
thermostability of sophisticated structures such as RNA dendrimers can also be controlled.
RNA dendrimers utilizing 3WJs with different thermostability as the building block
showed temperature-triggered layer-by-layer property, with the outer-layer dissociating at
low temperature while the inner-layer remaining intact [105]. The pharmacokinetic (PK)
profile of RNA nanoparticles is highly affected by their thermal and enzymatic stability. To
improve the biodistribution of RNA nanoparticles, highly stable RNA nanoparticles have
been developed by incorporating modified nucleotides and increasing GC percentage, which
showed prolonged circulation time and retention at tumor site in mouse model [25].

Moreover, the multivalent RNA strands can be modified with therapeutic, targeting, and
imaging groups at internal and terminal sites which enables high loading capacity and ease
of multi-functionalization of RNA nanoparticles [105]. The amount of cargo, including drug,
ligand, and dye, loaded into RNA nanoparticles can be precisely controlled, which is not
achievable for other commonly used nanoparticles [31]. Small molecule drugs such as PTX
and ligands such as folate (FA) can be covalently conjugated to RNA strands via click
reaction, which are then self-assembled into nanoparticles [28,112,113]. RNA dendrimers
encapsulating 18 copies of PTX inside and displaying 3 copies of FA outside have been
constructed for targeted cancer treatment (Fig. 5D) [105]. As for therapeutic oligos and
RNA aptamers, they are normally attached to the 3" or 5" end of scaffold RNA strands
during the chemical solid-phase synthesis [35]. RNA nanoparticles with sSiRNA, miRNA,
anti-miRNA have been constructed, respectively and showed promising tumor suppression
effects [31,35,50]. Immunomodulators such as unmethylated cytosine-phosphate-guanine
oligodeoxynucleotides (CpG ODN) and specific RNA sequences (SEQs) have also been
attached to RNA nanoparticles which exhibited cytokine induction in both cell and mouse
model [37,97]. Fluorescent dyes are normally attached to the terminal end of RNA strands
either by using specific phosphoramidites during the synthesis of RNA strands or by
conjugation reactions after the synthesis of RNA strands [114,115]. Fluorescent labeling
allows for evaluating the stability, cellular trafficking and /n vivo biodistribution behavior of
RNA nanoparticles [32,104,105].

3.2. The rubbery property of RNA facilitates passive tumor accumulation

Unfavorable pharmacokinetic profile is a challenge for both small molecule drug and
therapeutic oligos. Improvement of delivery to disease site is a logical approach to increase
their therapeutic effects and decrease undesirable side effects. RNA nanoparticles have
been designed as a delivery platform to facilitate drug to pass biological barriers and
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reach tumor environment by strong passive accumulation and active targeting. The passive
accumulation of RNA nanoparticles at tumor site is contributed by two factors: the enhanced
permeability and retention (EPR) effect of tumor and the rubbery, deformative, and amoeba
property of RNA nanoparticles [116,117]. The EPR effect is caused by the fast growth

of tumor tissue which requires extra blood vessels to provide nutrients and oxygen [118].
This causes tumor vasculature to have relatively large pores (0.1 — 3z m in diameter)

due to incomplete endothelial lining in comparison to normal blood vessels, which allows
the extravasation of nanoparticles in tumor tissue [119]. Artificial RNA nanoparticles with
chemical modifications, like natural RNA molecules, possess dynamic property which leads
to conformational changes through motions such as base pair changes while remaining
intact nanocomplexes. The dynamics of RNA nanoparticles contains the interconversion of
conformations with large diameter and small diameter, and the conformational equilibrium
is constantly changing after entering the blood circulation. When RNA nanoparticles reach
tumor microenvironment with hypertonic blood vessel and abnormal blood flow velocity,
their conformational population changes as the structure with smaller diameters penetrate
the blood vessel and accumulate at tumor site [90]. It has been reported that, 10 nm and

20 nm RNA square nanoparticles both showed stronger accumulation and longer retention
time in tumor compared with other vital organs at 12 and 24 hr post intravenous (1V)
injection, which indicates the abnormal tumor vasculature and lymphatic drainage plays an
important role in passive tumor accumulation [25]. Furthermore, 4WJ RNA nanoparticles
showed strong tumor accumulation at 8 hr post 1V injection, while more stiff iron and

gold nanoparticles without deformability showed no or less tumor accumulation, which
demonstrates the deformative property enhances passive tumor accumulation (Fig. 6A) [25].
The role of this dynamic structure plays in the hemodynamic profile of RNA nanoparticle
have not been fully investigated. There is an increasing recognition of the importance

of understanding the physiological effect of the vasculature temperature, composition,

and pressure on the biodistribution of RNA nanoparticles. For example, the influence

of the interaction of RNA nanoparticles with proteins in the blood circulation and other
mechanisms that might contribute to the tumor accumulation such as endocytosis should be
investigated [120].

3.3. The rubbery property of RNA enables passive renal excretion and quick body

clearance

In addition to facilitating vasculature penetration, the deformative property can also help
RNA nanoparticles to pass through renal excretion with similar mechanism. The limit of
renal excretion is 5.5 nm, and proteins with the hydrodynamic diameter of ~5 — 6 nm can
be cleared rapidly from the body by renal filtration and urinary excretion [121,122]. Studies
have shown that dsRNA, 3WJ and 4WJ RNA nanoparticles with the size of 5, 6, and 10 nm
were detected in urine samples at 0.5 h after 1V injection (Fig. 6B) [25]. The excretion

of intact 10 nm 4WJ RNA nanoparticles indicates the deformative property of RNA
nanoparticles helps them to squeeze through the renal filtration. In another biodistribution
study of RNA square with the size of 10 and 20 nm, the fluorescent intensity in kidney is
significantly reduced from 12 hr to 24 hr post IV injection, which further confirms the fast
renal clearance of deformative RNA nanoparticles. (Fig. 6C) [25]. The rapid renal excretion
eliminates the concern of accumulation of RNA nanoparticles in vital organs which might
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lead to the long-term toxicity. The elements, such as size, shape, modification, that affect
the biodistribution of RNA nanoparticles including tumor accumulation and renal filtration
need to be investigated systematically like the immunogenicity evaluation by quantitative
structure—activity relationship (QSAR) modeling [123].

3.4. Functionalization for active cancer targeting

The appropriate size and the deformative ability of RNA nanoparticles helps them to cross
the leaky blood vessel and accumulate at tumor site. To be internalized into cancer cells,

it requires the RNA nanoparticles to be functionalized with targeting groups such as small
molecule ligands and RNA aptamers [124]. Certain epitopes or receptors have over- or
exclusive-expression on cancer cells which has been used for active targeting using small
molecule, antibody/peptide, and DNA/RNA aptamer [125-127]. Active targeting group
allows RNA nanoparticles to specifically bind to cancer cells and minimize the interaction
with normal cells thus decrease the non-specific toxicity [26,112]. This also has the potential
to decrease the drug dosage and further reduce the side effects [31]. Small molecule
targeting ligand, such as FA and N-Acetylgalactosamine (GalNAc), can be attached to

RNA nanoparticles during the synthesis of RNA strands using special phosphoramidite

or after the RNA synthesis via click reaction. FA has strong binding affinity to folate
receptor which is overexpressed on the surface of various cancer cells, including ovarian,
breast, colon, and lung cancer [128-130]. Phi29 3WJ-FA nanoparticle showed simultaneous
targeting of colorectal cancer (CRC) cells in major sites of metastasis such as liver, lymph
nodes, and lung, without accumulation in health cells in CRC metastasis mouse model

(Fig. 7A, B, C) [112]. GalNAc, which binds to asialoglycoprotein receptor (ASGP-R) on
hepatocyte, has been used intensively as the targeting ligand in the siRNA therapies for the
treatment of liver diseases [131]. The conjugation of GalNAc to 6WJ RNA nanoparticle
significantly increased its binding to ASGP-R overexpressing HepG2 cells in comparison to
bare 6WJ RNA nanoparticles [31]. Furthermore, 6WJ-GalNAc RNA nanoparticle efficiently
delivered both PTX and miR122 therapeutics to tumor site in hepatocellular carcinoma
(HCC) xenograft mouse model [31]. In addition to small molecules, RNA aptamers can
also be attached to RNA nanoparticles as the targeting group by extending the scaffold
RNA strand with aptamer sequence during RNA synthesis. RNA aptamers are RNAs with
defined structures that have high binding affinity to certain proteins such as receptors on
cell membrane [132]. RNA aptamers have been shown to direct the nanoparticles into

cells through endocytosis pathway [133,134]. RNA nanoparticles with the incorporation

of prostate-specific membrane antigen (PSMA), epidermal growth factor (EGFR), and
epithelial cell adhesion molecule (EpCAM) RNA aptamers for prostate cancer, TNBC, and
CRC targeting have been developed [35,36,38]. Phi29 3WJ-PSMAp: RNA nanoparticles
showed strong tumor accumulation /7 vivo in comparison to 3WJ without aptamer (Fig. 7D,
E, F) [38]. And it was used to targeted deliver therapeutic anti-miRNA LNA in LNCaP
C4-2 prostate cancer xenograft mouse model [38]. Currently, most active targeting RNA
nanoparticles only possess one copy of ligand or aptamer, which showed good targeting
effect to cancer cell both /n vitroand in vivo. The targeting efficiency could be improved

by manipulating the amount and position of ligand attached to RNA nanoparticles. Besides
small molecule and RNA aptamer, antibodies and antibody fragments have been commonly
attached to nanoparticles for active targeting [135]. Antibodies are Y-shaped glycoproteins
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which are used by the immune system to recognize and bind to antigens. Antibody have
been conjugated with drugs as antibody-drug conjugates (ADCs) or with nanoparticles as
antibody conjugated nanoparticles (ACNPs) [136,137]. So far, 11 ADCs have been approved
by the FDA and the first antibody-oligonucleotide conjugate (AOC) entered clinically trial in
2021 [138]. The lessons and tricks learned from the development of ADCs and AOCs will
contribute to the rational design of antibody conjugated RNA nanoparticles to facilitate the
selective delivery of their entities.

4. Advantages of RNA nanotechnology that facilitates drug development

4.1.

Hydrophilic RNA enhances the solubility of hydrophobic drugs

The poor water solubility is a major issue for many hydrophobic anticancer drugs such

as paclitaxel (PTX) and camptothecin (CPT) [139]. PTX is a tubulin targeting drug that
has been widely used for cancer treatment [139,140]. However, it requires the usage of
Cremophor EL, a formulation vehicle, for dissolution, which results in side effects such

as hypersensitive reactions [141,142]. CPT is a topoisomerase inhibitor, and its clinical
application is limited because of its low water solubility [143]. RNA nanotechnology
offers a new strategy to solve this solubility issue utilizing its highly hydrophilic property.
RNA nanoparticles loaded with multiple copies of anticancer drugs, such as 3WJ-7-CPT
and 4WJ-24-PTX, have been constructed [28,29]. The preparation of RNA nanoparticles
attached with hydrophobic drugs is achieved by synthesizing RNA strands with multiple
alkyne modifications followed by conjugation with prodrug, such as PTX-azide and CPT-
azide, via click reaction. After the conjugation to the RNA strands, the water solubility

of hydrophobic anticancer drugs was significantly increased by 1,000-fold for CPT from
2.7u9/mL to 2.8 mg/mL and 32,000-fold for PTX from 0.4y g/mL to 12.8 mg/mL (Fig.
8A, B) [28,29]. This can not only solve the formulation problem, but also eliminate some
side effects such as unfavorable immune response. /n vivo studies of the production of
cytokines and chemokines demonstrated the decreased immunostimulation for RNA-PTX
nanoparticles dissolved in aqueous buffer compared to free PTX dissolved in Cremophor
EL/ethanol [28]. Studies have shown that 40% of the drug candidates in the developmental
stages have low or inconsistent bioavailability due to the poor water solubility which

leads to unsatisfactory therapeutic response [144]. RNA nanoparticle provides a universal
platform for the solubilization and delivery of these hydrophobic drugs. Besides solving the
formulation issue, RNA nanoparticles could stabilize the drug, prolong the circulation, and
improve the PK profile, which has the potential to reduce the side effects by lower the drug
dosage. Studies showed that RNA nanoparticles loaded with drug showed tumor inhibition
effect without causing toxicity to vital organs for short-term treatment [28]. More studies are
required to investigate the acute and chronic toxicity of RNA-drug nanoparticle treatment
and compare with the toxicity caused by free drug at the same dosage and/or with the same
therapeutic outcome.

4.2. Overcome drug resistance utilizing multivalent property

Another clinical challenge of anticancer drugs is the drug resistance, which is related to
90% of failures in the chemotherapy during the invasion and metastasis of cancers. There
are several mechanisms of drug resistance in the cancer cells including decreased drug
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uptake, increased drug efflux, altered drug metabolism, enhanced DNA repair, etc [145].
The multivalent property of RNA molecules enables the convenient multi-functionalization
of RNA nanoparticles. Multiple copies of different therapeutic agents could be loaded into
RNA nanoparticles simultaneously. Each nucleotide of RNA nanoparticles is a potential
position for the conjugation of small molecule drugs. And each strand of RNA nanoparticles
offers two terminal ends for the extension of functional RNA sequences, such as siRNA,
miRNA, and RNA aptamers. Phi29 3WJ attached with mediator subunit (MED1) siRNAs
and human epidermal growth factor receptor 2 (HER2) RNA aptamer was designed for

the treatment of estrogen receptor a (ER a) positive breast cancer with endocrine therapy
resistance (Fig. 8C) [30]. 3WJ-HER2,p-siIMED was showed to overcome the tamoxifen
(TAM) resistance in xenograft mouse model by silencing the ER coactivator and targeting
HER?2 overexpressing cancer cells (Fig. 8D) [30]. A more recent study reported the
development of 6WJ RNA nanoparticles attached with 24 copies of PTX, one copy of
miR122, and one copy of GalNAc for the treatment of HCC (Fig. 8E) [31]. miR122 is
highly expressed in the liver and could efficiently downregulate oncogenic proteins such

as a disintegrin and metalloproteinase domain-containing protein 10 (ADAM10) and drug
exporters such as P-glycoproteins (P-gp) [146]. The combination of PTX and miR122 leads
to enhanced toxicity to HCC cells due to their synergistic cytotoxicity effect and drug efflux
inhibition (Fig. 8F) [31]. In addition, GalNAc increases the targeting and accumulation

of PTX and miR122 to tumor site. All these factors led to the best tumor suppression
outcome in HCC xenograft mouse model compared to PTX only, miR122 only, and other
control groups (Fig. 8G) [31]. Using RNA nanoparticles for the co-delivery of two or
multiple types of drugs gives advantage over the traditional combination chemotherapy.
RNA nanoparticles allow combined drugs with different PK parameters to reach cancer
cells simultaneously with the defined ratio resulting in the desired synergistic effect [147].
Furthermore, RNA nanoparticles attached with 4-1BB aptamer showed T cell activation
and antitumor function which demonstrates their potential to achieve the combination of
chemotherapy and immunotherapy [148-150].

4.3. Deliver therapeutic oligos and facilitate endosome escape

Small interfering RNAs (siRNAs) are short double-stranded RNAS that cause targeted
gene suppression by binding to targeted mRNA sequences and leading to the cleavage

and degradation of mMRNA [151]. Currently, three siRNA drugs, patisiran, givosiran, and
lumasiran, for different liver diseases have been approved by FDA and more siRNA drugs
for the treatment of eye, skin, kidney, liver, and cancer diseases are under clinical stage
[152]. This shows the great potential of utilizing siRNA for a wide range of clinical
applications. However, there are many challenges for the efficient sSiRNA delivery [153].
One is the lack of efficient delivery to the disease side after systemic administration, and
another one is the endosome trapping, which limits the amount of siRNA delivered to

the targeted site in cytosol [154]. To solve the delivery obstacle, sSiRNA has been loaded
into extracellular vesicles (EVs) that are decorated with RNA nanoparticles on the surface
for targeted delivery [155]. The decorative RNA nanoparticles contain one cholesterol for
anchoring on EVs and one targeting group such as folate to guide EVs to cancer cells
[32,33]. This strategy utilizes the decorative RNA nanoparticles for targeting to tumor cells
and the EVs for fusing with cell membrane and avoiding endosome trapping, thus achieving
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the optimized delivery of siRNA. Ligand and aptamer displaying EVs loaded with survivin
siRNA showed promises for the treatment of colon, prostate, breast, and lung cancer [33,43].
FA displaying EVs loaded with survivin siRNA decreased the tumor growth rate in patient-
derived colorectal cancer xenograft (PDX-CRC) mouse model [33]. In addition to small
molecule ligand, RNA aptamers such as PSMA aptamer (PMSAg) and EGFR aptamer
(EGFR4py), have also been displayed on the surface of EVs for targeted delivery of siRNA,
respectively (Fig. 9A) [43]. EGFR,pt displaying EVs loaded with survivin siRNA showed
specific tumor accumulation and significant tumor inhibition effect in both breast cancer and
lung cancer xenograft mouse model (Fig. 9B) [43].

More recently, the mechanism of how the combination of RNA nontechnology and EVs
achieves the efficient therapeutic effect of siRNA has been elucidated. The intracellular
behavior of siRNA and FA/EV/siRNA has been studied by confocal microscopy and
colocalization analysis [32]. Free siRNA showed colocalization with endosome and
lysosome while FA/EV/siRNA showed even distribution in the cytosol without specific
accumulation in endosome or lysosome (Fig. 9C) [32]. More detailed confocal studies using
EVs decorated with fluorescent labeled 3WJ-FA RNA nanoparticles showed this efficient
cytosolic delivery of siRNA is likely mediated by the direct membrane fusion mechanism
(Fig. 7D) [32]. Furthermore, FA/EV/siRNA showed increased tumor suppression effect
compared to siRNA and EV/siRNA in KB cell derived cancer xenograft mouse model [32].
These results indicated that ligand displaying EVs could targeted deliver siRNA payload to
tumor cell by receptor-mediated cytosolic delivery without endosome trapping, which leads
to the improved therapeutic effect. So far, the RNA nanoparticle decorated exosomes have
only been used for the targeted delivery of siRNA. Due to the relative large size and high
drug loading capacity of EV, it can also be used to deliver large nucleic acid therapeutics
such as MRNA and CRISPR/Cas 9 system for disease treatment [156,157].

5. Conclusion and perspectives

As more and more functional RNAs are discovered, they draw a lot of attention for

disease treatment and pharmaceutical development, as the disease target, as the therapeutic
agent, and as the delivery platform. Various RNA therapeutics such as ASO, siRNA,
MRNA, and RNA aptamer have been approved for treatment of diseases containing genetic
diseases such as spinal muscular atrophy and infectious diseases such as COVID-19 (Table
2). In addition to being used as the drug, RNA is also a great material to construct

RNA nanoparticles for biomedical applications due to their unique properties such as
deformability, programmability, and multi-functionality. Different methods such as bottom-
up assembly, RNA origami, and RCT have been used to construct RNA nanoparticles with
various size and shape. Despite the major achievements in predicting the structure and
dynamic of biological RNA molecules, the modeling of the 3D structure RNA nanoparticles
with multistrand, modification, and complicated structure as well as the simulation of their
interaction with other molecules still have a long way to go.

RNA nanoparticles have been functionalized with small molecule drug, oligonucleotide
drug, fluorescent dye, targeting ligand, RNA aptamer, and immunomodulator for diagnosis
and treatment of diseases. RNA nanoparticles have been shown to facilitate drug
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development by enhancing the therapeutic effect and minimizing the toxicity for both
small molecule and nucleic acid drugs. For the incorporation of small molecule drugs to
RNA nanoparticles, more linkers should be explored to expand the applicable drugs for
conjugation. With attachment of different types of drugs to RNA becoming possible, the
combinational chemotherapy can be easily achieved by the assembly of RNA nanoparticles
using RNA strands with different drug conjugation. Furthermore, the combination of
chemotherapy and immunotherapy can be achieved by RNA nanoparticles to improve the
therapeutic outcome. Immunotherapeutic agents such as RNA vaccine, immune check point
inhibitor and chimeric antigen receptor (CAR) T cell, are used for activating the immune
system to attack cancer cells [158]. In addition to 4-1BB RNA aptamers, the possibility of
attaching small molecule, aptamer, and antibody to RNA nanoparticles to inhibit immune
checkpoint antagonist such as programmed death-1 (PD-1) and cytotoxic T-lymphocyte
antigen-4 (CTLA-4) should be evaluated [159-161]. Currently, RNA nanoparticles are
mainly designed for cancer treatment, but this platform is highly alterable and is proven
for other medical usage such as anti-coagulation [48].

Significant progress has been made in the construction, functionalization, and application

of RNA nanoparticles, but substantial work remains to make them a clinical reality.

One challenge is the cost-efficient large scale production of RNA nanoparticles with

high purity [162]. Long RNA strands are mainly produced by /n vitro transcription, and

this process is significantly improved due to the mRNA vaccine requirement during the
pandemic. Short RNA strands are normally produced by solid-phase chemical synthesis
using phosphoramidite, which has significantly improved over the past decade by increasing
the nucleotide incorporation efficiency and the yield of production. This in turn resulted

in the synthesis of RNA oligos up to 120 bases in length. Additionally, fermentation for

the industrial scale production by using implantation of plasmids into bacteria can be used.
Large-scale RNA complexes produced in bacteria escorted by a tRNA vector or by RCT has
been reported [163]. To reduce the cost of storage and transportation of RNA nanoparticles,
different preparation methods such as lyophilization and light-assisted drying have been
studied [164].

Building a standard characterization protocol for the evaluation of RNA nanoparticles is

also essential for their clinical usage. Although many studies have been done to evaluate

the biodistribution of RNA nanoparticles using fluorescent and radioisotope labeling,

more systematic and detailed studies are required to determine the influence of various
parameters such as size, shape, and cargo on the PK parameters of RNA nanoparticles [26].
Multiple animal trials have verified the therapeutic effect of RNA nanoparticles in terms of
suppressing tumor growth, however standard pharmacodynamic (PD) studies, such as dose
response study as well as acute and chronic toxic studies, are lacking. The PK/PD profile of
the drug loaded in RNA nanoparticles also needs to be evaluated and compared with the free
drug to demonstrate the advantage of using RNA nanoparticles as drug delivery platform. As
for the immunogenicity, the effect of contributors such as molecular weight (MW) and T,
on the immune response activities of nucleic acid nanoparticles has been studied and QSAR
model has been built based on these results, but more RNA nanostructures with more diverse
parameters are needed to refine the model [123]. In addition to the phenomenological

study, more mechanism studies should be conducted to demonstrate the cellular uptake
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pathway, cellular trafficking and localization as well as tumor accumulation routes of RNA
nanoparticles.

In conclusion, RNA nanoparticles demonstrated its great potential for pharmaceutic
application, more systematic evaluation of RNA nanoparticles will provide more insights
of the rational design and directions of their optimized usage.
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Fig. 1.

nglA hierarchical structure and dynamics. (A) Secondary and (B) tertiary structures of
tRNA (Lys, 3). Reprinted with permission from [51]. Copyright 2010 Molcular Diversity
Preservation International; (C) Quaternary structure of phi29 pRNA hexamer. Adapted with
permission from [57]. Copyright 2021 American Chemical Society; (D) Three tiers of
RNA dynamics in hierarchical free-energy landscape. Adapted with permission from [14].
Copyright 2019 Springer Nature Limited.
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Fig. 2.
Melting temperature and nearest neighbor dynamics of RNA nanoparticles. (A) TGGE gels

and their quantification curves of 3WJ-10 PTXs and 4WJ-X-24 PTXs RNA nanoparticles.
Reprinted with permission from [28]. Copyright 2020 The Author(s); (B) Secondary
structure of pRNA with central 3WJ motif (red circle) composing azy;j, bawsg, and caw;
strands. Reprinted with permission from [78]. Copyright 2013 Oxford University Press; (C)
The strategy of constructing RNA complexes harboring multiple functional groups (1-4)
driven by the formation of 3WJ core. Reprinted with permission from [78]. Copyright 2013
Oxford University Press.
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Fig. 3.

nglA dynamics at structure and function level. (A) Folding topology and 3D structural
model of the phage T2 gene 32 autoregulatory pseudoknot (PBD 2TPK). Adapted with
permission from [79]. Copyright 2008 Elsevier B.V.; (B) DNA breathing demonstrated by
dsDNA with the breaking A-T base pair (green) generated from atomistic MD simulation.
Reprinted with permission from [84]. Copyright 2016 Oxford University Press; (C)
Mechanism of FMN recognition by induced fit under crowding conditions with PEG200 and
by conformational capture under dilute condition with MgCl,. Reprinted with permission
from [89]. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinhem.
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Fig. 4.
RNA dynamics before, during, and after intrinsic equilibrium. (A) Pre-rearranged structure

and post-rearranged structure with the formation of extended helix (yellow) of £. coli SPR
RNA during cotranscriptional folding. Reprinted with permission from [90]. Copyright 2020
Elsevier Inc.; (B) Three conformation of TAR with interhelical motions (Black: Helix I;
Orange: Helix 11). Reprinted with permission from [62]. Copyright 2007 Nature Publishing
Group; (C) The transition of riboswitch from on to off status after ligand (yellow) binding.
Reprinted with permission from [16]. Copyright 2008 Elsevier Ltd.
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Programmability of RNA nanoparticles over (A) shape; (B) size; (C) stability; and (D)
stoichiometry. (A) Schematic and AFM image of triangle, square, and pentagon RNA
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nanoparticles. Adapted with permission from [97]. Copyright 2014 Oxford University Press;

(B) Schematic, size measurement, and AFM image of 5, 10, and 20 nm square RNA

nanoparticles. Adapted with permission from [21]. Copyright 2014 American Chemical
Society; (C) Secondary structure and melting profile of three 3WJs with different sequences.
Adapted with permission from [105]. Copyright 2020 Royal Society of Chemistry; (D)
Self-assembly of RNA dendrimers with 18 PTXs (yellow) and 3 FAs (magenta) using RNA
strands with 6 PTXs, with 1 FA, and without modification. Reprinted with permission from
[105]. Copyright 2020 Royal Society of Chemistry.
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Fig. 6.

Deformative ability of RNA nanoparticles contributes to favorable biodistribution. (A)
Biodistribution comparison of iron, gold, and RNA nanoparticles with VIS images of
tumors and organs, and the fluorescent quantification of tumor to organ (liver and kidney)
ratio; (B) Gel image of urine samples at 0.5 hr post IV injection of dsSRNA, 3WJ, and 4WJ
RNA nanoparticles; (C) IVIS images of organs and tumors collected at 12 and 24 hr post
1V injection of 10 nm and 20 nm RNA square nanoparticles. Adapted with permission from
[25]. Copyright 2020 American Chemical Society.
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Fig. 7.

Ac?tive targeting of RNA nanoparticles with small molecule ligand (A, B, C) and RNA
aptamer (D, E, F). (A) Design of Phi29 3WJ with Alexag,7 fluorescent dye and FA
targeting ligand; (B) Fluorescent confocal images of liver metastasis and adjacent healthy
liver at 6 hr post IV injection of PBS and RNA nanoparticles. (Blue: DAPI; Green: GFP
expressing cancer cells; Red: Alexags7); (C) Alexa (top panel) and GFP (bottom panel)
fluorescent images of liver with metastasis at 6 hr post 1V injection of PBS, pRNA

and FA-pRNA. Adapted with permission from [112]. Copyright 2015 American Chemical
Society; (D) Design of Phi29 3WJ with Alexags7 fluorescent dye and PSMA RNA aptamer;
(E) Fluorescent confocal images of tumor samples at 8 hr post 1V injection of RNA
nanoparticles (Blue: DAPI; Red: Alexags7); (F) Biodistribution of A9g-3WJ and 3WJ in
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organs and tumors demonstrated by Alexags7 signal. Adapted with permission from [38].
Copyright 2016 American Society of Gene & Cell Therapy.
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RNA nanoparticles improve water solubility of drug and overcome drug resistance. RNA
increases water solubility of CPT (A) and PTX (B) Adapted with permission from [28,29].
Copyright 2019 The Authors and 2020 The Author(s); (C) Design of multifunctional 3WJ
RNA nanoparticle with MED siRNA and HER2 aptamer; (D) VIS lumina images of tumors
in mice bearing breast tumor after treatment. Adapted with permission from [30]. Copyright
2016 American Chemical Society; (E) Design of multifunctional 6WJ RNA nanoparticle
with PTX, miR122, and HTL; (F) Synergistic cytotoxic effect of PTX and miR122 using
MTT assay and HSA synergy model; (G) Image and quantification of tumors harvest from
mice bearing HCC tumor after treatment. Adapted with permission from [31]. Copyright
2020 Elsevier B.V.
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Fig. 9.

EVs decorated with RNA nanoparticles increase delivery efficiency and therapeutic effect of
SiRNA. (A) Schematic of EVs loaded with 3WJ-siRNA and decorated with 3WJ-EGFRgpy;
(B) Tumor regression curve of mice bearing NSCLC tumor after treatment. Adapted with
permission from [43]. Copyright 2021 Mary Ann Liebert, Inc.; (C) Confocal images

of cellular internalization of siRNA and siRNA loaded in RNA decorated EVs (Blue:

DAPI; Green: endosome/lysosome; Red: RNA); (D) Schematic of direct membrane fusion
mechanism of endosome escape pathway and cellular distribution of fluorescent 3WJ RNA
and siRNA after cellular internalization of EVs (Blue: DAPI; Green: Cy3 labeled siRNA;
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Red: A647 labeled 3WJ RNA). Adapted with permission from [32]. Copyright 2020 Elsevier
B.V.
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