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Abstract

We report programmable self-assembly of branched, 3D globular, monodisperse and nanoscale
sized dendrimers using RNA as building blocks. The central core and repeating units of the RNA
dendrimer are derivatives of the ultrastable three-way junction (3WJ) motif from the bacteriophage
phi29 motor pPRNA. RNA dendrimers were constructed by step-wise self assembly of modular
3WJ building blocks initiating with a single 3WJ core (Generation-0) with overhanging sticky-end
and proceeding in a radial manner in layers up to Generation-4. The final constructs were
generated under control without any structural defects in high yield and purity, as demonstrated by
gel electrophoresis and AFM imaging. Upon incorporation of folate on the peripheral branches of
the RNA dendrimers, the resulting constructs showed high binding and internalization into cancer
cells. RNA dendrimers are envisioned to have a major impact in targeting, disease therapy,
molecular diagnostics and bioelectronics in the near future.
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We report the construction of RNA dendrimers utilizing the highly stable pRNA-3WJ motif as a
core scaffold. Each of the component strands were synthesized and then self-assembled
sequentially to construct 3D globular Generation—0 to Generation—4 RNA dendrimers with high
yield and purity. RNA dendrimers are envisioned to have a major impact in nanotechnology and
nanomedicine, due to their structural diversity, thermodynamic stability, monodisperse nature,
nanoscale size, polyvalent property, ease of synthesis, high loading capacity, and simple
derivatization with desired functional modules prior to assembly.
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INTRODUCTION

In recent years, extensively branched 3D structures called dendrimers'—3 have become an
attractive platform for building multifunctional macromolecular nanomaterials as diagnostic
and therapeutic agents*=8. This is primarily because of the polyvalent nature, nanoscale size,
highly branched, and void-space containing framework of dendrimers, which offers high
loading capacity of desired functionalities. The attractive and intriguing dendrimers were
conceptualized over four decades agol; however, improvements are desirable for realizing
their commercial availability in clinical settings. For example, the multi-step synthetic
reactions necessary to generate defect-free dendrimer that impact product yield and purity.
Incorporation of different functional modules to generate a multifunctional framework often
requires series of protection—deprotection steps that affects synthetic yield, water solubility
and even functionality. Traditional small molecule building blocks, such as high molecular
weight carrier poly(amidoamine) (PAMAM) and poly (propyleneimine) (PPI) dendrimers
are mostly smaller than 10 nm with angstrom level size differences within successive
generations, make it desirable to seek alternate building blocks to enhance their size in order
to avoid rapid renal clearance for /n vivo applications.

Larger building blocks such as nucleic acids can overcome the size limitation. The self-
assembly properties of nucleic acids can prevail over the complex synthetic routes to
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generate precisely assembled dendrimers under control. It has been proposed that DNA can
serve as building blocks3, and the construction of DNA dendrimers by enzymatic ligation®,
and recently, by hybridization using sticky end segments®10-13 have been reported. RNA
dendrimers have not been realized to date due to challenges in predicting intra- and inter-
molecular RNA folding involving canonical and non-canonical base pairing, base stacking,
and tertiary interactions#15, as well as concerns regarding the chemical stability of
RNAL6-18

Recent progress in RNA nanotechnology has enabled construction of varieties of RNA
nanostructures with precise control of size, shape and stoichiometry16-21. Several structural
RNA motifs have been used as scaffold to construct varieties of 2D and 3D architectures
including, branched RNA nanoparticles?2-24, packaging RNA (pRNA) hexamers24:25,
nanorings26:27, triangles28:29, square3%-32, pentagons33; cube34, and origami structures3®.
Recently we discovered a robust 3WJ (three-way junction) motif derived from pRNA36 of
the phi29 bacteriophage DNA packaging motor?2 that can serve as a scaffold for fabricating
RNA nanoparticles. The pRNA-3WJ assembles from three pieces of RNA oligonucleotides,
is unusually thermodynamically stable (T, of 59°C; AG°37-c of —28 kcal/mol), is resistant
to denaturation even in presence of 8 M urea, and remains intact at ultra-low concentrations
in vive?2:23.37 \We have functionalized the pPRNA-3WJ with targeting, imaging and
therapeutic modules, and the resulting RNA nanoparticles have been used for cancer
targeting?2-24:38-40 and therapy#142, as well as for resistive biomemory applications 43.
More recently, we solved the crystal structure of the pRNA-3WJ scaffold?4, which has
facilitated the designs of multifunctional RNA nanoparticles. RNA has also been reported as
a boiling-resistant anionic polymer material to build robust structures with defined shape and
stoichiometry28:45. Herein, we report for the first time the construction of RNA dendrimers
utilizing the highly stable pRNA-3WJ motif as core scaffold. Each of the component strands
were synthesized by transcription or chemically using phosphoramidite chemistry and then
self-assembled sequentially to construct 3D globular Generation-0-4 (G-0-G-4) RNA
dendrimers. The assembly of RNA dendrimers employs modular design principles and is
highly controllable. Functional groups can be introduced with relative ease both internally as
well as at the peripheral ends of the component strands prior to the assembly process, thus
resulting in homogenous (monodisperse) RNA dendrimers with high yield and purity.

METHODS

RNA synthesis and purification

RNA oligonucleotides were prepared by chemical synthesis using a oligo synthesizer,
custom ordered from Trilink Biotechnologies, Inc.(San Diego, CA, USA) or generated by /n
vitro transcription of respective PCR amplified dsDNA containing the T7 promoter46. RNA
strands were purified by HPLC or by 8% Urea-PAGE. Single-stranded DNA templates and
primers were purchased from /ntegrated DNA Technologies (Coralville, 1A, USA).

Construction of G-0 to G-4 dendrimers

Dendrimers structure G-0, G-1, G-2 and G-3 were constructed using one-pot self-assembly
of component strands (see sequences below). For G-0, the three component strands (3WJ-a):
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(3WJ-b):(3WJ-c) = 1:1:1 molar ratio; For G-1, the five component strands (SquareA):
(SquareB):(SquareC):(SquareD):(SquareE) = 1:1:1:1:1 molar ratio. For G-2, the seven
component strands (b-SquareA):(b-SquareB):(b-SquareC):(b-SquareD):(SquareE): (3WJ-a):
(3WJ-c) = 1:1:1:1:1:4:4 molar ratio. For G-3, the nine component strands (b-SquareA):(b-
SquareB):(b-SquareC):(b-SquareD):(SquareE):(3WJ-c-b_rev):(3WJ-a-b_rev):(3WJ-a_rev):
(B3WJ-c_rev) = 1:1:1:1:1:4:4:8:8 molar ratio. The required dendrimer RNA strands were
mixed together in stoichiometric ratio in TMS buffer (25 mM Tris, 50 mM NaCl, 5 mM
MgCl,) and the mixture was heated to 95°C for 5 min and then slowly cooled to 4°C at a
rate of 2°C/min on an Eppendorf thermocycler. The assembly efficiency was verified using
8% native PAGE or 2% agarose gel.

For the construction of G-4 dendrimer, a two-step approach was used. First, the dendrimer
nanostructure G-2 with sticky ends was constructed by mixing together required RNA
strands with appropriate stoichiometry in TMS buffer. The mixture was heated to 95°C for 5
min and then slowly cooled as described above for the construction of G-1, G-2 and G-3
dendrimer generations. The free strands were removed by passing the mixture through
Amicon Ultracentrifugal spin filters with 100 KDa cut off following manufacturer protocol
and washed twice with TMS buffer. The pure G-2 with sticky ends was collected from
column. In second step, the G-2 with sticky ends was mixed in stoichiometric ratio with
other RNA strands needed to form G-4. The final molar ratio of the 11 G-4 component
strands are (b-SquareA):(b-SquareB):(b-SquareC):(b-SquareD):(SquareE): (3WJ-c-b_rev):
(3WJ-a-b_rev):(3WJ-b-a_rev): (3WJ-b-c_rev):(3WJ-a):(3WJ-c) = 1:1:1:1:1:4:4:8:8:16:16.
The mixture was incubated at room temperature for 1 hour. Then, an agarose gel was run to
check assembly efficiency. G-4 was constructed with a maximum final concentration of 1
UM in TMS buffer.

The sequences of all the strands of the RNA dendrimers are as follows (Sequence 5— 3'):
1. 3WJ-a: UUG CCA UGU GUA UGU GGG

3WJ-b: CCC ACA UAC UUU GUU GAU CC

3WJ-c: GGA UCA AUC AUG GCA A

3WJ-a_rev: GGG UGU AUG UGU ACC GUU

3WJ-b_rev: CCU AGU UGU UUC AUA CAC CC

I T

3WJ-c_rev: AAC GGU ACU AAC UAG G
7. 3WJ-c-folate: GGA UCA AUC AUG GCA A-folate

8. SquareA: GGG AGC CGU CAA UCA UGG CAA GUG UCC GCC AUA CuuU
UGU UGC ACG CAC

9. SquareB: GGG AGC GUG CAA UCA UGG CAA GCG CAU CGC AUA CuuU
UGU UGC GAC CUA

10. SquareC: GGG AGG UCG CAA UCA UGG CAA CGA UAG AGC AUA CuU
UGU UGG CUG GAG
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11. SquareD: GGG ACC AGC CAA UCA UGG CAA UAU ACA CGC AUA CuU
UGU UGA CGG CGG

12. SquareE: GGA CAC UUG UCA UGU GUA UGC GUG UAU AUU GUC AUG
UGU AUG CUC UAU CGU UGU CAU GUG UAU GCG AUG CGC UUG UCA
UGU GUA UGG C

13. b-SquareA: GGC CCA CAU ACU UUG UUG AUC CAU GGU GCG UAG GGU
CGU CAA UCA UGG CAA GUG UCC GCC AUA CUU UGU UGC ACU CcC
UUG CUC AUC A

14. b-SquareB: GGC CCA CAU ACU UUG UUG AUC CUG AUG AGC AAG GGA
GUG CAA UCA UGG CAA GCG UAU CGC AUA CUU UGU UGA GAA CCC
UAU GUG ACU U

15. b-SquareC: GGC CCA CAU ACU UUG UUG AUC CAA GUC ACA UAG GGU
UCG CAA UCA UGG CAA CGA UAG AGC AUA CUU UGU UGG AGU CCC
UUA GAG UAG A

16. b-SquareD: GGC CCA CAU ACU UUG UUG AUC CUC UAC UCU AAG GGA
CUC CAA UCA UGG CAA UAU ACA CGC AUA CUU UGU UGA CGA CcC
UAC GCACCAU

17. 3WJ-a-b_rev: UUG CCA UGU GUA UGU GGG CCU AGU UGU UUC AUA
CACCC

18. 3WJ-c-b_rev: GGA UCA AUC AUG GCA A CCU AGU UGU UUC AUA CAC
CcC

19. 3WJ-b-a_rev: CCC ACA UAC UUU GUU GAU CC GGG UGU AUG UGU ACC
GUU (20) 3WJ-b-c_rev: CCC ACA UAC UUU GUU GAU CC AAC GGU ACU
AAC UAG G

Gel Analysis

RNA dendrimers were analyzed using 2% agarose gel and 6-8% PAGE. The gels were
prepared and ran in TMS buffer at 90 V for 1 hr. The gels were stained with ethidium
bromide and scanned using Typhoon FLA 7000 (GE Healthcare, Cincinnati, OH, USA).

AFM Imaging

Dendrimer structures were imaged using APS modified mica surfaces with a Multi-Mode
AFM Nano-Scope 1V system (Veeco/Bruker) Santa Barbara, CA, USA), operating in
tapping mode, as described previously*’.

Serum stability assay

The chemical stability of RNA dendrimers was studied by incubating the dendrimers with
10% Fetal Bovine Serum (FBS) at 37°C at final concentration of 1 pM. 10 pL of samples
were collected at each time point (0, 0.16 hr, 1 hr, 3 hr, 6 hr, 18 hr, and 24 hr) and were
subjected to a 2% agarose gel assay with TBM running buffer. The gel was run at 120 V for
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120 minutes, imaged by Typhoon FLA 7000 (GE Healthcare, Cincinnati, OH, USA), and gel
bands quantified by Image J.

Flow cytometry analysis

Folate receptor (+) KB Cells were cultured in T75 flask and harvested at a density of 1x10°
cells/ml with 0.25% trypsin. Cells were washed with Opti-MEM medium once and then
incubated with different concentration of Cy5 labeled 2’-F RNA dendrimers in Opti-MEM
medium for 1 hr at 37°C, protected from light. Cells were then washed three times and
suspended in PBS (137 mM NaCl, 2.7 mM KCI, 100 mM NayHPOg4, 2 mM KH,POy4, pH
7.4) for analysis.

Confocal Imaging

KB cells were grown in cover glass (Thermo Fisher Scientific, Waltham, MA, USA) in 24
well bottom culture dishes in its complete medium overnight. Cells were seeded at a density
of 2x10° cells/ml in a volume of 500 pl. On the day of testing, cells were washed with Opti-
MEM medium twice, and RNA dendrimer (with whole chain Cy5 labeled SquareE-strand)
were suspended in 200 pl of Opti-MEM medium and incubated with cells at 37°C for 1 hr.
Cells were washed with PBS twice, fixed with 4 % paraformaldehyde solution (Microscopy
Sciences, Hatfield, PA, USA) in PBS at room temperature for 20 min, then washed with PBS
and permeabilized with 0.05% Triton-X 100 in PBS at room temperature for 3 min. The
cells were then stained with Alexa488 phallodin (Thermo Fisher Scientific, Waltham, MA,
USA) at room temperature for 20 min, the wells washed with PBS and air dried. The cells
were stained with gold antifade (Thermo Fisher Scientific, Waltham, MA, USA) for DAPI
staining for confocal microscopy imaging with Zeiss LSM 510 laser scanning system.

RESULTS

Design and assembly of parts and intermediates for RNA dendrimers

We developed three modules as building blocks for construction of RNA dendrimers.
Module-1 is the 3WJ motif composed of three individual strands (3WJ-a, 3WJ-b and 3WJ-c)
with three terminal ends (Figure 1A). In order to build higher order structures, we need to
interconnect the 3WJ motifs in a radial manner, and this requires using two different 3WJs
with near identical folding properties to avoid cross-talk between layers. Otherwise,
misfolding and aggregation can occur. We generated a reverse pPRNA-3WJ, denoted
pRNA-3WJ-rev, which is a mirror image of the pRNA-3WJ with the 5’- and 3’-ends
switched (Figure 1B). The pRNA-3WJ-rev has near identical properties as the conventional
pRNA-3WJ with regards to thermodynamic stability, as well as assembly in native and 8 M
denaturing PAGE.

Module-2 consists of three sets of pRNA-3WJ building blocks, each harboring one of the
component strands of the pRNA-3WJ-rev serving as sticky ends (3WJ-a_rev, 3WJ-b_rev and
3WJ-c_rev). The use of 3WJ core strands as sticky ends ensures near spontaneous 3WJ
assembly with minimal non-specific hybridization, which can otherwise lead to misfolding,
and also eliminates the need for additional linking sequences between 3WJs. Upon mixing
the three building blocks in stoichiometric ratio, the pRNA-3WJ-rev assembles from the
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three sticky-ends thereby generating module-2 with high efficiency (Figure 2). Module-2 is
composed of 5 component strands and has 6 terminal ends.

Similarly, module-3 was constructed from iterative step-wise assembly on top of module-2
complexes by branch extension using one of the 3WJ component strands as sticky ends. The
final complex is composed of 7 strands and 12 terminal ends with alternating pRNA-3WJ
core and pRNA-3WJ-rev cores (Figure 2).

All three modules can be assembled either in one step or step-wise by simply mixing the
strands at room temperature in TMS buffer (40 mM Tris, 10 mM MgCl,, 100 mM NacCl) or
by annealing (heating to 95°C and cooling to room temperature over the course of 1 hour).
The use of these modules will enable construction of RNA dendrimers with desired
functional moieties, such as RNAI reagents siRNA, miRNA, anti-miRNA,; chemotherapeutic
drug; receptor targeting RNA aptamer or chemical ligand; riboswitch; ribozyme; endosome
disrupting agents; and imaging fluorophores or radiolabels (Figure 3).

Design and assembly of RNA dendrimers G-0 to G-4

RNA dendrimers have similar architectures as small molecule based dendrimers consisting
of an initiating core, interior layer of repeating units, and terminal units at the peripheral
ends of the outermost generation. In the traditional sense, we adopted a “divergent growth’
method, whereby the dendrimer initiates from a core site and grows in a radial manner layer
by layer. We used the pRNA-3WJ as G-0 initiating core (Figure 2A, 5A-B) and then
constructed a planar square nanoparticle to serve as G-1 (Figure 4A, 5A-B). The
pRNA-3WJ scaffold is highly tunable and the internal angle can be stretched from native 60°
to 90° in the square configuration, as demonstrated previously3?. The pRNA-3WJ cores at
each vertex is linked by double stranded RNA sequences, with the entire square construct
(G-1) composed of 5 strands and 4 terminal ends (MW ~83 KDa) (Figure 4A). The square
pattern ensures equal spacing between the protruding corner branches and minimizes steric
hindrances for addition of building blocks. We then adopted a similar strategy as
aforementioned using one of the 3WJ component strands as sticky ends to sequentially
construct G-2 (7 unique strands; 8 terminal ends; MW ~187 kDa) (Figure 4B, 5A-B), G-3 (9
unique strands; 16 terminal ends; MW ~ 328 kDa) (Figure 4C, 5A-B) and finally G-4 (11
unique strands; 32 terminal ends; MW ~ 610 kDa) (Figure 4D, 5A-B) (Table 1). G-0
through G-3 dendrimers can be assembled with high yield by mixing the component strands
in equimolar ratio followed by annealing, except for G-4, which requires an additional
incubation step with module-2 (Figure 2, 4D). Our design does not require any enzymatic
ligation step and simply relies on self-assembly of individual blocks for the construction of
higher order dendrimers. All the sequences for dendrimer generations were optimized to
avoid any nonspecific interactions using the Mfold algorithm 48,

Characterization of RNA dendrimers for thermodynamic stability and serum stability

The thermodynamic stability of individual building blocks is of paramount importance to
ensure that the RNA dendrimers remain intact without dissociating /7 vivo. Both the
pRNA-3WJ and pRNA-3WJ-rev scaffold assemble with high efficiency, as shown in native
PAGE (Figure 1A-B; top gel). Both 3WJs remain stable in presence of strongly denaturing 8
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M urea, thereby demonstrating the robust attributes (Figure 1A-B; bottom gel). Melting
experiments indicated that the three component strands have a much higher affinity to
interact with one another than any of the one or two component strands. The slope of the
melting curve is very steep indicating cooperative assembly of the three strands with very
low free energy (AG°s7+c of —28 kcal/mol), as calculated previously3”. The Ty, values are
near identical for pRNA-3WJ and pRNA-3WJ-rev scaffolds with 59+0.5°C and 58.5+0.5°C,
respectively (Figure 1A-B). T, analysis of RNA dendrimers is challenging involving
multiple strands and multi-step folding intermediates.

For successful clinical application of RNA dendrimers, a major hurdle is their stability in
biological media, such as serum. Unmodified RNAs are intrinsically sensitive to degradation
because of presence of nucleases in serum or in cells with a half-life varying from a few
minutes to several hours#049.50, Chemical modifications, such as 2/-Fluoro (2/-F)
modification on the ribose sugar of the RNA, have been shown to be nuclease

resistant 22:51.52 and also enhance the thermodynamic stability of RNA nanoparticles®’.
Within the dendrimer RNA sequences, the U and C nucleotides were replaced by 2’-F
modified U and C nucleotides during solid phase synthesis or /n vitro transcription. The 2/-F
modified G-4 RNA dendrimers were assembled and showed similar assembly efficiency as
unmodified G-4 RNA dendrimers in native gel assays. To test the serum stability, 2/-F
modified G-4 dendrimers were incubated with 10% Fetal Bovine Serum (FBS) at 37°C. At
specific time points, aliquots were extracted and snap frozen. Gel assays demonstrated that
the 2-F G-4 RNA dendrimers are resistant to nuclease degradation for more than 24 hours
(Figure 5C), while unmodified constructs are degraded within 10-15 minutes.

Characterization of RNA dendrimer assembly by Atomic Force Microscopy (AFM) and gel
electrophoresis

The assembly of dendrimers was tested by native gel electrophoresis (Figure 5B). G-0, G-1,
G-2, G-3 and G-4 dendrimers all display a single band in the gels without any smears
indicating high efficiency of the adopted assembly strategy. No significant change in
assembly efficiency was observed by going from lower to higher generations. The free RNA
strands were removed after dendrimer assembly using centrifugal membrane filter columns.
The slow migration of the gel band from G-0 to G-4 clearly indicates the increasing size of
the constructs, as expected.

To further confirm the results, all constructed dendrimer generations from G-0 to G-4 were
examined by AFM imaging, which strongly support the formation of all dendrimers with
branched conformations (Figure 5A). For G-4 dendrimers, the bifurcation in the arms of
outer layer can be easily observed and the central square is visible in most of the structures
from G-1 to G-4. The dendrimer structures are indeed three dimensional as designed /n
silico utilizing the crystal structure of the planer 3WJ structural motif44. Swiss PDB Viewer
(www.spdbv.vital-it.ch) and Pymol (https://www.pymol.org/) were used to align 3WJ
building blocks into three dimensional structure models (Figure 5A), based on the available
crystal structure of pRNA-3WJ (PDB ID: 4KZ2)*. The three dimensional nature of
dendrimer make the structures to appear in different orientations on the surface for AFM
imaging thus bringing dendrimer arms appear close or farther away from each other in
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different images. RNA dendrimers are highly negatively charged and do not aggregate in
solution. This anionic nature and aggregation-free physical property will minimize non-
specific cell entry, and entrapment by lung and spleen macrophages and liver Kupffer
cells®s.

Characterization of RNA dendrimers for cell receptor targeting

To study the potential applications of RNA dendrimers in targeting specific cells, 2/-F
modified RNA dendrimers were assembled with targeting ligands at peripheral ends.
Increased expression of folate receptors are frequently observed in cancer cells of epithelial
origin®*. Herein, we used folate as a targeting ligand. Within G-4, the core SquareE strand of
G-1 was fluorescently tagged with Cy5 for detection. One of the terminal end sequences
(3WJ-c) was labeled with folate at 3’-end (custom ordered from 7ri/ink) and then used to
assemble G-4 dendrimers resulting in 16 folates distributed evenly across the G-4 dendrimer
surface. Folate receptor positive KB cells were incubated with G-4 dendrimers at different
concentrations and the incubation efficiencies were analyzed using flow cytometry (Figure
6A). G-4 dendrimers with folate displayed increase in intracellular uptake with increasing
RNA concentrations from 1 nM to 3 nM to 6 nM, compared to G-4 dendrimers without any
folate. This is attributed to folate receptor mediated endocytosis. Confocal fluorescence
microscopy (Figure 6B) images further confirmed the internalization of G-4 dendrimers with
folates as indicated by strong overlap of cytoplasma (green) and dendrimers (red). The
results demonstrate that RNA dendrimers would be useful to deliver various payloads
including radioligand, drug molecules, and RNAi modules into the cells.

DISCUSSION

We demonstrated that RNA can serve as a new generation of building blocks to form
homogenous supramolecular 3D dendrimers with defined size and shape. Our step-wise self
assembly strategy utilizing a robust pRNA-3WJ motif is highly efficient and can generate
homogeneous dendrimers under control with high yield and purity. Introduction of 2’-F
RNA makes the dendrimers serum resistant and decoration of the dendrimers with targeting
ligands results in high intracellular delivery to specific target cells.

Compared to small molecule based chemical polymers, RNA dendrimers can be made large
enough (>10 nm) to avoid rapid renal excretion, yet small enough (65 nm for G-4
dendrimers) to enter cells via receptor-mediated endocytosis. The degradation of RNA can
be timely controlled by adjusting the percent and location of chemically modified 2/-F
nucleotides. Moreover, individual nucleotides within the RNA dendrimer can be labeled
during chemical synthesis prior to dendrimer self-assembly, thus ensuring full utilization of
void-spaces, which is an arduous challenge for small molecule based dendrimers. Compared
to DNA counterparts, in addition to enhanced chemical stability after 2’-F modifications,
RNA dendrimers are thermodynamically more stable1516.22.37.55.56 and will therefore not
dissociate at ultra-low concentrations /7 vivo, and therapeutic RNA interference modules,
such as siRNA and miRNA can be seamlessly integrated into the sequence design.

The ease of chemical synthesis of RNA strands, the simplicity of self-assembly without
synthetic reactions, the ease of functionalization of modular units prior to assembly, and the
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multivalent nature of RNA dendrimers will help in high loading of desired functional
modules, such as drugs, targeting, therapeutic, and imaging agents for myriad of applications
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Figure 1.
(A-B) 2D sequence; assembly in 15% native PAGE and stability in 8 M urea 15% PAGE;

and thermodynamic properties of pRNA-3WJ (A) and pRNA-3WJ-rev (B) scaffold.
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Figure 2.

Step-wise assembly of three modules used as building blocks for RNA dendrimer
construction. Module-1 assembles for three strands: 3WJ-a, 3WJ-b, and 3WJ-c. Module-2
assembles from three units: pPRNA-3WJ harboring a_rev, pRNA-3WJ harboring b_rev, and
pRNA-3WJ harboring c_rev sticky-ends. Module-3 assembles from three units: pPRNA-3WJ
harboring a_rev, pPRNA-3WJ harboring b_rev, and pRNA-3WJ harboring three c_rev sticky
ends. Right panel: AFM images of the modular building blocks. For module-1, the AFM
image is for 3WJ with three pRNA subunits at the three branches.

Nanomedicine. Author manuscript; available in PMC 2017 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Sharma et al.

Riboswitch

Chemical
ligand ” \ Fluorophore
Linkageto 54) Endosome

RNA Dendrimers

Figure 3.

Construction of multifunctional RNA dendrimers. Functionalization of module-3 with

disrupting agent

Page 16

varieties of moieties for targeting (chemical ligand or RNA aptamer), imaging (fluorophore
or radiolabel), and therapeutic (SIRNA, miRNA, anti-miRNA, chemotherapuetic drugs,

ribozyme, riboswitch, endosome disrupting agents) units.
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Figure 4.
Assembly of G-1 to G-4 RNA dendrimers from component strands. G-0 assembles for three

strands: 3WJ-a, 3WJ-b, and 3WJ-c, as shown in Figure 2A module 1. (A) G-1 assembles
from five strands: A, B, C, D and E with complementary linkers (black) and 3WJ strands
(red). (B) G-2 assembles from G-1 harboring four 3WJ-b sticky ends, and 3WJ-a and 3WJ-c
strands. (C) G-3 assembles from G-2 harboring eight 3WJ-b_rev sticky ends, and 3WJ-a_rev
and 3WJ-c_rev strands. (D) G-4 assembles from G-2 harboring eight 3WJ-b_rev sticky ends,
and a dimer module harboring 3WJ-a_rev and 3WJ-c_rev strands. Please refer to Table 1 for
defining characteristics.
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A. Dendrimer structure
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Figure 5.
(A) 2D structure (left), 3D model (middle) and AFM images (right) (using Pymol and Swiss

PDB viewer) of G-0 to G-4 RNA dendrimers. (B) 2% agarose gel showing assembly of G-0
to G-4 RNA dendrimers. (C) Serum stability assay of G-4 RNA dendrimers assayed in 2%
agarose gel and quantified by ImageJ.
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(A) Flow cytometry data of G-4 RNA dendrimers at different concentrations (1 nM, 3 nM
and 6 nM) with KB cells. Cell only (black), G-4 dendrimer with no folate (red); and G-4
with 16 folates (blue). Right: Summary of binding results. (B) Confocal microscope images
of G-4 RNA dendrimers incubated with KB cells, nuclear staining by DAPI (blue), cell
membrane staining by phalloidin Alexa488 (green), Cy5-labeled folate-G4 dendrimer (red)
and a overlay of three panels. Bottom: Magnified view of overlayed image section boxed in

red.
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