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DNA origami is typically used to fold a long single-stranded DNA

scaffold into nanostructures with complex geometries using many

short DNA staple strands. Integration of RNA into nucleic acid nano-

structures is also possible, but has been less studied. In this research,

we designed and characterized a hybrid RNA-scaffolded origami

nanostructure with dimensions of �12 nm. We used 12 DNA staple

strands to fold a 401 nt RNA scaffold into a ten-helix bundle with

a honeycomb cross section. We verified the construction of the

nanostructure using gel electrophoresis and atomic forcemicroscopy.

The DNA–RNA hybrid origami showed higher resistance to ribonu-

clease compared to a DNA–RNA duplex control. Our work shows

potential use in folding long RNA, such as messenger RNA, into

origami nanostructures that can be delivered into targeted cells as

medicine or a vaccine.
Aside from being genetic information carriers, DNA and RNA
can also be used as materials to construct nanostructures with
pre-dened geometries.1,2 These nucleic acid nanostructures
have potential for broad applications in drug delivery, bio-
sensing, and biomaterials. For instance, nucleic acid nano-
structures have been used to deliver doxorubicin, siRNA and
antibodies for the treatment of cancers.3 In biosensing,
dynamic DNA nanoswitches have been programmed to detect
viral RNA such as SARS-CoV-2, Zika and Dengue.4 DNA nano-
structures can also assist in the assembly of nanoparticles to
create metamaterials such as sparsely packed colloidal crystals.5

The invention of DNA origami boosted the design and
development of DNA nanostructures in the past decade.1,6

Though great progress has also been achieved in the design
RNA nanostructures,7,8 DNA–RNA hybrid nanostructures have
been less explored. Using branched DNA motifs, researchers
tate University of New York, Albany, NY,

ny, State University of New York, Albany,

ESI) available: Methods and additional

8–4051
have created hybrid DNA–RNA nanotubes,9 polygons10 and two-
dimensional arrays.11 Hybrid DNA–RNA structures have also
been constructed using the origami strategy where a set of DNA
staple strands are used to fold an RNA scaffold into pre-
designed geometries such as two-dimensional ribbons,12

planar tiles,12,13 and a six-helix bundle.13 The fabrication of these
nanostructures has shown comparative yield as that of DNA
origami nanostructures.12 The assembly and size of DNA or RNA
origami structures is largely dependent on the scaffold used in
these methods. This limitation has necessitated the creation of
scaffold strands of different lengths for DNA origami beyond
the routinely used 7249-nucleotide (nt) M13 viral genome.14 A
similar need exists in the construction of size-dened DNA–
RNA hybrid origami structures; so far the only RNA scaffold
lengths reported are 1071 nt12 and 717 nt.13 Here, to further
investigate the self-assembly quality and stability of DNA–RNA
hybrid origami, we constructed a three-dimensional brick by
folding a 401 nt RNA scaffold with DNA staple strands with
maximum side length of �12 nm.

To demonstrate the approach, we designed an origami
nanobrick with dimensions 12 (L) � 11 (W) � 8.75 (H) nm, and
obtained the routing of the scaffold and staple strands using
caDNAno15 (Fig. 1A). The nanobrick consists of ten helices
arranged in a honeycomb lattice structure. Previous reports of
DNA–RNA hybrid origami used 10.67 or 11 bp per turn in the
design of planar tiles,12,13 while short tubular structures were
designed with a helical pitch of 10.5 bp per turn.13 Since our
structure also contains tightly bundled helices, we used 10.5 bp
per turn in our design. The RNA scaffold we used in this work is
a 30 untranslated region of a messenger RNA.16 We created the
RNA scaffold (Table S1†) by in vitro transcription of a double
stranded (ds) DNA template using T7 RNA polymerase (Fig. 1B
and S1†). We used 12 DNA staple oligos (Table S2†) to fold the
RNA scaffold into the designed nanobrick. The entire fabrica-
tion and purication process is shown in Fig. 1C.

To assemble the origami structure, we mixed 50 nM RNA
scaffold with 500 nM DNA staples (10-fold excess) in a solution
containing 0.5� Tris-EDTA buffer (5 mM Tris, 1 mM EDTA, pH
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Design and fabrication of mini DNA–RNA hybrid origami. (A) Three-dimensional design and routing of scaffold and staples. (B) In vitro
transcription of RNA scaffold. (C) Fabrication and purification process.
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7.5) and tested assembly in different concentrations of NaCl (0–
60 mM) (Fig. S2†). Since RNA can be easily fragmented by
magnesium at high temperatures, here we used NaCl for
construction. The mixture was annealed from 65 �C to 20 �C
over 12 hours (Table S3†). We observed similar assembly yields
for the origami in 10–60 mM NaCl and chose the 40 mM
condition for further experiments. The assembled structures
were separated from excess DNA oligos by agarose gel electro-
phoresis (Fig. 2A). To further characterize the assembly, we
extracted the origami structures from the gel band and veried
the structures by dynamic light scattering (DLS) and atomic
force microscopy (AFM). As determined by DLS, the size distri-
bution prole of the origami nanobricks showed that �70% of
the structures were �10 nm in dimension, in agreement with
our design (Fig. S3†). Similarly, AFM height images of DNA–RNA
Fig. 2 Characterization of the mini DNA–RNA hybrid origami. (A) Verifica
arrow indicates the band corresponding to the folded origami structure a
the folded origami structures.

© 2021 The Author(s). Published by the Royal Society of Chemistry
nanostructures deposited and then dried on mica substrates
(Fig. 2B and S4†) showed particles of geometry consistent with
the folded nanostructures described schematically in Fig. 1A.

DNA nanostructures have shown remarkable resistance to
the digestion by nucleases because of their compact structure
and assembly.17 While a majority of DNA nanostructures have
been tested against DNA nucleases such as DNase I,18–20 the
nuclease resistance of DNA–RNA hybrid structures is less
studied. We tested the stability of the mini origami nanobricks
against ribonuclease H (RNase H), an enzyme that digests the
RNA strand in the DNA–RNA hybrid duplex.21 According to the
literature, the concentration of RNase in human blood is about
0.1 mg ml�1.22 We incubated the DNA–RNA hybrid nanobrick
with different concentrations of RNase H at 37 �C for one hour
and analyzed the structures using agarose gel electrophoresis
tion of the folded structures using agarose gel electrophoresis. The red
nd the green arrow indicates the DNA staple strands. (B) AFM images of
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00026h


Fig. 3 Nuclease resistance of mini DNA–RNA hybrid origami. RNase H digestion of (A) DNA–RNA hybrid origami nanostructure and (B) double-
strandedDNA–RNA hybrid. Samples were incubated at 37 �C for one hour. (B) Time series of RNaseH (250UmL�1) digestion of DNA–RNA hybrid
origami. Error bars are standard deviations calculated from experiments performed in triplicates.
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(Fig. 3A). We quantied the band intensity corresponding to the
origami structure to obtain the fraction of intact structure in
different concentrations of RNase H (Fig. S5†). In addition, we
designed a DNA–RNA duplex as a control structure using the
same RNA scaffold and 10 DNA staple strands (Fig. 3B and Table
S4†). The mini origami structure was intact even at 50 U ml�1

(�1.25 mgml�1) of RNase Hwhile the duplex control of the same
size was �20% digested with only 0.5 U ml�1 and completely
digested in 5 U ml�1 of RNase H (Fig. 3A and B, S3†). This result
is consistent with DNA–DNA origami, where origami structures
with multi-helical bundles were more nuclease resistant
compared to individual duplexes.2 We then tested the nuclease
resistance of the origami nanobricks at a higher amount of
RNase H (250 U ml�1) and at different reaction times (Fig. 3C
and S6†). Even at this high nuclease concentration, the origami
structure was still 40% intact aer 1.5 h. These results further
demonstrate the strong RNase H resistance ability of DNA–RNA
origami nanostructures. Toward biological application, we also
evaluated the stability of the origami nanobrick in cell culture
medium by incubating the origami structure in DMEM con-
taining 5% FBS at 37 �C (Fig. S7†). We observed that the origami
structures were completely degraded in 5% DMEM and showed
a trend of degradation over time in 1% DMEM.

In this paper, we presented the design, construction, and
verication of a mini DNA–RNA hybrid origami nanobrick with
�12 nm dimensions. The RNA scaffold we used for construction
is a segment of messenger RNA that can be produced in short
time by in vitro transcription. Such RNA scaffolds readily ob-
tained from in vitro transcription or isolation of natural RNA
molecules stands in contrast to the difficulty in preparing long,
single DNA strands for DNA–DNA origami. Further, the DNA–
RNA hybrid origami nanobrick shows enhanced resistance to
RNase H digestion, rendering them useful in biological appli-
cations that require high biostability. This nuclease resistance
can be further increased by modifying the component strands
of the structures.23,24 The ability to produce self-folded RNA
origami in vivo25 and the co-transcriptional folding of an RNA-
scaffolded origami structure in vitro26 make these structure
more useful in in vivo applications compared to all-DNA origami
4050 | Nanoscale Adv., 2021, 3, 4048–4051
structures. The use of RNA in origami nanostructures also
opens up the possibility of introducing additional functional-
ities such as aptamer-based ligand binding to nanostructures,27

RNA-protein interaction for cargo encapsulation,28 enzyme-
mediated assembly and disassembly,9 and RNA–RNA kissing
interactions for higher order assembly.29 Further, hybrid DNA–
RNA nanostructures have found use in RNA interference30 and
anticancer immunotherapy,31 while DNA nanostructures have
used functional RNA molecules for in situ viral assembly on
origami nanostructures.32 In addition, messenger RNA has
shown great potential as vaccines that can signicantly reduce
the incidence of infectious diseases, such as COVID19,33

making RNA-scaffolded nanostructures useful in drug delivery.
We envision that messenger RNA can also be packaged and
delivered by DNA–RNA hybrid origami nanostructures with
high efficiency in the near future.
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