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Folding of mRNA-DNA Origami for Controlled Translation
and Viral Vector Packaging

Iris Seitz, Sharon Saarinen, Julia Wierzchowiecka, Esa-Pekka Kumpula, Boxuan Shen,
Jeroen J. L. M. Cornelissen, Veikko Linko, Juha T. Huiskonen, and Mauri A. Kostiainen*

mRNA is an important molecule in vaccine development and treatment
of genetic disorders. Its capability to hybridize with DNA oligonucleotides
in a programmable manner facilitates the formation of RNA-DNA origami
structures, which can possess a well-defined morphology and serve as rigid
supports for mRNA delivery. However, to date, comprehensive studies on the
requirements for efficient folding of mRNA into distinct mRNA-DNA structures
while preserving its translation functionality remain elusive. Here, the impact
of design parameters on the folding of protein-encoding mRNA into mRNA-
DNA origami structures is systematically investigated and the importance
of the availability of ribosome-binding sequences on the translation efficiency
is demonstrated. Furthermore, these hybrid structures are encapsulated
inside virus capsids resulting in protecting them against nuclease degradation
and also in enhancement of their cellular uptake. This multicomponent
system therefore showcases a modular and versatile nanocarrier. The work
provides valuable insight into the design of mRNA-DNA origami structures
contributing to the development of mRNA-based gene delivery platforms.

1. Introduction

Nucleic acids play a key role as therapeutic agents by directly tar-
geting genes and subsequently modulating their expression.[1]

Therefore, they find versatile applications in protein replace-
ment therapy,[2] gene silencing,[3] and as vaccines.[4,5] Nucleic
acid therapeutics are highly specific,[1] however, their success is
dependent on the (intra)cellular delivery, which can be enhanced
by complexing the nucleic acids into nanoscale particles. The
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transfection efficiency is furthermore in-
fluenced by the size, shape, and the
surface chemistry of the nanoparticle.[6,7]

Subsequently, packaging of high molecu-
lar weight nucleic acids, including gene-
encoding nucleic acids and mRNAs, into a
compact, predefined shape would be desir-
able. However, this remains challenging us-
ing conventional agents such as lipids.[8]

An attractive alternative for the devel-
opment of a multicomponent delivery
platform is offered by utilizing the DNA
origami technique.[9] It allows the fabrica-
tion of predefined, custom-shaped 2D and
3D DNA nanostructures[10,11] by folding a
long, single-stranded DNA (ssDNA) scaf-
fold into a desired shape with the help of
“stapling” DNA oligonucleotides.[9,12]

DNA origami structures are highly
addressable, allowing for site-specific
functionalization[13] with targeting agents
like antibodies, affibodies, aptamers and
peptides for improved drug delivery.[14,15]

The choice of scaffold strand is no longer limited to generic,
bacteriophage-genome-derived sequences,[16] as the fabrication
schemes based on synthetic, gene-encoding scaffolds have be-
come available.[17,18] Similarly, the DNA scaffold can be replaced
with mRNA, which facilitates protein translation without the
need to enter the nucleus.[19] The mRNA can be folded into
the predefined shape[20] using either kissing loops following the
RNA origami technique[21–23] or ssDNA staple strands, result-
ing in a mRNA-DNA structure, serving as the “core” of such a
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Figure 1. a) A 996-nt mRNA including an EGFP-encoding sequence is hybridized with short ssDNA strands by thermal annealing resulting in mRNA-
DNA origami variants which differ in their internal design. The folding conditions with regard to buffer composition and annealing temperature are
optimized for every design. b) The designs (D1–D5) differ in the scaffold routing with respect to the scaffold crossovers (CO) and embedment of the
5’-cap region (the start codon is marked with an asterisk), the staple CO spacing (orange, yellow, green, light blue, light purple), and the helical rise of
the mRNA-DNA duplex, given as bp per turn.

multicomponent system. Recently, several RNA-DNA origami
structures have been presented, aiming to mediate the delivery
of both mRNA and antisense oligonucleotides.[24–27]

The design of (multilayer) DNA origami structures is com-
monly based on a square or a honeycomb lattice, resembling the
canonical B-form of duplex DNA with 10.67 or 10.5 base pairs
(bp) per helical turn, respectively.[28] In contrast, in RNA origami,
the double-helical RNA domains adopt the A-form, resulting in
11 bp per turn.[22] Previously reported RNA-DNA origami were
designed to have either 10.5, 10.67, or 11 bp per turn.[24,26,29] Al-
though a tendency toward the A-form, i.e., 11 bp per turn has
been suggested for short RNA-DNA structures,[30] a thorough
study on the design parameters for folding and subsequent trans-
lation has not yet been realized.
In this article, we explore the design of a six-helix bundle (6HB)

mRNA-DNA origami with respect to its folding and translation
properties. To this end, a protein-encoding mRNA scaffold is
folded into distinct nanostructures using short ssDNA staples
(Figure 1a). Thus, certain parts of the mRNA, for instance the
poly(A)-tail, can be purposely left non-hybridized. First, we inves-
tigate the impact of the internal design, i.e.„ the crossover (CO)
spacing and the number of bp per helical turn, on the folding effi-
ciency, while also changing the buffer environment and tempera-
ture gradient of the folding reaction (Figure 1a,b). By additionally
adjusting the single-stranded parts in the mRNA-DNA origami,
we ensure the preservation of the innate translation property of
mRNA once it is folded. In a second step, we use virus capsid
proteins to encapsulate the mRNA-DNA origami, resulting in
a structurally well-defined protein-based nanocarrier. The pro-
tein capsid is not only found to improve protection of the nu-
cleic acid structure against nuclease degradation, but it also en-

hances the nanocarrier’s uptake into cells and henceforth allows
the mRNA’s translation into the target protein while exhibiting
minimal toxicity in the system studied.

2. Results

2.1. Design Rationale for mRNA-DNA Origami

Wedesigned five different honeycomb lattice -based 6HBmRNA-
DNA origami variants (Figure 1b) to investigate possible struc-
tural limitations during the folding process as well as their prop-
erties regarding stability and translation efficiency. To facilitate
the translation characterization, we selected a 996-nucleotide (nt)
long mRNA, which includes an enhanced green fluorescent pro-
tein (EGFP) encoding sequence, as our scaffold (blue).
For folding the mRNA scaffold with DNA staple strands, we

started off with two variants, where only the mRNA’s EGFP en-
coding part (714 nt) was hybridized, i.e., the poly(A)-tail and the
5’-cap region of the mRNA, in which the start codon (AUG) is
positioned, remained non-hybridized, thus resulting in 27-nm
long structures. These variants additionally featured 7–8-nt long
scaffold loops, i.e., single-stranded regions of the scaffold at the
both ends. Since the spacing of inter-helical staple COs between
neighboring helices was previously found to affect the stability
of 6HB DNA origami structures,[31] two different CO spacings
were tested: the COs were spaced either at 21 bp (Figure 1b, D1,
orange, top right) or 42 bp intervals (D2, yellow, bottom left) (i.e.,
21 or 42 bp between COs that link the same neighboring helices).
Keeping the CO spacing at 42 bp, a 37-nm long version with-

out the scaffold loops was designed, in which the 5’-cap region
was hybridized with the staples (D3, green, bottom middle-left).
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To further increase the stability and rigidity, scaffold COs were
included in the structures to obtain a structure with 35 nm in
length (D4, light blue, bottom middle-right).
The helical rise of the variants D1–4 was set to 10.5 bp per turn,

thus resembling B-DNA and being in line with previously re-
ported RNA-DNA origami.[24,26] To decrease strain in the origami
structure, complying with the tendency of short RNA-DNA du-
plexes toward theA-DNA geometry,[30] the design of the fifth vari-
ant (36 nm in length) also featured two scaffold COs and the hy-
bridization of the 5’-cap region, but its helical pitch was set to
11 bp per turn (D5, light purple, bottom right).
In addition, all design variants included four staples that could

be replaced with extended staples to further facilitate attachment
of ATTO590 dye (A590) -modified DNA stands through DNA-
DNA hybridization. It allows tracking of the origami, in addition
to ethidiumbromide (EtBr), under red light (Alexa A647 channel
for gels and AF594 channel for uptake into cells).

2.2. Optimization of the Folding Environment for mRNA-DNA
Origami

The folding of DNA origami structures is usually performed in a
buffered one-pot reaction by first heating the solution and then
gradually cooling it to room temperature. The optimal buffer
composition (folding buffer; FOB), including mainly divalent
cations to screen the negative charges of the nucleic acid back-
bones as well as the temperature gradient are both structure
specific.[28] In comparison to DNA, RNA is more susceptible
to chemical degradation due to the presence of a 2’-hydroxyl
group[32] which can interact with a phosphate group resulting in
transesterification.[33] This degradation reaction is influenced by
the pH of the buffer,[32] concentration of divalent cations as well
as the temperature,[32,33] making a screening of both ion concen-
tration and temperature essential. To this end, we started off by
applying previously reported RNA-DNA origami folding condi-
tions to our designs, which allows us to focus on the ion screen-
ing. Initially, a Tris-ethylenediaminetetraacetic acid (EDTA) -
based buffer (TE) supplemented with 0–100 mm NaCl was cho-
sen for folding the mRNA-DNA origami. The reaction mixture
was cooled down overnight from 65 to 20 °C (Figure 2a–d, top
panel; Note S1, Supporting Information).
The outcome of the folding reactions was monitored using

agarose gel electrophoresis (AGE), transmission electron mi-
croscopy (TEM), and atomic force microscopy (AFM). Note, that
the characterization was performed before purification of ex-
cess staple strands. Both D1 (Figure S1a, Supporting Informa-
tion) and D2 (Figure 2a, top panel) showed a very similar elec-
trophoretic mobility compared to the mRNA scaffold for all NaCl
concentrations tested. At high salt concentrations a decrease in
the intensity and broadening of the leading band was observed.
However, the folding efficiency was low, since mainly unfolded
or aggregated mRNA were observed under TEM (30 mm NaCl;
Figure 2a; Figure S2a, Supporting Information) and the few
folded structures were shorter than expected (≈21 nm).
Similar results were also obtained for D3 and D4. While D3

and D4 (Figure 2b,c, top panel) showed reduced mobility com-
pared to the plainmRNA scaffold, also an additional, even slower
migrating band appeared. The number of correctly folded struc-

tures observed in TEMwas low for both D3 and D4 (30mmNaCl;
Figure 2b,c; Figure S2b,c, Supporting Information) as the lengths
of the folded objects appeared to be only ≈16–29 nm (D3) and
20–29 nm (D4). The low yield and observation of only truncated
structures for D2–D4 suggests a potential kinetic trap during the
origami folding process.
By increasing the helical pitch from 10.5 bp per turn to 11 bp

per turn in D5, two bands with decreased mobilities were ob-
served (Figure 2d, top panel). In comparison to D4, it was no-
ticeable that the leading band vanished gradually at higher NaCl
concentration. When folded with a buffer supplemented with
30 mm NaCl, a higher number of folded structures compared to
D4 was observed, however, the large spread in the size distribu-
tion remained, with the majority of the structures having lengths
between 16–26 nm, suggesting the presence of partially folded
structures (Figure S3a, Supporting Information). An increase of
NaCl to 100mm resulted in an overall increase in the length of the
observed folding products, displaying also a low number of struc-
tures with the designed, theoretical dimensions of D5 (Figure 2d;
Figure S3b, Supporting Information).
In general, Mg2+ cations are considered preferential for the

folding and stabilization of complex RNA structures compared to
Na+,[34,35] however, they also promote the chemical degradation
of the RNA. This both protective and degradative behavior of the
Mg2+ cations is highly concentration dependent,[36] and can be
further influenced by chelating agents like EDTA.[37,38] Aiming
to further increase the yield of the folding reactions for all struc-
ture variants, the buffer composition was altered to a Tris-acetate-
EDTA (TAE) buffer supplemented with MgCl2 (Figure 2a–d, bot-
tom panel). Simultaneously, the folding temperature was set to
55 °C and the folding was performed isothermally for 15 min, af-
ter which the samples were place on ice for 10 min. While degra-
dation of the mRNA could not be detected using electrophore-
sis (Figure S4, Supporting Information), these changes in the
folding conditions resulted in better folding outcomes for all our
designs. The shift in electrophoretic mobility compared to plain
mRNA was still minimal for D1 (Figure S1b,c, Supporting Infor-
mation) and D2 (Figure 2a, bottom panel), but TEM and AFM
showed correctly folded D2 variants (Figure 2a, bottom panel;
Figure S5a, Supporting Information). The observed D2 dimen-
sions (given as average (avg) ± s.d. throughout) both in length (l)
with lavg = 29.8± 3.8 nm and diameter (d) with davg = 6.5± 1.0 nm
correspond well with the designed ones.
For both D3 and D4 (Figure 2b,c, bottom panel; and

Figure S5b,c, Supporting Information, respectively) full length
structures could be observed, however, the scattering in the
length distribution persisted also in these conditions, resulting
in lavg = 30.7 ± 8.0 nm for D3 and lavg = 26.4 ± 8.3 nm for D4.
Analysis of the folding reaction of D5 on an agarose gel

(Figure 2d, bottom) revealed a leading band, which migrated
slower than the plain mRNA, and an additional band, sug-
gesting the formation of dimers. Indeed, both monomers
(lavg = 40.1 ± 3.4 nm, davg = 5.9 ± 0.9 nm) and dimers
(lavg = 76.0 ± 10.5 nm, davg = 6.4 ± 0.8 nm) were observed un-
der TEM (Figure S5d, Supporting Information), and their dimen-
sions were in good agreement with the theoretical ones.
Alternatively, K+ cations can stabilize the tertiary structure

of RNA[35] and their usage has been reported for a wireframe
RNA-DNA origami structure, supplementing 10 mm HEPES
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(4-(2-hydroxyethyl)-piperazine-1-ethane-sulfonic acid) buffers[27]

(Note S2, Supporting Information). Even though folding was ob-
served for design variants D2–D5, it was most pronounced for
D5, being in line with results obtained from Tris-based buffers.
The folding temperature was found to substantially effect the
yield, most likely due to chemical degradation of the mRNA
template during the folding process at high temperatures.[33]

Since divalent cations are commonly used for the folding of DNA
origami, and sinceMg2+ cations have been reported beneficial for
the folding and stabilization of tertiary RNA structures,[35,36] we
decided to proceed with TAE/Mg2+-buffers in combination with
short, isothermal folding.
Despite the observation of full length structures for all mRNA-

DNA origami variants folded in those conditions, the folding
yields were found to differ between the designs. To further quan-
tify the success of the folding reaction, the structures were folded
in their optimized conditions, i.e., 1× TAE supplemented with
5 mm MgCl2 for D1, D2 and D5, and 2.5 mm MgCl2 for D3
and D4, and subsequently, they were subjected to treatment with
RNase A (0–10 UmL−1, Note S3, Supporting Information), since
it can digest ssRNA[39] at high salt concentrations. All folded vari-
ants except D1 elicited an increased resistance, with D5 perform-
ing the best.
Overall, the differences in the observed folding yields for

origami variants can be attributed to the internal design. D2 has
no scaffold COs, and the staple CO spacing of 42 bp makes the
structure rather flexible allowing for mechanically less restrained
folding and also high yields. In comparison, an increase of the
CO spacing in D1 (21 bp intervals) seems to hamper its folding,
since almost no folded structures could be observed.
Despite having a staple CO spacing of 42 bp in D3, it differs

fromD2 in the scaffold routing, including the removal of scaffold
loops and hybridization of the 5’-cap region, alterations which
seem to decrease the folding yield. The addition of two scaffold
crossovers in the scaffold routing of D4, in combination with the
mismatch in the helical pitch between the mRNA scaffold and
the DNA staples most likely reduced the degree of freedom for
the staple strands to bind correctly, thus resulting in a further
decrease of the folding yield.
Increasing, in return, the helical pitch from 10.5 to 11 bp per

turn in D5 resulted in a high yield of well-folded structures. Since
D5 tended to form dimers, the folding conditions were further
optimized (Note S4, Supporting Information), leading to a final
buffer composition of 1× TAE supplemented with 5 mm MgCl2
and 1mmNaCl. For amore detailed structural characterization of
D5, molecular dynamic simulations (Figure 2e) were carried out
using oxDNA.[40,41] D5 was stable over the course of the simula-

tion, and found to have a relatively compactmiddle part accompa-
nied by more flexible structure ends. Additionally, D5 was anal-
ysed using cryogenic electron microscopy (cryo-EM, Figure 2f;
Figure S13, Supporting Information). The 2D classification of the
picked particles suggested a foldedmiddle part comprised of sev-
eral helices. The 2D class averages were subsequently projection
matched with the oxDNA simulatedmodel (Figure 2g) and found
to be in agreement. Owing the high flexibility especially toward
the both ends of the mRNA-DNA origami (Figure 2h) caused by
a low number of staple crossovers in the corresponding regions,
it was not possible to reconstruct an accurate 3D model at high
resolution. Nevertheless, the distance between two nucleotides
positioned on opposing helices, corresponding to the 6HB diam-
eter, was traced over the course of the simulation (Figure 2i) and
found to match the measured diameter obtained from negative-
stain TEM (Figure 2d, bottom).
Based on all these observations discussed above, internal de-

sign parameters such as a simple scaffold routing without COs,
a staple CO spacing of 44 bp and a helical pitch of 11 bp per turn
are suggested to enhance the folding yield. Subsequently, we se-
lected variants D2 and D5 folded in TAE/Mg2+-buffers for further
studies.
To further demonstrate the applicability of our proposed

design parameters, we designed two alternative mRNA-DNA
origami 6HB structures (Note S6, Supporting Information)
which were based on mRNA sequences that encode either firefly
luciferase (mFLuc, 1922 nt) or 𝛽-galactosidase (m𝛽-gal, 3421 nt).
Using the optimized folding conditions, these mRNA scaffolds
were successfully assembled into elongated structures with the
expected dimensions.

2.3. Importance of the Ribosome Binding Site Positioning in
Translation

For potential applications, also the disassembly/unfolding of
the mRNA-DNA origami and subsequent translation of the
mRNA are highly important. Therefore, the translation was
first studied in an extracellular environment using reticulocyte
lysate (Figure 3a). To this end, both D2 and D5 structures were
folded using their respective optimized folding conditions in
TAE/Mg2+-buffer and subsequently purified from excess staple
strands. The outcome of the translation was analyzed by native
polyacrylamide gel electrophoresis (PAGE). While D2 was suc-
cessfully translated into EGFP (Figure 3b,c, first lane, yellow bar),
appearing as a fluorescent band upon excitation with blue light
(Alexa A488 channel), no signal was obtained for D5 (second
lane, light purple bar).

Figure 2. a–d) top, Optimization of the buffer conditions in the folding reaction for each design variant by supplementing 0.5× TE buffer with 0–100 mm
NaCl. The success of the folding reaction is evaluated from the change in electrophoretic mobility on a 3.5 % agarose gel. Negative-stain TEM images
of unpurified samples display aggregated structures (left; image width corresponds to 325 nm) as well as discrete folded structures (right, image width
corresponds to 100 nm). (a–d) bottom, Optimization of the folding conditions using isothermal temperature and screening of the MgCl2 concentration
in 1× TAE buffer. Analysis of the optimized conditions by assessing the electrophoretic mobility of the folded structures, negative-stain TEM images
(unpurified samples; image width corresponds to 100 nm) of plain mRNA-DNA origami and observed dimensions of the folded structures. For D5,
the average dimensions are calculated separately for monomers (dark) and dimers (light). The dimensions are given as avg ± s.d e) Side (left) and top
(right) view of the mean structure of D5 obtained from oxDNA simulations. The scaffold is colored in purple, the staple strands in blue. f) Representative
2D class averages of D5 obtained from cryo-EM. g) Projection match between the 2D class averages and the oxDNA simulated model. h) The root mean
square fluctuation (RMSF) of each nucleotide displays high flexibility of the helices at the both ends of the 6HB (D5). i) Observed distribution of the
diameter of 6HB (D5) at two different positions on the simulated model (marked in h) measured as the distance between two nucleotides on opposing
helices.
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Figure 3. a) Addition of the folded mRNA-DNA origami to reticulocyte lysate results in extracellular translation into EGFP. b) The fluorescence signal
is detected using native PAGE. c) Relative intensities of the fluorescence signals obtained from (b). The data is given as avg ± s.d. of n = 3 samples.
d) Design of the staple strands (light purple) that hybridize with the 5’-cap region of the mRNA for D5, with the position of the start codon in mRNA
scaffold (blue) being marked by an asterisk. e) Redesign of the staples leaves only two replacement strands that hybridize with the 5’-cap region of the
mRNA (variant D5R, replacement strands marked with red). f) The replacement strands can also be designed with 3’-overhangs (D5R-6 or D5R-10). The
addition of invader strands (inv, blue) leads to hybridization with the replacement strand, which subsequently releases the 5’-cap region of the mRNA.
The same result can be obtained from (e) by omitting the replacement strands in the folding mixture.

In eukaryotes, the process of ribosome recruitment starts usu-
ally at the 5’-cap region of the mRNA. As soon as the start codon
is reached, translation is initiated.[42] Apart from the helical ge-
ometry, D2 and D5 differ mainly in the configuration of the 5’-
cap region. While it is part of the folded core of D5 (Figure 3d,
the start codonmarked with an asterisk), it is non-hybridized and
therefore freely available in D2 (see Figure 1b).
To probe the role of hybridization of the mRNA’s 5’-region,

the staple design downstream of the 5’-cap of D5 was revised.
In the revised version (D5R, purple), the 5’-region of the mRNA
was hybridized only with two replacement staple strands (red
strands in Figure 3e). Both replacement staple strands were also
designed with 3’-overhangs (variant D5R-6 or D5R-10, Figure 3f;
Figure S16, Supporting Information), thus facilitating a triggered
release of the replacement strands through a toehold-mediated
strand displacement reaction using invader strands (inv, blue).
Now, by either omitting these two replacement staple strands
from the staple mixture or by adding the invader strands, a freed
5’-cap region was obtained (D5R-n or D5R-i), resulting in a struc-
ture with four full-length and two truncated helices as depicted
in the schematic (Figure 3e,f). Neither the addition of the 3’-
overhangs nor the omission of the replacement strands were
found to adversely affect the folding (Figure S16e, Supporting In-
formation).
The importance of the accessibility of the 5’-cap region was

confirmed by reperforming the translation studies with D5R-
n, which revealed successful mRNA translation into EGFP
(Figure 3b,c third lane, purple bar). However, in comparison to
D2, the protein translation yield was reduced by one third. Addi-
tionally, the irreversible unfolding of the 5’-cap region through
the strand displacement reaction and the subsequent transla-
tion of the mRNA was demonstrated. To this end, the transla-
tion of D5R-6 and D5R-10, which featured 6 nt or 10 nt long

toeholds on the replacement strands, respectively, was inves-
tigated first without the addition of an invader strand. As ex-
pected, no translation activity was observed (Figure 3b,c, fourth
lane, red bar; Figure S17a, Supporting Information), confirm-
ing that the toeholds do not interfere with the origami folding.
Subsequently, D5R-6 and D5R-10 were incubated with 10× ex-
cess of the corresponding invader strands for 10 min prior to
their addition to the reticulocyte lysate. While the signal ob-
tained from D5R-6i was negligible (Figure S17a, Supporting In-
formation), a weak fluorescence band was observed for D5R-
10i (Figure 3b,c, fifth lane, blue bar), showing that the toehold-
mediated irreversible unfolding of the 5’-cap region allowed
to recover 20 % of the fluorescence intensity when compared
to D5R-n.
Moreover, the translation capability of the remaining variants

was tested similarly. However, due to degradation of D1, D3, and
D4 during the removal of excess staples, all mRNA-DNA origami
variants were subjected to reticulocyte lysate without purification
which additionally allows to rule out false positive signals orig-
inating from unfolded mRNA that could have been left in so-
lution after the folding reaction and purification (Figure S17b,
Supporting Information). The fluorescence intensities from D2,
D5 and D5R-n corresponded to the previously observed results,
with D2 showing the highest translation activity while the trans-
lation of D5 was prohibited. A fluorescence signal could also
be detected for D3, which might have been expected based on
the folding evaluation. The majority of the observed D3 variants
were truncated under TEM, which indicates that the structures
were only partially folded, and thus contained longer segments of
free, non-hybridized mRNA than intended by the design. There-
fore, it is also possible that the start codon in D3 was exposed.
In comparison, the translation of D4 was at the detection limit,
suggesting a correctly folded 5’-cap region. Surprisingly, the
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Figure 4. a) The electrophoretic mobility of D5R-n changes with increasing virus capsid protein concentration. b,c) Negative-stain TEM images showing
the development of a single protein layer on D5R-n (b) and D2 (c) when using a protein excess of 250. The obtained complexes are grouped based on their
lengths; the image width corresponds to 100 nm. d) Observed length distributions (values given correspond to the avg) for D2 and D5R-n -templated
complex populations with 250× excess of the virus capsid proteins and the calculated Gaussian distribution (solid line). e) RNase H digestion of plain
(left) and complexed (right) D5R-n (top) and D2 (bottom).

EGFP signal obtained for D1 exceeded those of all other variants,
suggesting mainly aggregation during the folding reaction, and
therefore resulting in easy accessibility of the start codon.

2.4. Protection of mRNA-DNA Origami Using Viral Capsids

Nucleic acids are known for their susceptibility to degradation by
nucleases, making their therapeutic use challenging. To main-
tain the intactness of nucleic acid nanostructures, several strate-
gies have been developed.[14,43] One feasible approach is to cre-
ate a protective shell around the nucleic acid structures.[44,45] To
achieve this, it has been previously demonstrated that capsid pro-
teins isolated from cowpea chlorotic mottle virus (CCMV) can re-
assemble on DNA origami structures by exploiting electrostatic
interactions between the negatively charged origami and the pos-
itively charged N-terminus of the capsid protein.[46,47]

To assess the complexation between the capsid proteins and
the mRNA-DNA origami, D2 and D5R-n were mixed with in-
creasing concentrations of CCMV capsid proteins and the shift
in the electrophoretic mobility of the formed complexes was
monitored using AGE (Figure 4a for D5R-n and Figure S18a
for D2). A significant decrease in the mobility was observed
for both origami variants already at a protein excess (given as
ccapsids/corigami) of 100, and increasing the protein concentration
from that led to further decrease in the mobility.
Aiming to use as low protein concentration as possible for

the coating, mRNA-DNA origami complexed with an excess of
250 were selected and imaged with TEM. For both origami vari-
ants, the formation of a highly ordered protein coat was ob-
served (Figure 4b,c; Figure S18b,c, Supporting Information).
This can be also clearly seen from the increased diameter of
the imaged objects: for D5R-n from davg = 5.9 ± 0.9 nm (plain
origami) to davg = 18.7 ± 1.5 nm (complex) and for D2 from
davg = 6.5 ± 1.0 nm (plain origami) to davg = 19.2 ± 2.0 nm (com-
plex). The dimensions are in line with previously reported DNA
origami-capsid protein complexes.[46]

Interestingly, the coated structures showed a heterogeneity
in length, which could be grouped into two main populations
(Figure 4d). The first population is formed when the proteins
coat the folded core of the structure resulting in complexes with
lengths of lavg = 29.2 ± 2.5 nm (D2, dark yellow) and lavg = 43.2 ±
4.1 nm (D5R-n, dark purple). The second population consists
of complexes with lavg = 41.5 ± 4.0 nm (D2, light yellow) and
lavg = 54.6 ± 2.9 nm (D5R-n, light purple), respectively, suggest-
ing that the free 5’-cap region together with the poly(A)-tail can
further template the capsid protein shell formation (Figure S18d,
Supporting Information).
To test the possible protection of the coating, both the un-

coated and complexed structures were incubated with RNase H
(0–50 U mL−1) (Figure 4e), which is known to attack RNA in
RNA-DNA complexes.[48] The protein shell was found to enhance
the stability of both D5R-n (top) and D2 (bottom) when treated
with RNase H, making it possible for the complexed structures
to withstand nuclease concentrations up to 50 U mL−1 (right
gels). The uncoated, plain variants started to degrade already at
0.5 UmL−1, and only subtle differences in the stability and diges-
tion profiles between the variants were observed (Figure 4e, left
gels).
In addition, the susceptibility of the structures toward DNase I

was studied (Figure S19, Supporting Information). DNase I is
known to act non-specifically on ssDNA and the minor groove
of double-stranded DNA (dsDNA) by cleaving the phospho-
diester bonds.[49] Despite its preference for dsDNA, the en-
zyme may also show some residual activity toward RNA-DNA
duplexes.[49] Throughout the tested DNase I concentration range
(0–50 U mL−1), the electrophoretic mobility of D5R-n remained
constant, suggesting that D5R-n can withstand the enzyme treat-
ment. For D2, in contrast, an increase in smear was observed
once it was treated with 0.5 U mL−1 DNase I, most likely origi-
nating from the degradation of the DNA staples.
Since both variants were equipped with A590-modified DNA

strands through hybridization to complementary DNA staple
overhangs (i.e., DNA-DNA duplex formation), the digestion
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processes could additionally be monitored in the fluorophore
channel (Figure S19, Supporting Information, Alexa647, A647).
For both variants, a release of the fluorophores was detected once
DNase I was added. However, the leading band of D5R-n could be
observed over a wider concentration range in the A647 channel,
suggesting a slower degradation of the fluorophore-containing
strands. Nevertheless, the virus capsid coating efficiently pro-
tected the whole origami from degradation with up to 50 UmL−1.

2.5. Transfection and Translation in Mammalian Cells

Having ensured the accessibility of the 5’-cap region of the
mRNA for translation and established a protein shell to prevent
degradation by nucleases, the uptake efficiency of the mRNA-
DNA origami was tested usingHeLa cells (Figure 5; Figures S20–
S23, Supporting Information). Briefly, the cells were seeded into
a 96-well plate and grown for 24 h. Subsequently, the media was
exchanged to Opti-MEM, and the cells were incubated with the
samples for 16 or 24 h. We used A590 to track the uptake of
D2 and D5R-n into the cells, and the signal read-out was per-
formed in 1×PBS using amicroplate reader (excitation/emission
of 490/520 nm for EGFP and 584/616 nm for A590) and fluores-
cence microscopy (GFP filter at 470 nm for EGFP and AF594
filter at 590 nm for A590).
We started out with investigating the transfection efficiency of

naked structures (N) and structures complexed with virus cap-
sid proteins (C, protein excess of 250) (Figure 5a, top). In addi-
tion, these samples were compared to a control sample with the
commercially available transfection agent Lipofectamine 2000
(LP2000, Note S12, Supporting Information). While the uptake
of both naked (N) and LP2000 treated (L) structures (Figure 5a,
top) was found to be low, the A590 signal increased drastically
once the viral capsid coating was applied onto the structures (C).
This trend was observed for both 16 and 24 h sample incuba-
tion with the cells, however, a slightly higher fluorescence sig-
nal was obtained after 24 h. Moreover, a sequential combination
of virus capsids and LP2000 was tested (C+L), in which mRNA-
DNA origami was first complexed with the capsid proteins, fol-
lowed by the addition of the LP2000 (Figure S24d, Supporting
Information). Interestingly, the uptake of such complexes was
comparable to the C-samples, suggesting the virus capsid pro-
teins being the driving force in the enhanced uptake. Notably, a
significantly higher transfection efficiency was found for D5R-n
C+L-samples for both 16 and 24 h in comparison to D2.
Despite the high internalization of the capsid-coated mRNA-

DNA origami (C and C+L), the EGFP signal (Figure 5a, bot-
tom) from the C-samples was similar as for the naked struc-
tures, suggesting the inaccessibility of the mRNA for the ribo-
somes. In comparison, L-samples were found to elicit a similar
level of translation. Only in the presence of both virus capsid
proteins and LP2000 (C+L), a significant change in the EGFP
signal was observed, being more pronounced after 24 h. More-
over, it was noted that the average EGFP intensity for D2 was
higher than for D5R-n (Figure 5a bottom, b,c), but it was also
expected based on the observation during the extracellular tran-
scription. As a control, plainmRNAwas subjected to transfection
(Note S13, Supporting Information) using the same conditions,
which showed higher EGFP intensities. Here, the EGFP signal

for L-samples was found to be the highest for short transfection
periods with a tendency to decrease over time. In contrast,mRNA
C+L-samples showed the opposite trend, with the EGFP signal
increasing over time, indicating that the process of both decom-
plexing the mRNA-DNA origami-based nanocarrier and the un-
folding of the mRNA-DNA origami core are relatively slow.
To further investigate the synergistic effect of the C+L coat-

ing on both uptake and translation of the mRNA-DNA origami
structures, we explored their cellular uptake route (Figure 5d–f;
Figures S27 and 28, Supporting Information). Nanoparticles can
utilize different pathways for their uptake, which can be blocked
by certain, well-studied inhibitors.[50] While sucrose is consid-
ered a general inhibitor, cytochalasin D inhibits phagocytosis and
macropinocytosis. Dynasore blocks both caveolin- and clathrin-
dependent endocytosis, whereas chlorpromazine specifically acts
on clathrin-dependent, and filipin III and nystatin on caveolin-
dependent endocytosis.
As expected, sucrose was found to decrease the uptake of both

D2 (Figure 5d,f) and D5R-n (Figure 5e), regardless of the com-
position of the coating. More importantly, a similar behaviour
was observed for cells treated with dynasore which inhibited the
uptake significantly, suggesting mainly caveolin- and clathrin-
dependent endocytosis. Notably, the uptake inhibition of C- and
C+L-samples was more efficient than that of the L-samples,
which was more pronounced for the D5R-n variant. In addition,
cytochalasin D and chlorpromazine (for L only) contributed sig-
nificantly to the uptake inhibition of D5R-n samples, as well as,
though to a lesser extent, filipin III and nystatin.
Finally, the toxicity of the samples toward the cells was evalu-

ated (Note S15, Supporting Information). While the cell viability
decreased by≈50%upon treatment with L-samples, naked struc-
tures and samples coated with the virus capsids (C) or with the
combination of C+L were not cytotoxic within the studied appli-
cation relevant concentration range.

2.6. Discussion

Wehave investigated the folding behavior of a short, 6HBmRNA-
DNA origami structure with respect to preserving the mRNA’s
innate functionality, i.e., its ability to be translated into a protein.
To this end, we initially drafted five origami variants, which dif-
fered in their internal design. Commonly, the folding of DNA
origami is considered to depend on the structure’s geometry, and
the staple design.[51] Furthermore, the scaffold routing is found to
influence the way staples are integrated into the scaffold: the in-
tegration may happen either through the initial binding followed
by a collapse event or in a uniform manner.[52]

Here, themRNA-DNAorigami variantsD1–D3 featured a sim-
ple scaffold routing in which neighboring helices are connected
at their ends. In contrast, D4–D5 included two scaffold crossovers
shifted toward the center, which could be considered as a “forth
and back” routed design. Assuming that DNA origami folding
pathways apply also to (m)RNA-DNA origami, and taking into
account the mismatch between the preferred helical pitches of
RNA and DNA duplexes, the scaffold routings of D1–D3 might
be more suitable for structures adopting 10.5 bp per helical turn.
Since the collapse event is global, small structural mismatches
might be easier to accommodate, as opposed to the uniform
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Figure 5. a) Monitoring the uptake of naked (N) and D2 (yellow) and D5R-n (purple) complexed with either LP2000 (L), CCMV capsid proteins (C) or a
combination of capsid proteins and LP2000 (C+L) into HeLa cells (top) and the translation activity of the same samples (bottom) for 16 h (light) and
24 h (dark). The data is given as avg ± s.d. of n = 3 samples. b,c) Microscopy images recorded from the GFP, AF594 and bright field (BF) channels,
showing the translation of D2 and D5R-n, respectively. Both samples were transfected with C+L for 24 h; the image width corresponds to 200 μ m. d,e)
The uptake pathway of D2 and D5R-n, respectively, was studied using different inhibitors with * denoting significant inhibition (p < 0.05). The data is
given as avg ± s.d. of n = 3 samples, where NA denotes samples without inhibiting agents (uptake set to 100 % and used as a reference level for the
samples with inhibitors). f) Microscopy images displaying an overlay of BF and AF594 channels, showing the uptake of D2 transfected with C+L. The
image width corresponds to 200 μm.
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integration required for D4 folding. Interestingly, changing the
helical pitch to 11 bp per turn (D5) helped to overcome any
constraints, resulting in the most rigid structure. The combi-
nation of a simple scaffold routing, like in D1–D2 and a heli-
cal pitch of 11 bp per turn allowed to instantly assemble also
longer (≈2–3.5×) mRNA scaffolds into correctly folded mRNA-
DNA origami structures. In addition, when comparing D1 and
D2, the staple CO spacing seems to have a large influence on the
folding yield.
Moreover, the CO spacing has been found to greatly impact the

stability of DNA origami structures,[31,53,54] which is in line with
our observations. Despite the similar staple CO spacing (42 bp
vs 44 bp intervals), D2 was found to be slightly more susceptible
to RNase H degradation than D5R-n, most likely caused by the
scaffold routing. The lack of the two scaffold COs in the center
of the structure may lead to a less compact structure, while si-
multaneously increasing the flexibility, and by this, the structure
becomes more accessible to endonucleases.
The contribution of the helical geometry is reflected in par-

ticular upon treatment with DNase I, with D5R-n outperform-
ing D2. Since the activity of DNase I is known to depend on the
width of the minor groove,[55] D2 is considered more prone to
digestion, assuming that the formed mRNA-DNA double helix
indeed adopts a helical pitch of 10.5 bp per turn. Indeed, when
comparing the electrophoretic mobility of both variants, sharp
bands were observed for D5R-n, while the bands for D2 showed
a smearing behavior, suggesting degradation of the DNA staple
strands. The degradation could also be monitored in the A647
channel, which tracks the A590 fluorophore. A release of A590
was also observed for D5R-n, which could be attributed to the
DNase I degradation of the DNA-DNA duplexes formed between
the fluorophore-carrying strand and the core staple overhangs.
In general, packaging the mRNA into the presented origami

structures was found to make it more stable compared to its free
solution form. However, for its applicability, the mRNA must
also be readily translated. The translation efficiency was found
to depend on (at least) two factors, which are crucial to con-
sider during the design process. First, the translation needs to
be initiated, which is a highly complex process requiring several
initiation factors.[42] In brief, a preinitiation complex is formed
whose binding to the 5’-end of the mRNA is mediated by cap-
binding proteins and an RNA helicase. Due to their interaction
with a poly(A)-binding protein, a stable “closed-loop” structure is
established.[42] To this end, the 3’-poly(A)-tail and the 5’-cap re-
gion should be designed to be placed in close proximity. Subse-
quently, the untranslated 5’-cap region is being scanned base-by-
base by the preinitiation complex for the AUG start codon, which
requiresmRNA to be present in a single-stranded form, a process
assisted by RNA helicases to remove secondary structures. Once
recognized, the elongation phase of the protein synthesis can be
initiated.[42] Thus, integrating the entire 5’-cap region into the
core as in D5most likely interferes with the binding of the preini-
tiation complex to the 5’-end, resulting in no observable transla-
tion when the variant was subjected to the reticulocyte lysate. A
similar behaviour has been observed for structures lacking the
5’-cap.[25]

Secondly, the translation can only proceed given that the as-
sembled structure unfolds, i.e., the mRNA is sequentially “un-
zipped” from the DNA staples while the ribosome moves to-

ward the 3’-end. Unwinding of helical structures by ribosomal
helicases has been reported for both RNA-RNA and RNA-DNA
duplexes.[56] Even though both D2 and D5R-n featured a free,
single-stranded 5’-cap region and a poly(A)-tail, the translation
efficiency of D2 was found to be on average 1.5× higher than that
of D5R-n (P = 0.045), and when tested in a mammalian cell cul-
ture, the difference was even more pronounced (P = 0.017, C+L,
24 h). We therefore suggest a dependency between the denatur-
ing process and the internal design including the position of the
scaffold crossovers and, more importantly, the presence of free
scaffold loops. To this end, D2 possessed free scaffold loops at the
end of each helix, aiding to release potential strain at the respec-
tive ends of the structure and subsequently promote unfolding.
This in return indicates a trade-off in flexibility and compactness
of the folded structure between a high translation efficiency and
its stability against for instance nucleases. The stability, however,
can also be enhanced by complexation with virus capsid proteins.
The accessibility of the 5’-cap region is also essential in cells,

which in return requires efficient release of the mRNA-DNA
origami from its protective coating after the uptake of the com-
plexes. We observed a significant increase in transfection effi-
ciency for mRNA-DNA origami upon complexation with CCMV
capsid proteins, a property of plant viruses previously reported
for DNA origami[47] and oligonucleotides.[57,58] The CCMV coat-
ing (C) was found to outperform the commercially available
transfection agent LP2000. Since the combination C+L showed a
similar transfection efficiency, CCMV is suggested to be the driv-
ing force for the enhanced uptake.
The uptake of nanoparticles commonly follows the endocy-

totic pathway, however, it is dependent on the cell line as well
as on the shape and chemical composition or the biological
origin of the nanoparticle.[59,60] To this end, the uptake can
be distinguished between macropinocytosis, clathrin-mediated,
and caveolin-mediated endocytosis.[6] Several viruses, includ-
ing Simian virus 40[61] and cowpea mosaic virus,[62] follow the
caveolin-mediated pathway which might be preferential in avoid-
ing lysosomal degradation. In HeLa cells, CCMV is preferen-
tially internalized through the clathrin-mediated endocytosis,
though caveolin-mediated endocytosis can occur.[59] The signif-
icant inhibition of the uptake of both D2 and D5R-n complexed
with C and C+L using dynasore suggests mainly clathrin- and
caveolin-dependent endocytosis which is in line with the previ-
ous findings. While dynasore also shows an inhibiting effect on
L-samples, it was found less pronounced compared to C- or C+L-
samples. It should be noted that the uptake was not completely
elimited with any inhibitor, suggesting the possibility of multi-
ple pathways.
Recent investigations on the transfection efficiency have

demonstrated that not only the mass and the size of the nanopar-
ticle, but also its shape (often referred to as aspect ratio, i.e., the ra-
tio between the long and the short axis of the nanoparticle),[63–66]

play a role in uptake. For rod-like DNA origami nanoparticles, an
aspect ratio of 1–3 and a length between 50–80 nmwere found to
be favorable.[63] The presented complexed mRNA-DNA origami
variants had, based on the dimensions of the two populations ob-
tained from TEM (Figure 4d), aspect ratios of 1.56 and 2.50 for
D2, and 2.25 and 2.84 for D5R-n, and should therefore be effi-
ciently internalized by the cells. Nevertheless, it is notable that for
both C- and C+L-samples, D5R-n showed a higher uptake than

Adv. Mater. 2025, 37, 2417642 2417642 (10 of 15) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 2025, 15, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202417642 by D
uodecim

 M
edical Publications L

td, W
iley O

nline L
ibrary on [26/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

D2. Thismight be attributed to the length of the complexed struc-
tures, since locally flat parts at a nanoparticle’s surface may facili-
tate membrane adhesion at low adhesion strengths.[67] Addition-
ally, small differences in the uptake pathway could be observed.
The contribution of macropinocytosis for the uptake of both L-
and C+L-samples for D5R-n suggests the presence of larger par-
ticles or aggregates. Moreover, while filipin III affected D5R-n (C,
C+L), no impact was found for D2, suggesting a preference for
clathrin-mediated endocytosis for D2-C+L, since neither nystatin
inhibited its uptake.
For a nanoparticle taken up through clathrin-mediated endo-

cytosis, the formed vesicle was reported to fuse with an early en-
dosome in HeLa cells.[59] The subsequent release of nucleic acids
from the virus capsid shell as well as from the endosome after in-
ternalization is, however, not well studied. Although the uptake
of especially C- and C+L-origami samples was efficient, the trans-
lation into EGFP is low compared to plain mRNA transfected
with LP2000. Similarly, the complexation of the plainmRNAwith
CCMV virus capsid proteins drastically decreased the translation
into EGFP (Figure S26a, Supporting Information). A similar be-
havior of mRNA-loaded virus-like particles has been reported in
baby hamster kidney cells (BHK-21), most likely arising from a
poor release of mRNA from the CCMV shell.[68]

To further investigate the importance of the disassembly of
the capsid shell upon translation, C-samples were incubated with
heparin before subjection to reticulocyte lysate. Heparin acts as a
negative competing agent, which should therefore trigger the re-
lease of mRNA/mRNA-DNA origami from the virus capsid shell
(Note S16, Supporting Information).When complexed structures
were treated with an excess of heparin before extracellular trans-
lation, ≈10 % of the EGFP signal could be recovered for the plain
mRNA, but neither D2 nor D5R-n showed any fluorescence, sug-
gesting poor or incomplete release from the capsid coat and a
(partially) inaccessible 5’-cap region.
In general, nucleic acids are considered to be released slowly

via the small pores of the capsid, however, when they are
tightly packed, a more rapid release by rupture is conceivable.[69]

LP2000, for one, is suggested to interact with the endosome, re-
sulting in destabilization of the endosomal membrane and sub-
sequent gradual release of the cargo into the cytosol of HeLa
cells.[70] By using LP2000 as an additional transfection agent on
top of the CCMV coating (C+L), wewere able to recover the EGFP
signal, indicating the adjuvant’s importance for successful endo-
somal escape. Interestingly, the impact of LP2000 on the size and
shape of the capsid coated mRNA-DNA origami (Figure S24b,d,
Supporting Information) as well as on its surface properties dur-
ing the uptake was found minimal. When comparing the in-
hibitor efficiencies, a significant difference between L- and C+L-
samples was detected, which was particularly pronounced for
D5R-n, whereas C and C+L followed each other closely, suggest-
ing the virus capsid proteins to be mainly responsible for the
enhanced uptake. Our results therefore suggest a synergistic ef-
fect between virus capsid proteins and LP2000 for the delivery
and translation of mRNA-DNA origami, due to enhancement of
transfection while reducing cell toxicity, and greatly promoting
endosomal escape, respectively. Once the 5’-cap region is acces-
sible in the cytosol, the mRNA is translated through stepwise
“unzipping”. While the folding into bundles might partly com-
promise the translation efficiency of mRNA, the low intensity of

the green fluorescence signal arises additionally from the type
of delivery vehicle. In comparison to the approaches that com-
plex several mRNA molecules with Lipofectamine into a single
particle,[71] it is noteworthy that our multicomponent delivery
platform allows control over the number of mRNA molecules,
as it encapsulates precisely one mRNA molecule per complex.
Also the complex size and shape can be tuned, which in return
impacts its uptake.

3. Conclusion

In conclusion, our results provide a first set of design rules for
the successful application of mRNA-DNA origami, highlighting
the importance of the accessibility of the start codon for transla-
tion initiation and simple scaffold routing to achieve successful
translation. Utilizing the DNA origami technique in combina-
tion with virus capsid proteins allows to program the size and
shape of the nanocarrier template, which in return can be used to
modulate the cellular uptake. Additionally, the electrostatic-based
complexation enables the assembly of other virus species, and
therefore, possible exploitation of the virus’ innate tropism for
delivery. Moreover, precise attachment of cargo molecules onto
the mRNA-DNA origami structures as well as functionalization
of the virus capsid proteins with targeting molecules or ligands
could be used.[72–74] These features could be harnessed in aiding
endosomal escape and in achieving highest possible protection
and transfection while simultaneously ensuring full release of
the mRNA-DNA origami and the accessibility of the start codon.
The modularity of the proposed platform would allow for the fur-
ther development of multipurpose systems for versatile applica-
tions in gene delivery and imaging.

4. Experimental Section
Design, Folding and Purification of mRNA-DNAOrigami Structures: The

design of the 6HB mRNA-DNA origami variants was based on a honey-
comb lattice, and their routing was aided using caDNAno.[75] The mRNA-
DNA origami variants were then folded isothermally in a one-pot reaction.
The 996-nt-long EGFP encoding mRNA scaffold, which, according to the
manufacturer is capped at its 5’-end to resemble the naturally occurring
Cap-1 structure, was purchased from TriLink Bio Technologies (CleanCap
EGFP mRNA, L-7601) and the DNA staple strands were obtained from In-
tegrated DNA Technologies. The annealing reaction was performed in an
optimized, variant-specific, buffered environment (“folding buffer,” FOB).
During the screening, Tris-based as well as HEPES-based buffers were
tested, the specific buffer conditions and thermal gradients used are de-
scribed in Notes S1 and S2 (Supporting Information). For all folding re-
actions the final concentration of the mRNA was kept constant at 50 nm,
and the staple strands (Note S17, Supporting Information) were used in
10× excess (500 nm). Based on the screening, the final FOB containing 1×
TAE was supplemented with 5 mm MgCl2 (D1, D2), 2.5 mm MgCl2 (D3,
D4), or 5 mm MgCl2 and 1 mm NaCl (D5 variants). The mRNA and sta-
ples strands were mixed and annealed in a 15 min incubation at 55 °C,
followed by a 10 min incubation on ice before storage at 4 °C. The fold-
ing conditions for FLuc and 𝛽-gal are described in Note S6 (Supporting
Information).

Spin-filtration was used to remove excess staple strands after the an-
nealing. Briefly, 400 μL of 1× FOB were added to the spin-filter (100 kDA
molecular weight cut-off, MWCO, Amicon) for washing purposes and
centrifuged at 14 000 g for 5 min. Subsequently, the reaction mixture
and the 1× FOB were added in 1:1 ratio twice, first 40 μL, followed by
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30 μL, and centrifuged at 6000 g for 10 min. Then, the structures were
washed 3× with 80 μL of 1× FOB and twice with 80 μL RNase-free water
(6000 g, 10 min). By inverting the filter into a clean tube (1000 g, 2.5 min),
the sample was recovered. The concentration of the purified structure
was determined from an absorbance measurement at 260 nm using
Lambert–Beer’s Law (Note S18, Supporting Information).

Agarose Gel Electrophoresis: Agarose gel electrophoresis was used to
monitor the folding of the mRNA-DNA origami as well as the removal
of unbound staple strands after purification. To this end, a 3.5 % (w/v)
agarose gel (1× TAE buffer, 11 mm MgCl2) was run at 90 V for 45 min
in running buffer containing 1× TAE and 11 mm MgCl2. This technique
was furthermore used to observe the binding interaction between the nu-
cleic acids and the virus capsid proteins as well as to study the intactness
of the structures upon nuclease treatment, however, the agarose concen-
tration was decreased to 2 % (w/v). All samples were mixed with 40 %
(w/v) sucrose (1:5) or 6× gel loading dye (for samples not containing
A590), and EtBr (final concentration 0.46 μg mL−1) was used for stain-
ing. The nucleic acids were imaged under both ultraviolet light (EtBr)
and, if applicible, red light (A647 channel) using a ChemiDoc MP system
(Bio-Rad).

Capsid Protein Coating of mRNA-DNA Origami: The complexation of
mRNA-DNA origami with CCMV capsid proteins was performed accord-
ing to ref. [46] Briefly, CCMV particles were dialysed overnight in Slize-
A-Lyzer Mini Dialysis cups (3.5 kDa MWCO, Thermo Scientific) against
50 mm Tris-HCl buffer, pH 7.5 supplemented with 500 mm CaCl2 and
1 mm dithiothreitol (DTT), followed by a 6 h centrifugation step (21
000 g, 4 °C) to pellet the RNA. The supernatant containing the capsid pro-
teins was subjected to another overnight dialysis against “clean buffer”
(50 mm Tris, pH 7.5 supplemented with 150 mm NaCl and 1 mm DTT).
To determine the concentration of the isolated capsid proteins, the ab-
sorbance at 280 nm was measured (extinction coefficient 23 590 M−1

cm−1) on a BioTek EonMicroplate Spectrophotometer using a Take3 plate
(2 μL sample).

Subsequently, the virus capsid proteins were mixed with purified
mRNA-DNA origami in 1× FOB in 1:1 ratio resulting in a complexation
buffer containing 45 mm Tris, 75.5 mm NaCl, 10 mm acetic acid, 2.5 mm
MgCl2, 0.5 mm DTT and 0.5 mm EDTA, and incubated for at least 1 h at
4 °C. For the evaluation of the coating by AGE and TEM, the final origami
concentration after complexation was 7.5 nm, for the enzymatic stability
studies, complexation was performed at 10 nm and for the mammalian
cell culture assay 31 nm were used.

Enzymatic Stability Studies: The stability of plain mRNA, as well as
plain and complexed mRNA-DNA origami structures in nuclease-rich en-
vironment was evaluated using RNase A (from bovine pancreas, Sigma
Aldrich, 10109169001), RNase H (NEB, M0297S) and DNase I (from
bovine pancreas, Sigma Aldrich, D4263). To this end, 2 μL of the enzyme
stock (range 0–500 U mL−1) were added to 15 μL of the sample solution.
The final buffer contained 33.75 mm Tris, 7.5 mm acetic acid, 0.375 mm
DTT, 0.375 mm EDTA, and after the salt concentration (3 μL, NaCl, CaCl2,
and MgCl2) was adjusted for each sample to ensure optimal conditions
for the enzyme, the resulting final sample concentration is 7.5 nm (20 μL).
For samples containing plain mRNA, 22.5 nm were chosen as final sam-
ple concentrations for easier detection. For both RNase H and DNase I,
the NaCl concentration was kept constant at 56.6 mm. Nevertheless, the
MgCl2 salt concentration was increased to 10 mm for RNase H, and to
5 mm for DNase I. The DNase I buffer was additionally supplemented
with 1 mm CaCl2. Incubation with RNase A was performed by increas-
ing the NaCl concentration to 500 mm. All enzymes were incubated with
the sample at 37 °C for 20 min, after which the sample was placed on
ice, mixed with 40 % sucrose (4 μL) and loaded on a 2 % (w/v) agarose
gel. Analysis of the band intensities and Rf for RNase A was performed

with ImageJ and Origin. Rf was determined as r−r0
r0

, where r is the mea-

sured distance between the leading band of the treated sample and the
gel pocket, while r0 is the migration distance obtained for the untreated
origami sample.

Translation Studies Using Reticulocyte Lysate: The capability of different
mRNA-DNA origami structure variants to translate into EGFP was stud-

ied using a Retic Lysate IVT Kit (Thermo Scientific), following the manu-
facturer’s instructions with slight modifications. Briefly, 17 μL of reticulo-
cyte lysate (obtained from rabbits) were supplemented with 1 μL amino
acid mix (methionine, leucine at concentrations of 1.25 mm), 1.25 μL 20×
translation mix (1.6 m CH3CO2K, 10 mm Mg(CH3COO)2, 200 mm crea-
tine phosphate and 0.5 mm of both methonine and leucine) and 0.25 μL
nuclease-free water. Finally, 5 μL of nucleic acid template were added,
resulting in total nucleic acid content of 50 ng for mRNA-DNA origami
variants or 5–12 ng for plain mRNA. For reactions studying the strand-
displacement, D5R-6 and D5R-10 were incubated for 10 min with 10× ex-
cess of invader strands. The samples were vortexed gently followed by brief
centrifugation before incubating them for 2 h in a 30 °C waterbath. To di-
gest tRNAs in the reaction mixture, 2.5 μL of 1 mg mL−1 RNase A (Sigma
Aldrich, 10109169001) were added for 10min, after which the reaction was
stopped by placing the tubes on ice for at least 5 min. The samples were
finally stored at −20 °C.

The outcome of the reaction was analysed using native PAGE (4-20%
Mini-PROTEAN TGX Precast Protein Gels, Bio-Rad, 4561096). 1 μL of the
retic lysate reaction was diluted with 2 μL 1× PBS and mixed with 2× sam-
ple buffer containing 62.5 mm Tris, 40 % (v/v) glycerol and 0.01 % (w/v)
bromophenol blue. The gel was run in 25 mm Tris buffer pH 8.3 supple-
mented with 192 mm glycine at 200 V for 40 min on ice. EGFP was vi-
sualized under blue light (A488 channel) with a ChemiDoc MP system
(Bio-Rad). The fluorescence intensities were analysed using ImageJ and
Origin, the significance was calculated from averaged triplicate samples
with a heteroscedastic t-test with a two-tailed distribution.

Mammalian Cell Culture Studies: For the cell culture studies, the HeLa
cell line was used. It was maintained in complete media consisting of high
glucose Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich)
supplemented with 5 % fetal bovine serum (FBS, Gibco). Penicillin and
streptomycine (final concentrations 100 U mL−1 and 100 μg mL−1, re-
spectively, Gibco) were added to prevent bacterial contamination. The cells
were grown in petridishes (Corning) in a humidified 5 % CO2 atmosphere
at 37 °C. Once the cells reached a confluency of 90 %, they were passaged
by incubation with 0.5 % Trypsin-EDTA solution (Sigma-Aldrich) for 5 min
to facilitate detachment.

In order to study transfection, the cells (5000 cells/well) were seeded on
96-well plate (black/clear bottom, TC treated surface, Thermo Scientific)
and incubated for 24 h. Prior to transfection, the cells were washed with
1× PBS. Then, the samples were transfected for 16 or 24 h in Opti-MEM
(Thermo Fisher). To allocate sufficient time for the decomplexation of the
samples, Opti-MEM was replaced with complete media and the cells were
grown for additional 24 h (16 h transfection) or over night (24 h trans-
fection). For analysis, the wells were first washed with 100 μL 1× PBS to
remove residues of the complete media, and then measured in 100 μL
1× PBS.

All samples (N, L, C and C+L) were in a first step either complexed with
virus capsid proteins (250× excess), resulting in a mRNA-DNA origami
concentration of 31 nm, or diluted into complexation buffer, matching
the concentration. Subsequently, the samples were diluted 1:1 into Opti-
MEM, which, for samples treated with Lipofectamine 2000 (Invitrogen)
contained 2 % (v/v) (0.7 μL) of the transfection agent, at a minimum of
5 min before addition of 20 μL per well, corresponding to 100 ng of RNA.

The success of the transfection was evaluated bymeasuring the fluores-
cence emission of both EGFP (520 nm) and A590 (616 nm) in amicroplate
reader (Cytation 3, BioTek), using excitation wavelengths of 490 nm and
584 nm, respectively. For visualization, the samples were imaged at 20×
magnification in bright field (BF) and with EGFP (470 nm) and AF594
(590 nm) filter sets using a Zeiss Axio Observer Z1 microscope. The ex-
posure times for the fluorescence channels was set to 300 ns, and the in-
tensity to 70 % (EGFP) and 65 % (AF594), with exception of plain mRNA
samples treated with LP2000 (75 ns exposure, 25 % intensity).

For data treatment, the data from triplicate samples was averaged and
normalized by subtracting 90 % or 50 % of the background signal from
the buffer for EGFP and A590, respectively. For EGFP the intensities of the
coated samples were plotted relative to the respective naked mRNA-DNA
origami. The significance was calculated with a t-test with a two-tailed dis-
tribution.
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The uptake studies have been performed as previously reported.[59] In
short, 5000 cells/well were seeded on a 96-well plate (black/clear bottom,
TC treated surface, Thermo Scientific) and grown for 24 h. Subsequently,
the cells were washed with 1× PBS, after which the media was replaced
with 80 μL of inhibitor-supplemented Opti-MEM for 30 min pre-treatment
of the cells. To this end, sucrose was diluted to 225 mm, cytochalasin D to
4 μ m, chlorpromazine to 10 μ m, filipin III to 3 μ m, nystation to 20 μ m,
and dynasore to 100 μ m. Then, the samples (complexed with either L, C
or C+L) were diluted into fresh opti-MEM, in which the inhibitor concen-
tration had been adjusted, resulting in a sample concentration of 15.6 nm.
20 μL were added per well, corresponding to 100 ng of mRNA, and incu-
bated for 4 h, followed by a washing step with 1× PBS. The inhibition of
the uptake was evaluated based on the A590 signal, and the readout and
imaging were performed as for the transfection studies in 100 μL 1× PBS.

Atomic Force Microscopy: A 20 μL droplet of 10 nm origami solution di-
luted in 1× TAE buffer supplemented with 12.5 mm MgCl2 was deposited
onto a freshly cleavedmica substrate (ElectronMicroscopy Sciences). The
sample was incubated for 1min, after which it waswashed three timeswith
100 μL RNase-free water which was blotted away immediately. A steady
nitrogen stream was used to dry the sample, after which it was immedi-
ately imaged. The measurements were performed in air using ScanAsyst
Air mode in combination with ScanAsyst-Air probes (Bruker) on a Dimen-
sion Icon AFM (Bruker). The AFM images were processed in NanoScope
Analysis v. 1.90, and for easier comparison the height scale was adjusted.

Transmission Electron Microscopy: Both plain mRNA-DNA origami as
well as samples complexed with capsid proteins were prepared at a con-
centration of 7.5 nm, while for complexed mRNA samples 22.5 nm were
used. After depositing a sample-containing droplet (3 μL) for 3 min on a
plasma cleaned (15 s oxygen plasma flash, NanoClean 1070, Fishione In-
struments) Formvar carbon-coated copper grid (FCF400Cu, Electron Mi-
croscopy Sciences), the droplet was removed by blotting against filter pa-
per. Subsequently, the grid was negative stained in a two-step procedure
using an aqueous 2 % (w/v) uranyl formate solution[28] which had been
supplemented with 25 mm NaOH to adjust the pH. After immersing the
grid in a 5 μL stain droplet and immediate blotting, the grid was immersed
into a 20 μL stain droplet. A final blotting step was performed after 45 s,
after which the grids were dried for at least 15 min. The imaging was per-
formed either at an acceleration voltage of 100 kV on a JEOL JEM-2800
electron microscope or at 120 kV on a FEI Tecnai 12 Bio-Twin microscope.

Cryo-EM Data Collection and Analysis: For cryo-EM, 3 μL of 100 nm D5
in 1× FOBwere deposited on a plasma-cleaned (50 s,Harrick Plasma PDC-
002-EC instrument) holey carbon-coated grid (copper 200 mesh R1.2/1.3,
Quantifoil). Using a vitrification apparatus (Vitrobot, Thermo Fisher Scien-
tific), excess liquid was blotted away immediately for 2 s at 100 % relative
humidity and 6 °C. Subsequently, the grid was plunged in liquid ethane
and stored in liquid nitrogen. Initial screening was performed on a 200 kV
Talos Arctica microscope, equipped with a Falcon 4i detector and an en-
ergy filter set at 20 eV. Data were collected at a pixel size of 0.922 Å px−1

and the electron dose used was 50.8 e− Å−2. Large scale EM data collec-
tion was performed on a 300 kV Titan Krios microscope, equipped with a
Gatan K3 direct electron detector and an energy filter at 20 eV. Data were
collected at a nominal pixel size of 0.825 Å px−1. The used electron dose
was 42.6 e− Å−2, fractionated to 40 frames over 2 s exposure time. A total
of 13 416 movies were collected.

Data were processed using cryoSPARC (v.4.6).[76] The movie frames
were aligned using patch motion correction and CTF parameters esti-
mated using patch CTF estimation. The micrographs were curated manu-
ally to a set of 12 974 micrographs. Initial particle picking and processing
were performed using blob picker on a subset of the total micrographs
(1008), then well-aligning 1-helix particles (9537) were identified using 2D
classification. The resulting 2D class averages were used as templates for
template-based picking from a subset of micrographs (4324). The parti-
cles were further classified in 2D, and a subset of 2-helix class averages was
identified and a subset of the particles (1456 of 5915) in the micrographs
containing the highest number of particles were used to train a TOPAZ
model.[77] The model was used to pick particles from the entire set of cu-
rated micrographs. Extensive 2D classification of the resulting particles
(6 levels) resulted in a set of particles corresponding to 37 831 side-views

of the 3-helix bundles. Final 2D classification was performed on particles
extracted at 784 px, Fourier cropped to 392 px, without masking, using a
batch size of 200 and a maximum resolution of 15 Å.

Molecular Simulations: To perform coarse-grained molecular dynamic
simulations, the caDNAno origami design file was first converted to an
oxDNA format using tacoxDNA.[78] The oxDNA simulation were run with
the oxNAmodel to simulate RNA-DNA hybrids.[79] The structure was then
relaxed in two steps (Monte Carlo and molecular dynamics relaxation)
to remove local stresses, e.g. overlapping nucleotides. Subsequently, the
structure was simulated for 1× 108 steps, with a time step correspond-
ing to 0.005 oxDNA time units. For the simulations, a salt concentration
of 0.5 m and a temperature of 30 °C with a ‘john’ thermostat emulating
Brownian dynamics were used, and a configuration was saved every 2×
104 steps. The mean structure, the distances and the RMSF values were
calculated using the oxDNA analysis tool.[40] The RMSF values were visu-
alized using oxView.[40,41]

Statistical Analysis: Statistical analysis was performed to determine
the average dimension of plain and complexedmRNA-DNA origami struc-
tures obtained from TEM. The dimensions are given as (average (avg) ±
s.d.) throughout and the sample size is stated alongside. For detailed data
treatment and statistical analysis performed for ‘translation studies using
reticulocyte lysate’ as well as ‘mammalian cell culture studies’ the reader
is referred to the corresponding experimental section. In general, these
experiments were performed as triplicates.
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