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Scaffolded DNA origami enables the programmable construction of
nanoscale structures through the hybridization of a long single-
stranded scaffold with hundreds of short staple strands. However,
the reliance on numerous synthetic oligonucleotides remains a key
barrier to scalable and cost-effective production of DNA nano-
structures. In this study, we introduce a long-staple design strategy
that extends the length of individual staple strands to 100-
200 nucleotides (nt), thereby reducing the total number of strands
required while maintaining assembly efficiency and structural
fidelity. We demonstrate that this approach is broadly compatible
with a variety of origami architectures, including both manually
designed lattice-based structures and algorithmically generated
wireframe geometries, without requiring changes to well-
established design workflows. Using representative 2D and 3D
structures, we show that long staples can assemble efficiently
under the same thermal annealing conditions and Mg?* concentra-
tions as short staples, yielding final structures with comparable
morphology. To further support biological production of staple
strands, we generated long staples via rolling circle amplification
(RCA) using custom-designed circular templates, each encoding
a specific long staple sequence. This modular design allows
for flexible and selective synthesis of desired staples, either indivi-
dually or in pooled formats. These RCA-derived staples were suc-
cessfully used in structure assembly, confirming the feasibility of
enzyme-based synthesis for long-staple designs. This modular and
adaptable strategy offers a practical route toward scalable fabrica-
tion of functional DNA nanostructures across diverse design
frameworks.

“School of Bio-Pharmaceutical Convergence, Hanyang University, Ansan 15588,
Korea. E-mail: chanseok@hanyang.ac.kr

b Department of Mechanical Engineering, Seoul National University, Seoul 08826,
Korea. E-mail: dnkim@snu.ac.kr

¢ Institute of Advanced Machines and Design, Seoul National University, Seoul
08826, Korea

9 Institute of Engineering Research, Seoul National University, Seoul 08826, Korea

+ Present address: Hanwha Aerospace R&D Center, Seongnam 13488, Korea.

2584 | Nanoscale Horiz., 2025, 10, 2584-2592

*3 Yanggyun Kim,

ROYAL SOCIETY

W
PP OF CHEMISTRY

A long-staple design approach towards the
scalable production of scaffolded DNA origami

2 Kyounghwa Jeon, {2 ° Taeyoung Ryu

New concepts

This study introduces a long-staple design strategy for scaffolded DNA
origami that significantly improves its compatibility with enzymatic DNA
production methods, particularly rolling circle amplification (RCA). By
extending the length of staple strands from 20-50 nt to 100-200 nt, the
total number of oligonucleotides required for assembly is reduced,
enabling modular and scalable production of DNA nanostructures. Each
long staple can be enzymatically synthesized from a unique circular
template, offering modularity and scalability—overcoming the limita-
tions of traditional small-scale solid-phase synthesis. This method pre-
serves full compatibility with widely adopted design pipelines for
scaffolded DNA origami, including both manually designed lattice struc-
tures and algorithmically generated wireframe geometries. Across all
tested architectures including planar, bundled, and wireframe shapes,
we demonstrated that long-staple designs maintain equivalent folding
behavior and structural integrity compared to conventional short-staple
systems. This advancement provides new insight into how structural DNA
nanotechnology can evolve toward cost-effective manufacturing. The
framework also opens opportunities in materials science for the devel-
opment of functional nanostructures that leverage enzymatic synthesis
and base-level chemical modifications, paving the way for practical
applications in sensing, therapeutics, and programmable materials.

Introduction

Over the past decades, the field of structural DNA nanotechnology
has witnessed extensive progress in the development of structural

5-8

design'™ and analytical tools®® aimed at creating complex and

sophisticated nanoscale assemblies—many of which are inaccessi-
ble through conventional top-down nanofabrication techniques.”*
These advances have also led to multidisciplinary applications in
materials science, biotechnology, and medicine, where DNA-based
nanostructures serve as customizable platforms for molecular
positioning,"** sensing,'*'*> and therapeutical delivery.'®"®
Among a variety of design methods, scaffolded DNA origami
offers versatile shape design by folding a long single-stranded
DNA scaffold with the aid of hundreds of short synthetic
oligonucleotides, thereby enabling the formation of complex,
programmable shapes with high fidelity.> It has become a
widely adopted and standardized method for constructing

This journal is © The Royal Society of Chemistry 2025
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DNA nanostructures with precise spatial control. Increased
design flexibility by staple sequence design and high folding
yield of this system led to the invention of various shape design
tools from manual drawing to algorithm-based automated
shape design tools,>*>* enabling the construction of almost
arbitrary geometries.

Currently, scaffolded DNA origami generally requires
around 200 short staple strands, each 20-50 nt in length when
M13mp18 ssDNA is used as a scaffold. The lower limit of staple
length is to secure orthogonal binding to the programmed
positions of the scaffold DNA, and its upper limit is an econom-
ical length range of solid phase synthesis of DNA oligos. Solid
phase synthesis is a method that repeatedly adds nucleotide
bases through stepwise chemical coupling reactions.”> While
this method is suitable for small-scale laboratory production of
DNA nanostructures, it becomes cost-prohibitive and impractical
for high-volume manufacturing, since the length and synthesis
scale of oligonucleotides are inherently limited by cumulative
error.”® This limitation has prompted interest in alternative
approaches that can integrate biotechnological synthesis.

Enzymatic production of DNA has attracted attention as a
cost-effective method for manufacturing DNA assemblies.*>” >
Similar to the production of M13mp18 DNA from bacterioph-
age, bacterial synthesis based on the use of customized phage-
mid DNA carrying the desired sequence have enabled the large-
scale production of staple strands.*®** However, the initial
construction of the phagemid DNA, typically several kilobases
in length, is complex, and modifying the sequence once the
template is established is difficult. Also, the incorporation of
modified bases is highly limited due to the constraints of in vivo
replication fidelity. As a more accessible alternative for large-
scale and functionalized DNA production, RCA offers a simpler
and more flexible method. RCA is an in vitro amplification
technique that generates long, repetitive single-stranded DNA
products by using a DNA polymerase to continuously replicate a
circular template. Although RCA has been explored for produ-
cing staple strands” or as a means to generate scaffold strands
for DNA nanostructures,®® the tandemly repeated nature of
enzymatically synthesized DNA products poses challenges for
conventional scaffolded DNA origami design.

In other words, while previous studies have explored the use
of enzymatic production methods for large-scale production of
DNA nanostructures, relatively little attention has been given to
how DNA origami structures should be designed to take full
advantage of such production strategies. In particular, produ-
cing numerous short DNA strands required in conventional
DNA origami designs via enzymatic methods necessitates the
repeated insertion of cleavage motifs into the template. For
example, a 25-nt recognition site incorporating a hairpin motif
was used for the BseGI restriction enzyme,* and the zinc ion-
based self-excision mechanism requires approximately 87-nt.>°
These auxiliary sequences, which are comparable to or even
longer than the staple strands themselves, must also be repli-
cated along with the desired strands, resulting in significant
inefficiency. This also increases the overall length and complex-
ity of the template DNA. Therefore, to utilize enzymatically
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synthesized DNA more effectively in the production of DNA
nanostructures, improved sequence design strategies are
required.

In this study, we present a design framework that enables
the use of long staple strands—around 100 to 200 nt in
length—making them compatible with biologically scalable
production methods such as bacterial synthesis and RCA. Our
strategy aims to facilitate the generation of DNA nanostructures
using enzymatically synthesized building blocks, thereby low-
ering production costs and enabling future integration with
functional nucleotide modifications. While some studies have
reported the construction of short bundle and brick-like struc-
tures with an average staple length of approximately 100 nt,****
the applicability of longer staples across a wider range of design
strategies has not yet been systematically explored. We demon-
strate the applicability of this long-staple design across a range
of DNA origami architectures, including the conventional rec-
tangular sheet structure and six-helix bundle (6HB), as well as
wireframe structures generated using automated shape design
tools like PERDIX*® and METIS.>* In each case, we verified that
replacing conventional short staples with long staples resulted
in successful assembly and high structural integrity, indicating
that our method is compatible with widely-used manual and
automated DNA origami design approaches reported so far.

Furthermore, we established a biological production route
to long staples using RCA by constructing circular DNA tem-
plates and employing enzymatic cleavage strategies. The result-
ing long staple strands were successfully incorporated into
origami folding reactions, validating the feasibility of the over-
all workflow. This work lays the foundation for scalable pro-
duction of DNA nanostructures and opens new possibilities for
functional nanomaterial fabrication using modified nucleo-
tides and enzymatic synthesis.

Results and discussion
Long-staple design for scaffolded DNA origami

To design scaffolded DNA origami more compatible with the
enzymatic production of staple strands, we increased the length
of constituting staples to reduce the number of templates and
the repeating excision region in RCA products. The long-staple
sequence design approach is broadly compatible with most
scaffolded DNA origami architectures, including square- and
hexagonal-lattice structures as well as lattice-independent wir-
eframe geometries. This means that existing design frame-
works for scaffolded DNA origami can be directly reused
without major structural modifications. Importantly, the criti-
cal distinction lies not in the geometry of the structure, but in
the method of strand organization—namely, the use of a long
scaffold strand paired with complementary staple strands. As
such, long-staple design is not compatible with architectures
that rely on different assembly principles, such as tile-based
assembly (which uses only short oligonucleotides)**® or ssOr-
igami (which uses a single long strand without staples).?
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Fig. 1 Schematic illustration of long-staple design for enzymatic production of scaffolded DNA origami. By increasing the length and reducing the
number of unique staple strands, the long-staple DNA design improves compatibility with biotechnological mass production methods such as rolling
circle amplification (RCA), while remaining fully compatible with conventional scaffolded DNA origami design principles.

An overview of the long-staple origami design for scalable
production is shown in Fig. 1. The design of long staples begins
with modifying the output staple list from conventional design
software by extending the lengths of adjacent staples to create
longer, continuous sequences. This can be done either man-
ually—by avoiding the use of automatic strand breaking func-
tions such as the “autobreak” feature in caDNAno—or through
custom scripts that define staple strand boundaries. Once the
long staples are defined, a set of circular DNA templates need
be prepared for RCA. This involves generating the reverse-
complementary sequence of the full-length staple, and includ-
ing a restriction site for subsequent cleavage. Since the RCA
product consists of tandem repeats of sequences complemen-
tary to the template, suitable cleavage techniques such as the
inclusion of restriction enzyme recognition sites* or DNAzyme
sequence that cleave in the presence of Zn>* ions are
required.?>*® In this study, we employed the restriction enzyme
BtsCI, which recognizes a short cleavage sequence. This choice
was made to keep the circular template length under 200 nt,
enabling direct use of long oligonucleotide synthesis services
available from commercial providers.

To complete template preparation, the linear oligonucleotide
is circularized using a splint-assisted ligation step, followed by
nick sealing with T4 DNA ligase. The circularized template is
then used to initiate RCA with Phi29 DNA polymerase in the
presence of dNTPs. The reaction can include single or multiple
templates, allowing selective production of different long staples
in a pooled reaction. This enables targeted modification of
specific regions within the DNA nanostructure. Following ampli-
fication, the RCA products are enzymatically digested using a
restriction enzyme to yield individual long staple strands. These
strands can then be assembled into DNA nanostructures using
standard thermal annealing protocols.

2586 | Nanoscale Horiz., 2025, 10, 2584-2592

Validation of long-staple structures

We first applied the long-staple design strategy to a well-known
rectangular structure (referred to as the ‘“Rothemund square”).
In the original design, 32 nt staple strands are used to form
dsDNA and align them by connecting neighboring helices
through crossovers with 32 bp intervals. In our modified
design, 84 staple strands corresponding to 44% of the rectangle
were replaced with longer staples (Fig. 2a).

In the case of 128-mer rectangle, we connected a series of
four staple strands connected in tail-to-head. Agarose gel
electrophoresis analysis of 128-mer rectangles assembled
under different MgCl, concentrations and varying scaffold-to-
staple ratios revealed that the optimal folding parameters (12-
20 mM of magnesium and scaffold-to-staple ratio greater than
1:2) were comparable to those required for the conventional
short-staple version (Fig. 2b and Fig. S1). AFM images of
samples prepared with scaffold-to-staple ratios of 1:1 and
1:5 at 12 mM MgCl, showed that, under 1:1 stoichiometry,
some structures were partially broken and failed to form clear
rectangular shapes as intended (Fig. 2c).

We further lengthened the staple strands up to 192 nt by
connecting six consecutively linked staples (Fig. 2d). Both the
optimal range of parameters and resulting structural integrity
were consistent with those of the short and 128-mer rectangle
(Fig. 2e, f, and Fig. S1). These results indicate that, in con-
structing scaffolded DNA nanostructures, staple strands do not
necessarily need to fall within the conventional length range
(20 nt to 50 nt); even substantially longer staples can be used
without compromising the folding yield and structural quality.
Even with the introduction of long staples, the lengths of
scaffold segments between crossover points (“seed” length®®)
remain unchanged, suggesting that the self-assembly para-
meters are likely to be similar.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Assessment of long-staple design for planar and hexagonal lattice DNA origami structures. (a) Schematic illustration of a rectangular DNA origami
structure partially comprising 128-mer-long staple strands. (b) Agarose gel electrophoresis results of DNA origami rectangles assembled with short or
128-mer-long staples under varying folding conditions. Upper gel: variation of magnesium ion concentration under same scaffold-staple ratio of 1:5.
Lower gel: variation of scaffold-to-staple ratios under 12 mM MgCl,. (c) Representative AFM images of samples prepared with scaffold-to-staple ratios of
1:1and 1:5 at 12 mM MgCl,, respectively. Scale bars are 200 nm. More images are provided in Fig. S1. (d) Schematic illustration of a rectangular DNA
origami structure partially comprising 192-mer-long staple strands. (e) Agarose gel electrophoresis results of DNA origami rectangles assembled with
short or 192-mer-long staples under varying folding conditions. Upper gel: variation of magnesium ion concentration under same scaffold-staple ratio of
1:5. Lower gel: variation of scaffold-to-staple ratios under 12 mM MgCl,. (f) Representative AFM images of samples prepared with scaffold-to-staple
ratios of 1:1 and 1:4 at 12 mM MgCl,, respectively. Scale bars are 200 nm. More images are provided in Fig. S1. (g) Schematic illustration of a six-helix
bundle DNA origami structure partially comprising 126-mer-long staple strands. (h) Agarose gel electrophoresis results of 6HB DNA origami assembled
with short or 126-mer-long staples under varying folding conditions. Upper gel: variation of magnesium ion concentration at the same scaffold-staple
ratio of 1:5. Lower gel: variation of scaffold-to-staple ratios with 16 mM MgCl,. (i) Representative AFM images of samples prepared with scaffold-to-
staple ratios of 1:1 and 1:5 at 16 mM MgCl,, respectively. More images are provided in Fig. S2. Scale bars are 200 nm.

To further explore the feasibility of longer staples to three-
dimensional structures, we also tested a six-helix-bundle (6HB)
structure with short (42 nt) and long (126 nt) staple versions
(Fig. 2g). Similar to previous results, long staple structures were
well folded under similar assembly conditions (Fig. 2h and
Fig. S2). Here, AFM images show that structures with a low
scaffold-to-staple ratio showed many kinked structures (Fig. 2i).
From the results, it was found that rather than the staple strand
length itself, the stoichiometric ratio between the scaffold and
staple DNA plays a far more critical role in determining the
assembly yield of DNA nanostructures.

This journal is © The Royal Society of Chemistry 2025

The previous results were obtained using structures in
which a specific region of the full DNA origami was substituted
with long staples, while the remainder was assembled using
conventional short staples. To further validate the feasibility of
the long-staple design strategy, we constructed structures con-
sisting exclusively of either short or long staples within the
same region. Both designs yielded identical gel electrophoresis
patterns (Fig. S3). These results confirm that the long-staple
design is compatible with both small DNA origami structures
that do not utilize the entire scaffold and hybrid designs that
incorporate a mixture of long and short staples.
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Feasibility of long-staple design for wireframe-based designs

Next, we applied the long-staple approach to other designs, to
validate its compatibility with conventional automated shape
design tools. We used PERDIX,”® a design program for two-
dimensional wireframe structures, in which edges are composed
of two-helix bundles with antiparallel double crossover (DX)
motifs, and vertices are formed by multi-arm junctions. To make
long-staple design from the exported sequence list, we connected
all staples constituting each edge, and as well as staples forming
multi-arm junctions. First, a miniaturized hexagonal structure
with six small triangles, each with an edge length of 105 bp, was
designed using 37% of scaffold length (2689 out of 7249 nt)
(Fig. 3a). The unpaired regions of the scaffold DNA dangle from
the assembled structure. The original (short) version of this
structure consists of 63 staple strands (48 edge staples and 15
vertex staples) whose lengths range from 37 nt to 56 nt. In the
modified long-staple structure, each duplex edge and multi-arm

View Article Online
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junction was constructed using a long staple strand, therefore 19
staples (12 for edges and 7 for vertices) were used whose lengths
are either 98 nt or 168 nt. In the process of long-staple design, the
number of inter-helix crossovers connecting the adjacent DNA
helix along each edge is reduced. While this could potentially
introduce structural instability, we considered that it would not
pose a significant issue, as wireframe-based designs typically
feature edge lengths shorter than the persistence length of
double-stranded DNA (~ 150 bp).

SNUPI simulations were performed to assess the structural
stability of the wireframe assemblies consisting of short and
long staples. Both staple designs yielded predicted structures
matching the intended geometry, with negligible differences
between the two (Fig. 3a, d, g and Fig. S4). In SNUPI modeling,
all complementary base pairings between scaffold and staples
are assumed to be fully hybridized, and the mechanical proper-
ties of base-pair steps containing a nick (single-stranded break)
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Fig. 3 Application of long-staple design to wireframe-based DNA origami architectures. (a) Schematic illustration and SNUPI simulation result of a
miniaturized hexagonal structure designed using PERDIX. Colors in the rendering on the right panel represent the root-mean-square fluctuation (RMSF)
of each node; SNUPI results in (d) and (g) are mapped using the same scale. More simulation results are provided in Fig. S4. (b) Agarose gel electrophoresis
result of short- and long-staple version of mini hexagons assembled at different Mg?* concentrations. (c) Representative AFM images of short- and long-
staple versions of mini hexagons prepared with scaffold-to-staple ratios of 1:5 and 12 mM MgCl,, respectively. More images are provided in Fig. S4. (d)
Schematic illustration of a full-sized hexagonal structure and SNUPI simulation result. In the long-staple version of the design, the region enclosed by the
dashed lines was replaced with long staples. (e) Agarose gel electrophoresis result of short- and long-staple version of full-sized hexagons assembled
under 12 mM MgCl, with different scaffold concentrations. Final concentration of each staple strand was fixed as 100 nM. (f) Representative AFM images
of short- and long-staple versions of full-sized hexagons prepared with scaffold-to-staple ratios of 1: 5 and 12 mM MgCl,, respectively. More images are
provided in Fig. S5. (g) Schematic illustration and SNUPI simulation result of a thick hexagonal structure designed using METIS. (h) Agarose gel
electrophoresis result of short- and long-staple version of thick hexagons assembled under different Mg®* concentrations. (i) Representative AFM images
of short- and long-staple versions of thick hexagons prepared with scaffold-to-staple ratios of 1:5 and 16 mM MgCl,, respectively. More images are
provided in Fig. S6. Scale bars are 100 nm.
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are similar to those of regular base-pair steps.® In other words,
although the number of DNA nicks is reduced in the long-staple
design, this has negligible impact on the overall shape or
flexibility of the resulting structure. In accordance with the
simulation results, both the short- and long-staple versions of
the structure exhibited nearly identical migration distances in
agarose gel electrophoresis, as well as similar individual
morphologies in AFM images (Fig. 3b, ¢ and Fig. S5). These
results confirm that the long-staple design strategy is also
applicable to wireframe-based DNA nanostructures.

Building on the successive assembly of the miniaturized
design, we extend the approach to a full scaffold (Fig. 3d). Here,
the ‘short’ version has 177 staples (126 for edges and 51 for
vertices). In the case of ‘long’ design, approximately half of the
structure was constructed using 26 long staples (19 for edges
and 7 for vertices) that have 98-mer to 162-mer length. Under
the optimal concentration of MgCl,, both long and short design
structures assembled well across different scaffold concentra-
tions (Fig. 3e). Also, both versions showed similar structural
characteristics without notable defects (Fig. 3f and Fig. S5). We
have observed slight distortion of the structures in the AFM
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image, due to the high flexibility of the design as predicted via
SNUPI analysis.

We tested another automated design program, METIS.>* It
generates similar 2D wireframe structures like PERDIX, but it
uses hexagonal 6HB as edges and multiway vertex motifs to
reinforce the structural rigidity. The METIS hexagon structure
has six small triangles with 84-bp-long edges and possesses
5645 nt of the scaffold. The unpaired region of the scaffold
(approx. 1600 nt) was dangled to the structure. For the long-
staple version, 23 long edge staples (93 nt to 168 nt) were used
instead of 64 short edge staples, and 25 long vertex staples (85
nt to 164 nt) replaced 62 short vertex staples. Again, both short
and long version of the structures were well-folded as validated
by gel electrophoresis and AFM imaging (Fig. 3h, i, and Fig. S6).

Long-staple production using RCA

Through the series of experiments described above, we con-
firmed that the long-staple design is well compatible with
commonly used design strategies in scaffolded DNA origami.
Based on this result, we demonstrated a biotechnological
production workflow to generate long staple strands using
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Fig. 4 Enzymatic production of long staples. (a) Schematic illustration of the design, circularization, and ligation process for producing a circular RCA
template. Arrowheads indicate the 3’ end of DNA strands. The boxed region shows an enlarged view of the hairpin element designed for restriction
enzyme cleavage. The red triangles indicate DNA cleavage sites. "NN" denotes arbitrary nucleotides. (b) Agarose gel image showing two different circular
templates, their corresponding RCA products, and the resulting strands after restriction enzyme digestion. (c) PAGE image showing the circular template
preparation and cleavage efficiency of RCA products. Templates containing a TA hairpin sequence near the BtsCl cleavage site were used. Templates
were used either individually or as a pool of seven distinct sequences. RCA products (1.5 or 3 ug) were incubated with BtsCl for 8 hours, revealing that
pooling multiple templates leads to reduced cleavage efficiency. (d) PAGE image showing improved cleavage results when the hairpin sequence adjacent
to the cleavage site was changed to AA. Even under pooled template conditions, RCA products (1.5 pug) were more effectively cleaved with shorter
incubation times. (e) Schematics showing the procedure for assembling part of a rectangular origami structure using RCA-generated long staples. (f) AFM
images of structures assembled with short staples (left) and with a mixture of short and RCA-derived long staples (right). Scale bars are 100 nm.
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RCA (Fig. 4a). In contrast to previous approaches,*° we
designed a unique circular template for each long staple strand.
This was done to allow easy ordering of template DNA via
oligonucleotide synthesis services rather than full gene synth-
esis, and to enable a modular production system in which
individual staple strands can be synthesized separately or
pooled together for parallel production. Each circular template
was designed to be reverse-complementary to the original
staple sequence. Due to the tandem repeat nature of RCA
products, we adopted a restriction site for the enzyme BseGI
to facilitate the recovery of discrete staple strands. BseGI
recognizes the 5-GGATG-3’' sequence on double-stranded
DNA and cleaves at this site. To create the necessary dsDNA
region for cleavage, a short hairpin structure was incorporated
into the template design.® A portion of the staple sequence
itself was also used as a splint strand to circularize the linear
DNA, and a 5’-phosphorylation was added to enable ligation
using the T4 DNA ligase.

The RCA experiments successfully produced long staple
strands from their corresponding circular templates using
Phi29 polymerase, and individual staple strands were recovered
through enzymatic digestion using BseGI (Fig. 4b). We further
optimized both the RCA and digestion steps to improve pro-
duction efficiency. PAGE analysis revealed that digestion effi-
ciency was reduced when multiple templates were pooled into a
single RCA reaction (Fig. 4c). Referring to previous studies
indicating that flanking sequences can influence BseGI
activity,’® we redesigned the bases adjacent to the restriction
site in the hairpin to include a “AA” sequence, which resulted
in improved cleavage efficiency (Fig. 4d).

Based on the results, we redesigned part of the rectangular
DNA origami structure using 28 long staples, and produced
them by RCA. It was confirmed through AFM imaging that the
assembled structure retained a well-defined rectangular shape,
comparable to that achieved with conventional solid-phase
synthesized long staples (Fig. 4e and f).

Conclusions

In this study, we proposed and validated a long-staple design
strategy for scaffolded DNA origami that reduces the number of
staple strands by extending their lengths to 100-200 nt. This
approach was shown to be compatible with a wide range of
origami architectures—including planar, bundle, and wire-
frame structures—generated by both manual and algorithmic
design tools. Across all tested designs, structures assembled
with long staples exhibited folding behavior and morphology
comparable to those assembled using conventional short sta-
ples, demonstrating that the core principles of DNA origami
self-assembly remain effective with longer strand designs.

To facilitate scalable production, we implemented a RCA-
based workflow using individually designed circular templates
for each long staple. The modular nature of this system allows
for flexible, selective synthesis of specific staples, either inde-
pendently or in pooled reactions. Integrating the long staple
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design concept into existing DNA origami design software,
along with implementing an algorithm that automatically gen-
erates the corresponding template sequences for enzymatic
production, is expected to greatly enhance the practical utility
of this approach.

Although we did not construct entire structures solely with
RCA-derived long staples, these staples were successfully incor-
porated into rectangular origami structures, confirming the
practical feasibility of enzymatic production. To achieve full-
scale enzymatic production of DNA origami, further studies will
be required to determine the number of long staples that can
be produced from a single RCA pool and to optimize various
experimental parameters throughout the RCA production pro-
cess. Nonetheless, this modular production approach is
expected to facilitate sequence-level customization and functio-
nalization of staple strands, offering greater flexibility in struc-
tural design and downstream applications.

Considering the inherent characteristics of scaffolded DNA
origami, where numerous different sequence combinations can
give rise to the same target structure, the long-staple design
approach necessitates more precise sequence-level optimiza-
tion for a given structure. Although the long-staple approach
can reliably produce DNA nanostructures by leveraging the
broad applicability of scaffolded DNA origami and well-
established shape design principles, achieving higher yields
and more sophisticated structures with longer staples is likely
to require optimization at the nucleotide sequence level.
Furthermore, the enzymatic cleavage techniques commonly
used to cut long RCA-derived strands present a cost-related
drawback. Thus, the development of more efficient and cost-
effective cleavage methods will likely be necessary to further
advance the practical utility of this approach. While RCA was
used as the demonstration platform in this study, the same
design principles are readily applicable to bacterial-based DNA
synthesis methods.

Overall, the long-staple strategy offers a structurally robust
and scalable approach to DNA origami fabrication and opens
the door to integrating biologically synthesized or chemically
modified nucleotides. This framework is expected to be used
for future applications that require cost-effective, customizable,
and functional DNA nanostructures.

Experimental
Sequence design and DNA origami assembly

The rectangular and 6HB structures were designed using
caDNAno.*" The small- and full-sized hexagon structures were
designed using PERDIX, and the thick hexagon was generated
using METIS. Following the initial structure design, long-staple
sequences were manually arranged in caDNAno. Sequences of
all staple strands used in this study are summarized in Tables
S1-S6. As a scaffold, the M13mp18 single-stranded DNA (7249
nt; Guild BioSciences, USA) was used for all structures except
the full-sized hexagon, which was assembled using a 7560-
nucleotide scaffold from the same vendor. Typical short staples
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were provided by Bioneer and Bionics (Korea). Long staple
strands were synthesized using Ultramer DNA oligonucleotide
synthesis (IDT, USA) and Extendamer service (Bioneer, Korea).
These long staples were diluted and mixed with short staple
strands at equimolar concentrations.

For the general self-assembly process, a 100 pL folding
mixture was prepared containing scaffold DNA (20 nM), staple
strand (100 nM each), 1x TAE buffer (40 mM Tris-acetate and
1 mM EDTA), and MgCl, (12-20 mM). The final mixture was
subjected to a self-assembly process using a thermocycler
(T100; Bio-Rad, USA) under the following temperature profile:
heating to 80 °C at a rate of 1 °C per s; cooling down from 80 °C
to 65 °C over 1 h (—0.5 °C every 2 min) and gradual cooling from
65 °C to 25 °C over 40 h (—0.5 °C every 30 min); and held at 4 °C.
After self-assembly, excessive nucleic acid strands were
removed by centrifugal filtration using Amicon Ultra centrifu-
gal filter units with 50 kDa molecular weight cut-off
(UFC505096; Merck KGaA, USA).

AFM measurement

Assembled DNA origami structures were diluted with the
annealing buffer to approximately 0.5-1 nM prior to the
measurement. The prepared sample (20 puL) was deposited on
a freshly cleaved mica substrate (highest grade V1 AFM Mica;
Ted-Pella Inc., USA) and subsequently incubated for 5 min. The
substrate was washed with DI water three times and gently
dried using a N, gun (<0.1 kgf cm™?). AFM images were
obtained using NX10 (Park Systems, Korea) and a PPP-NCHR
probe with a spring constant of 42 N m™ ' (Nanosensors,
Switzerland). The non-contact mode was used to measure
typically 5 um x 5 um of the sample area at 1024 x 1024 pixel
resolution using the SmartScan software. All measured images
were flattened in linear and quadratic order using the XEI 4.1.0
program (Park Systems).

Agarose gel electrophoresis

Samples were electrophoresed on 1.5% agarose gels containing
0.5x TBE and 12 mM MgCl,. The loaded samples were allowed
to migrate for 1.5 h at 75 V bias voltage (approximately
3.7 V.em ') in an ice-water cooled chamber (Wide Mini-Sub
Cell; Bio-Rad, USA). The gels were stained using 0.5 pg mL ™"
ethidium bromide (EtBr) solution (Noble Bioscience Inc.,
Korea), and imaging was performed using the GelDoc XR+
device and the Image Lab v5.1 program (Bio-Rad).

Production of long staples using the RCA process

Linear RCA template strands were synthesized by IDT Ultramer
DNA oligonucleotide synthesis service with 5’ phosphorylation.
For the circularization process, the template and splint strands
were mixed at equimolar concentrations (2 uM each) and
subjected to a thermal annealing process by cooling from
85 °C to 25 °C over 100 min in 1x TE buffer containing 100
mM NaCl. Ligation was carried out by adding the T4 DNA ligase
to the annealed mixture, followed by incubation at room
temperature for 3 h and subsequent heat treatment at 70 °C
for 20 min to terminate the reaction. For the RCA process, the
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circular template was incubated at 30 °C for up to 20 h under
the following conditions: 0.05 UM circular template, 0.2 U pL ™"
Phi29 DNA polymerase (Thermo Fisher Scientific, USA), 1x
polymerase buffer, 5 mM dNTP mix, and 0.1 U pL~* pyropho-
sphatase. The reaction was terminated by heating the mixture
at 80 °C for 10 min to inactivate the enzymes. The uniformly
dissolved RCA product was spun down 15000 x g for 10 min
with a 30 kDa cutoff Amicon filter (Merck Millipore) to acquire
a concentrated stock solution. The concentrations of solutions
were measured using a NanoDrop spectrophotometer (Thermo
Fisher Scientific, USA). For BtsCI digestion, 1.5 pg of RCA
product was incubated with 20 U of BtsCI in 1x rCutSmart™
Buffer (New England Biolabs, USA) at 37 °C for up to 8 hours.

Polyacrylamide gel electrophoresis (PAGE)

Polyacrylamide gel was cast by mixing 6 mL of 40% acrylamide/
bis-acrylamide solution (19: 1 ratio), 400 puL of 50 x TAE buffer,
13.6 pL of DI water, 120 pL of 10% (w/v) ammonium persulfate
solution, and 12 pL of tetramethylethylenediamine (TEMED).
Gels were mounted on a Mini-Protean Tetra Cell (Bio-Rad) filled
with 1x TAE buffer, and 1 pL of each sample mixed with gel
loading dye purple (B7024S, New England BioLabs) was loaded
onto the gel. After running the gels at 100 V for 70 min, they
were stained with SYBR gold solution for 10 min. Gel imaging
was performed using a Gel Doc XR+ documentation system
(Bio-Rad).
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