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D
NA origami1 technology is a com-
monly used technique to assemble
precise nanoscale structures with

custom geometries and fully addressable
surfaces. The technique involves folding
long, single-strandedDNA (ssDNA) scaffolds
into arbitrarily designed shapes through the
action of many short, synthetic DNA oligo-
nucleotides (staples). The most commonly
used scaffold is M13mp18, a single-stranded,
7249-nucleotide, and circular DNA genome
derived from bacteriophage M13. M13mp18
scaffolds have been used to build a wide
variety of nanoscale structures ranging from
simple two-dimensional (2D)1,2 and three-
dimensional (3D)3�5 lattices to complex 3D
shapes,6�9 with and without surface curva-
ture. However, the complexity, size, and
diversity of structures that can be created
with M13mp18 or similar scaffolds are lim-
ited by the length of the ssDNA templates.
For example, with 7249 nucleotides (nts),
the maximum area and volume that an
M13mp18 DNA origami structure can oc-
cupy is 78 � 78 nm2 and 24.7 � 24.7 �
24.7 nm3 in 2D and 3D, respectively. Iden-
tifying reliable methods to scale up the
assembly of DNA origami structures is a
key challenge.
Several groups have reported different

approaches to address this problem. Wool-
ley and co-workers used ssDNAs (756 to
4808 nts) amplified from polymerase chain
reaction (PCR) as templates to fabricate
several origami “letters”.10 More recently,
longer single-stranded PCR products (26
kilobases) were achieved and folded into
108 nm � 238 nm rectangular structures
by Fan and co-workers.11 Beyond PCR, Zhao
et al. used a nested scaffold strategy in
which a second prefolded ssDNA template
(from phiX 174 phage) was used to organize
individual M13mp18-based origami unit
tiles into larger patterns.12 Several groups
also attempted to create DNA origami
superstructures by linking individual origa-
mi unit tiles. Li et al. used short linking

strands to connect rectangular origami tiles
into zigzag arrays, twisted ribbons, and even
tube structures.13 Meanwhile, Seeman and
co-workers achieved a 2D origami crystal
based on a “cross”-shaped origami unit tile
assisted by linking strands.14 Later, Rothe-
mund engaged geometric compatibility
and double helical base-stacking interac-
tions to assemble higher order DNA origami
architectures from discrete origami tiles.15

The challenges with these hierarchically
assembled “superorigami” structures are
the lack of intrinsic superstructure stability
at interunit connection points and the ab-
sence of practical purification strategies.
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ABSTRACT Scaffolded DNA origami is a

widely used technology for self-assembling

precisely structured nanoscale objects that

contain a large number of addressable

features. Typical scaffolds are long, single

strands of DNA (ssDNA) that are folded into

distinct shapes through the action of many,

short ssDNA staples that are complemen-

tary to several different domains of the

scaffold. However, sources of long single-stranded DNA are scarce, limiting the size and

complexity of structures that can be assembled. Here we demonstrated that dsDNA (double-

stranded DNA) scaffolds can be directly used to fabricate integrated DNA origami structures

that incorporate both of the constituent ssDNA molecules. Two basic principles were employed

in the design of scaffold folding paths: folding path asymmetry and periodic convergence of

the two ssDNA scaffold strands. Asymmetry in the folding path minimizes unwanted

complementarity between staples, and incorporating an offset between the folding paths

of each ssDNA scaffold strand reduces the number of times that complementary portions of the

strands are brought into close proximity with one another, both of which decrease the

likelihood of dsDNA scaffold recovery. Meanwhile, the folding paths of the two ssDNA

scaffold strands were designed to periodically converge to promote the assembly of a

single, unified structure rather than two individual ones. Our results reveal that this basic

strategy can be used to reliably assemble integrated DNA nanostructures from dsDNA

scaffolds.
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Alternatively, Shih, Simmel, and co-workers devel-
oped a protocol to use double-stranded DNA (dsDNA)
as a scaffold source.16 This is important because the
supply of natural, double-stranded genomic DNA is
virtually endless, and the methods for producing and
manipulating long dsDNA molecules are far more
developed than those for ssDNA. They used a denatur-
ing dialysis method to separate a dsDNA molecule
(derived fromm13mp18) into two ssDNA scaffolds and
used two unique sets of staple strands to fold each
individual ssDNA into two independent nanoscale
objects.
Herein we describe the use of dsDNA scaffolds to

fabricate integrated DNA origami structures that in-
corporate both of the constituent ssDNA molecules.
Unlike the previously described report in which a
dsDNA molecule is completely separated into two
individual ssDNA scaffolds that can be sequestered
separately by excess staples, our design requires a
certain level of cooperation between the two ssDNA
components to form the integrated structure. This is

particularly challenging because there is an increased
possibility that the complementary ssDNA molecules
will recombine to form the initial dsDNA due to their
spatial proximity. We placed special emphasis on
developing general design strategies to address this
issue and evaluating how various experimental condi-
tions influence the assembly process, such as anneal-
ing temperature and DNA strand concentration.

RESULTS AND DISCUSSION

Figure 1A illustrates the overall assembly process of
the square, triangle, and 24-helix bundle structures
that were initially constructed. The double-stranded
scaffolds were first prepared by digesting λDNA into
smaller fragments using the restriction enzymeHind III.
The fragments were separated by gel electrophoresis,
and λ5 and λ6 (2322 and 2027 bps, respectively)
fragments were isolated. Fragment λ5 served as the
scaffold for the square and bundle structures, while λ6
was used for the triangle. For our folding path designs
(schematic diagrams in Figure 1B), both of the ssDNA

Figure 1. Assembling integrated DNA origami structures from both strands of a dsDNA scaffold. (A) Assembly process: A
double-stranded DNA template is isolated by gel electrophoresis and denatured by heating at 90 �C for 15 min. The scaffold
strands (blue and red) are subsequently folded by a collection of short oligonucleotide staples present in large excess with
rapid cooling and reannealing fromamoderate temperature (see SI for details). The arrows indicate the temperature changes.
(B) Top row: Schematic diagramsof a square, triangle, and24-helix bundle structure, assembledusing λ5or λ6 (2322 and2027
bps, respectively) dsDNA as the scaffold. Bottom row: AFM images of the assembled structures. Scale bars are 100 nm. The
inset in each image panel shows a zoom-in image.
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components of the λDNA fragments (red and blue) are
required for the assembly of a complete structure. Here
it is convenient to consider the two ssDNAs as a long
(twice as long as the individual ssDNA components)
ssDNA loop with the two strands aligned head to tail
(with two nick points). A reliable folding path should
promote effective hybridization of correct staples
while simultaneously suppressing the recovery of the
initial dsDNA template.
The two basic principles that were applied to the

folding path design are folding path asymmetry and
periodic convergence of the two ssDNA scaffold
strands. Relative asymmetry between the folding paths
of each ssDNA scaffold component is essential; without
it, there would be partial or even full complementarity
between staples. Interactions among staples should be
minimized to reduce the likelihood that the ssDNA
scaffold strands recombine to form the original dsDNA
molecule. In addition, an offset between the folding
paths of each ssDNA strand reduces the number of
times that complementary portions of the strands are
brought into close proximity with one another, further
decreasing the likelihood of dsDNA scaffold recombi-
nation. On the other hand, periodic convergence of the
folding paths of the two ssDNA scaffold strands pro-
motes the assembly of a single, fully integrated struc-
ture rather than two individual ones. As shown in
Figure 1B, the folding paths of each ssDNA scaffold
strand are partially intertwined to facilitate their co-
operative assembly. The atomic force microscope
(AFM) images shown in Figure 1B confirm that our
basic strategy can be used to reliably assemble inte-
grated DNA nanostructure from the dsDNAmolecules.
It should be noted that the 24-helix bundle structure is
an asymmetric structure without extensive strand
convergence. The interface between the 12 helices
depicted in red in Figure 1B and those depicted in blue
is quite broad, as 40% of the staples participate in
linkages between the two domains to form a solid
bundle. Despite this, a number of imperfectly as-
sembled products are visible in the AFM images.
In addition to designing the folding path, energetic

factors play an important role in the assembly process.
Theoretically, a DNA origami structure (with hundreds
of staple�scaffold interactions) assembled from a
dsDNA scaffold will contain twice as many base pair
interactions as the linear dsDNA template, making its
assembly enthalpically more favorable, but entropi-
cally less favorable. The melting temperature of the
linear dsDNA of this size is higher than that of the
origami structure due to longer stretches of uninter-
rupted base-pair interactions. At temperatures higher
than the melting temperature (Tm) of the target origa-
mi structure (but lower than that of the dsDNA
template),17�19 entropy will dominate and the linear
dsDNA template will be the prevailing structure. Con-
ventional annealing programs that consist of a gradual,

uniform cooling stepwill result in recombination of the
ssDNA strands to form the lowest energy structure, the
dsDNA scaffold. Here, we employed a nonconventional
DNA origami assembly protocol to discourage the
formation of linear dsDNA. Initially, a mixture of the
dsDNA scaffold and a 50-fold excess of staple strands
was heated to 90 �C (for 15 min) and rapidly cooled to
25 �C (in <1 min) to denature the dsDNA and prevent
the system from equilibrating to its lowest energy
state. We expect that the separated ssDNA strands
are immediately surrounded and sequestered by the
large excess of staple strands (rather than recombining
to form the dsDNA), especially because of the faster
diffusion kinetics of the smaller staple strands. Next,
the mixture was heated to 45 �C and slowly cooled to
4 �C, providing the staples with enough thermal kinetic
energy to fold the scaffold into the desired arrange-
ment. The optimal starting temperature was identified
as 45 �C for this step through a series of control experi-
ments that are shown in Figure S3. Higher tempera-
tures (50 �C) result in dsDNA recombination, and lower
temperatures (40 �C) yield incomplete structures. The
overall goal of this annealing protocol is to kinetically
trap the DNA in a metastable state (assembled origami
structures), rather than allowing the system to gain
enough thermal energy to reach the lowest free energy
state (dsDNA scaffold and free staples), by providing
just enough thermal energy and time for the system to
equilibrate. As evidenced by gel electrophoresis and
AFM characterization, our method successfully con-
verted the dsDNA scaffolds into discrete DNA origami
structures with about 85% yield (see additional images
in Figure S2A).
We emphasize that the absolute concentrations of

the DNA components, both the dsDNA template and
the ssDNA staples, are also important factors in the
assembly process. Control experiments revealed that
dsDNA templates with 5 nM concentrations yielded
significantly more partially formed and cross-linked
structures than those with 1 nM concentration
(Figure S4). We also found that the molar ratio of
staples to dsDNA scaffold should be higher than 50:1
to effectively sequester each ssDNA strand that is
separated from the initial dsDNA scaffold. A summary
of the optimized experimental conditions is included in
the Supporting Information.
After optimizing our design and assembly condi-

tions, we sought to translate the smaller square and
triangle structures into a more complex arrangement
using an internal segment of the full-length λ phage
DNA genome, i.e., λ5 and λ6 together as the scaffold
without excising the extra dsDNA. The design is ex-
pected to grow into an interconnected square- and
triangle-shaped structure with long dsDNA tails extend-
ing from each of the shapes. The staples corresponding
to both shapes were mixed with full-length λDNA and
subjected to the annealing program described above.
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As confirmedby theAFM images shown in Figure 2A, the
DNA origami structures were successfully assembled
within a very large dsDNA genome. However, several
questions remained:what is the largest structure that can
be assembled from a dsDNA scaffold, and what are the
factors that influence the upper limit?
To address these questions, we designed the five-

unit square lattice structure shown in Figure 2B. This
structure encompasses approximately one-fifth (9280
bps) of the entire λDNA genome (48 502 bps). Unlike
the smaller square and triangle structures, the termini
of the folding paths of the ssDNA scaffold strands are
completely separated into opposite corners, and three
of the square frames are formed from both ssDNA
scaffolds, while two are formed using only a single
scaffold. Although the pattern appears symmetric in
Figure 2B, a close examination of the folding paths
and sequences of the ssDNA fragments reveals an
asymmetric arrangement. Nevertheless, this structure
formed with poor yield. Most of the observed struc-
tures formed only partially (usually four out of the five
square units), suggesting that at least one of the
squares is not stable. The reasons for this are likely
very complicated, especially from an energetic per-
spective. However, a few fully assembled 175� 175nm2

lattices were observed, which prompted us to try even
larger structures.

Toward this end, we designed a 500 � 500 nm2

square lattice, consisting of 3 � 3 squares using the
entire double-stranded λDNA genome (shown in Fig-
ure S5). The structure was designed and assembled
using the same principles and strategy as described
above. Unfortunately, the fabrication of this structure
was a failure, despite the multitude of experimental
conditions that were adjusted. We observe only partial
formation of the structure, with evidence of significant
aggregation. The most likely reasons for this include
the following: (1) the scaffold strand in the outermost
layers of the structure is relatively long with reduced
rotational and translational dynamics, making it more
difficult for the scaffold to traverse the large area
required to join distant domains; (2) the structure is
too flexible at the connection points between the
squares, and selected sides are composed of only
two helices, which may not be rigid enough to support
cooperative assembly. Therefore, the individual loca-
lized sections are relatively free tomove independently
in all three dimensions and do not cooperatively settle
into the “correct” positions within the overall two-
dimensional plane; (3) the unique sequence limita-
tion. The shortest binding domain within each staple
is 8 nts for a total of 48 (65 536) possible sequence
combinations. Within the 96 988 nts of the scaffold
(quantitatively greater than 65 536 unique domains),

Figure 2. Assembling more complex DNA origami arrangements using a long segment within full-length λDNA. Left:
Schematic diagrams. Right: Corresponding AFM images of the assembled products. (A) Combined triangle and square DNA
origami structure assembled using λ5 and λ6 fragments within full-length λDNA. (B) Five-unit square lattice structure
assembled using ∼1/5 of the λDNA as scaffold. Scale bars are 100 nm.
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it is very likely that the staple strands will be
complementary to multiple positions along the
scaffold.
In an effort to address the challenges of scaling up

DNA origami with dsDNA, we carefully designed a
more rigid triangular structure (215 nm edges) that
utilized one-fourth of the ds λDNA scaffold. We at-
tempted to overcome the problem of inadequate
sequence space by changing the crossover design to
26 bps between crossovers, rather than 16 bps, so that
the smallest staple binding domain was 13 nts (instead
of 8 nts). The annealing program was also adjusted to
reflect the thermodynamic requirements of the longer
staples (details can be found in the SI). Note that the
number of unique sequences for a 13 nt domain is 413

(∼67.1 million), which is far greater than the length of
the λDNA. A triangular design also ensures the final
origami structure is relatively rigid, improving the
cooperative assembly. The AFM images shown in
Figure 3B reveal that the assembled structure has
periodic cavities between neighboring helices, which
are expected to be 16.8 nm (52 bps) in length. The
pattern observed in the AFM images matches the
designed folding path of the scaffold (Figure 3A). The
zoom-out images shown in Figures 3C and S7 further
confirm the successful assembly of the designed struc-
ture. The molecular weight and area of the one-fourth
λDNA-based triangle is 3.4 and 2.8 times larger, respec-
tively, than the triangle (128 nm edges) designed
by Rothemund in 2006 that utilized an M13mp18

Figure 3. Assembling larger, more rigid triangle structures from a dsDNA scaffold. (A) Schematic diagram illustrating the
designed folding path using 1/4 of the full-length λDNA genome. (B) The corresponding AFM image reveals assembled
products that exhibit the expected surface pattern. (C) Zoom-out images of the large triangle origami structures. Scale bars
are 200 nm.
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scaffold.1 Considering the variety of natural dsDNA
sources, this result underscores the potential of fabri-
cating larger and more complex structures using this
strategy.

CONCLUSION

We demonstrated that dsDNA scaffolds can be used
to fabricate integrated DNA origami structures that
incorporate both of the constituent ssDNA molecules.
We placed special emphasis on developing general
design strategies to prevent the unwanted recombina-
tion of the long dsDNA scaffold and evaluating how
various experimental conditions influence the assem-
bly process. We applied two basic principles toward
the design of scaffold folding paths: folding path
asymmetry and periodic convergence of the two
ssDNA scaffold strands. We assert that asymmetry in
the folding pathminimizes the unwanted complemen-
tarity between staples and that incorporating an offset
between the folding paths of each ssDNA scaffold
strand reduces the chances that complementary

portions of the strands are brought into close proximity
with one another, both of which decrease the like-
lihood of dsDNA scaffold recovery. Meanwhile, in order
to promote the assembly of a single, fully integrated
structure rather than two individual ones, we per-
mitted the folding paths of the two ssDNA scaffold
strands to periodically converge. Our results reveal that
this basic strategy can be used to reliably assemble
integrated DNA nanostructures from dsDNA tem-
plates. However, our study also calls attention to the
limitations of dsDNA as a source of scaffolds for DNA
origami structure assembly. Despite the systematic
manipulation of various experimental conditions, in-
cluding annealing program and concentration of com-
ponents, we found that large DNA origami structures
with flexible connection points could not be reliably
assembled using this method. Consequently, there is a
significant bottleneck in using very long dsDNA tem-
plates to scale up DNA origami assembly. In order for
this technique to be successful, various energetic and
structural barriers must still be addressed.

METHODS

λDNA Fragment Purification. Fractions λ5 and λ6 from lambda
DNA- Hind III digestion were purified from 1.0% agarose gel (1�
TBE, 0.5 μg/mL ethidium bromide) at 180 V for 40 min. The
bands were cut and recovered by using a gel extraction kit
purchased from Fermentas Molecular Biology (http://www.
fermentas.com).

Agarose Gel Electrophoresis. The folding products from
λDNA fragments were subject to electrophoresis on 0.8%
agarose gel (1� TAE-Mg2þ, 0.5 μg/mL ethidium bromide) at
75�80 V for two to three hours in an ice bath and visualized
under UV light.

AFM Imaging. In Liquid Scan. The sample (2 μL) was depos-
ited onto a freshly cleaved mica surface (Ted Pella, Inc.) and left
to adsorb for 2 min. Then 50 μL of buffer (1� TAE-Mg2þ, plus
2 μL of 100mMNiCl2) was added onto themica, and the sample
was scanned in the ScanAsyst in fluid mode using ScanAsyst
Fluidþ tips (Veeco, Inc.), on a Veeco 8 AFMwith the assistance of
its fluid cell.

In Air Scan. The sample (2 μL) was deposited onto a
freshly cleaved mica surface (Ted Pella, Inc.) and left to
adsorb for 2 min. Then 50 μL of buffer was added onto
the mica and was blown away immediately by condensed
air. A second wash with 50 μL of pure H2O was applied in the
same way. The dry sample was then scanned in ScanAsyst
in air mode using ScanAsyst Air tips (Veeco, Inc.), on a Veeco
8 AFM.

Annealing Program. For small structures:. 90 �C (15min); 25 �C
(2 min); 45 to 4 �C (20 min/�C).

For big triangles:. 90 �C (15min); 25 �C (2min); 60 �C (1min),
59 �C (1 min), 58 �C (2 min), 57 �C (3 min), 56 �C (5 min), 55 �C
(10 min), 54 �C (15 min), 53 �C (20 min), 52 �C (30 min), 51 �C
(40 min), 50 �C (50 min); 49 to 4 �C (20 min/�C).
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