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A Route to Scale Up DNA Origami Using DNA Tiles as

Folding Staples™*
Zhao Zhao, Hao Yan,* and Yan Liu*

DNA-based molecular self-assembly offers an efficient route
to fabricate nanostructures of increasing complexity.!"
Recently, progress in structural DNA nanotechnology has
demonstrated that DNA tiles consisting of branched DNA
junction motifs can be used as versatile building blocks for
programmable construction of two- and three-dimensional
structures with custom-designed surface patterns.’ These
nanostructures can be used as templates to organize proteins
and nanoparticles into rationally designed patterns.F'*! An
important milestone for the advance of structural DNA
nanotechnology was the development of a DNA nanostruc-
ture folding strategy, called scaffolded DNA origami, which
was achieved by Rothemund.'” In this technique, a long
single-stranded viral genome (M13 phage) serving as a
scaffold is arranged in a 2D plane following a designated
folding path, and hundreds of short oligonucleotides, termed
staple strands, hybridize with the scaffold strand through
complementary base pairing to form many branched DNA
junctions between adjacent helices. The staple strands assist
the folding of the scaffold strand into planar 2D arrays with
custom-designed shapes defined by the initial scaffold folding
path. Recently, the concept of DNA origami has been applied
to engineer a series of 3D DNA nanostructures with a broad
range of geometric complexities"*? thus further showing
that DNA is one of the most promising materials to achieve
highly programmable self-assembling systems that mimic the
complexity of nature.

One critical challenge facing the further development of
DNA origami technology is to scale up the size of DNA
origami structures. Herein we present a new strategy to
construct 2D DNA origami of larger dimensions using
rectangular-shaped DNA tiles as staple tiles rather than
using traditional staple strands.

A small portion of the MI13 scaffold (about 1140
nucleotides) is shown in Figure 1 to illustrate the concept.
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Figure 1. Experimental design. A) The formation of Rothemund’s ori-
gami using many short staple strands to fold a single-stranded M13
DNA scaffold following a predetermined path into a closely packed 2D
pattern. B) Formation of a larger-sized origami using a number of
multihelical tiles, each containing single-stranded extensions at the
four corners (short black lines; arrows indicate 3’ ends) as staple tiles,
together with a number of bridge strands (blue) to fold the M13 DNA
scaffold into a predetermined 2D structure. C) Self-assembly of the
staple tiles, each being an 8-helix tile, 5 full helical turns long of about
17 nmx16 nm. Each 8HX tile contains 18 strands of varying length, of
which 16 strands remain unchanged, with two strands (one on the top
and one on the bottom) extended with different sequences of single
stranded overhangs to base-pair with different parts of the M13
strands.

WBnm_

Using Rothemund’s original strategy, a segment of M13 can
be folded by many short DNA staple strands into a
rectangular shaped 2D origami of about 34 nm x22 nm in
dimension (Figure 1 A). In our new strategy (Figure 1B), we
use nine staple tiles, each of which is an eight-helix tile®!
(Figure 1 C) with protruding single-stranded overhangs at the
four corners that base-pair with the M13 scaffold. Together
with additional bridge strands, a segment of M13 of the same
length can be folded into a fully packed 2D origami of circa
70 nm x 54 nm in two dimensions, which is more than quad-
ruple the size of the structure shown in Figure 1A. In
principle, it is possible to use the staple-tile strategy to
scale-up 2D DNA origami using the full-length M13 scaffold.
This strategy may be further scaled up using larger staple tiles,
such as a single tile of origami, to fold a longer scaffold strand
(e.g. origami of origami).
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As a proof-of-concept demonstration, we tested the
construction of three fully packed 2D origami structures
using altered numbers of staple tiles. The total numbers of
tiles used in the three constructs are 5x5=25 (90 nm x
110 nm), 7x8=56 (140 nmx200nm), and 5x11=55
(100 nm x 280 nm). Additionally, a number of short bridge
strands were used to guide the folding of the M13 scaffold into
a flexible framework with correctly spaced cavities to
facilitate access of the individual helper tiles to the scaffold.
Single-stranded thymine, T2, was added at the ends of each
helix to reduce inter-tile end-to-end base stacking. To
minimize the cost of DNA synthesis, the core sequences of
each individual eight-helix tile were kept the same, and only
the DNA oligomers containing the overhangs that hybridize
with the scaffold were modified. The scaffold used in the
study was the single-stranded M13 mp18, (7249 nucleotides
(nt) in length), same as that used in Rothemund’s original
origami experiments.” The final structures were designed so
that 41 %, 88 %, or 90% of the scaffold strand were base-
paired with the overhangs of the staple tiles and the bridge
strands. The remaining scaffold was left as an unpaired loop at
one side of the helices.

The formation of the three DNA origami structures using
the staple-tile folding strategy were carried out in a two-step
annealing procedure: 1)individual eight-helix staple tiles
with unique overhangs at the four corners were annealed
from 90°C to 4°C in 1XTAE-Mg buffer (pH 8.0), containing
20 mm Tris acetate, | mm EDTA, and 12.5 mm Mg(OAc),;ina
separate tube, M13 scaffold strands and all of the bridge
strands were annealed together in the same buffer conditions
from 90°C to 4°C. 2) The above two solutions were mixed
together and further annealed from 45 °C to 4 °C using various
lengths of time to form the final structures. The molar ratio of
the bridge strands to staple tiles to M13 scaffold was 10:2:1
for each assembly. The individual eight-helix tile has a melting
temperature circa 65°C,*! so it should be stable at 45°C. In
our design, each individual eight-helix staple tile shares the
same core sequence, so it is necessary to form the eight-helix
tile first to prevent them from forming mismatched pairs with
the M13 scaffold strand. The pre-annealing of the M13
scaffold strand with the bridge strands prepares the scaffold
strand to pre-fold with a defined path, so that in the second
annealing step, each individual staple tile can efficiently fill in
the correctly spaced cavities along the scaffold to form the
final target structure.

Folding of the 5x5 structure was quick and efficient.
Complete 5 x5 structures were observed with a 12 h thermal
annealing from 45°C to 4°C. The formation of the 7x8
structure took a longer time. The correct folding was observed
with annealing over the course of 60 h. The formation of the
5 x 11 structure was the least efficient process, with a limited
yield even after 100 h of annealing.

The annealed mixtures were subjected to non-denaturing
agarose gel electrophoresis (Figure 2, and Supporting Infor-
mation, Figure S8) to check the yield of the target structures
and purification. For the 5x 5 structure, two distinct bands
appeared that migrated more slowly than the M13 single
strand. The relative intensities of these two bands showed no
significant variation with an increase of the Mg”*" concen-
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Figure 2. Agarose gel images that confirm the formation of the 5x5
and 7x8 structures. A) 5x5 structure. Lane 1: 100 bp marker ladder
with a maximum marker size of 3000 bp; lane 2: single-stranded M13;
lanes 3-9: annealed 5x5 structures at different Mg** concentrations
(12.5 mm to 20 mm); lane 10: 8HX scaffold tiles. 0.7 % agarose gel
was used. B) 7x 8 structure. Lane 1: 100 bp marker with a maximum
marker size of 1000 bp; lane 2: single-stranded M13; lane 3: annealed
mixture of 7x 8 structure in 1.2xTAE-Mg buffer (15 mm Mg). 0.3%
agarose gel was used. The gels were stained with ethidium bromide.

tration from 12.5 mm to 20 mm with circa 1 mM increments.
For the 7x8 and 5x 11 structures, the agarose gel images
(Figure 2B, and Supporting Information, Figure S8) showed
one distinct slower migrating band. These two structures
showed a higher yield with a moderately higher Mg*"
concentration (15 mm). It seems that this particular concen-
tration of divalent cations aids the folding of the larger
origami structures. From Figure 2 it appears that the M13
scaffold is fully consumed to form lower mobility structures.
By measuring the relative intensity ratio of the target bands
from the corresponding lane, excluding the faster migrating
excessive helper tiles and bridge strands, the estimated yields
are about 70 % for the 5 x 5 structure (the lane used for AFM
imaging) and circa 48 % for the 7 x 8 structure. The bands (or
smears) appeared above the target structures may come from
misfolded products, as single stranded M13 scaffold may still
contain some secondary structures at the initial temperature
used (45°C) in the second annealing step.

Both of the prominent slower migration bands for the 5 x
5 structure were excised from the gel and gently extracted
using Freeze-N-Squeeze columns. The purified structures
were then deposited on mica and imaged in liquid by tapping-
mode atomic force microscopy (AFM). The AFM images
(Figure 3 A, see also the Supporting Information for more
images) show that both the higher and lower bands contain
complete or nearly complete assembly of the desired struc-
ture with no obvious differences. For this 5x5 structure,
nearly 60 % of the M13 sequence remains as a large flexible
loop out of the structure. The two distinct bands might have
resulted from a part of the M13 strand in the loop region
breaking into a linear strand, thereby causing significant
differences in the migration speeds of the structures in the gel.

AFM images (Figure 3) for the 5x5 and 7 x 8 structures
reveal the correct folding of the designed structures using the
staple tiles. Individual tiles of the correct dimension can be
clearly distinguished in the images. The measured dimensions
of the structures match the designed parameters. Both gel and
AFM images demonstrate that the yield (or degree of
completeness) of the final structure has a trend of 5x5>7 x
8. It is logical that in a reaction with more components, a
lower overall yield would be expected. We also noted that the
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Figure 3. A) AFM images of the 5x5 structure. Scale bars in the insets
are 20 nm. B) AFM pictures for the 7*8 structures. Scale bars in the
insets are 40 nm. The yield of the desired structure is high, although
the absence of one to three tiles at random positions is observed.

7 x 8 structure had a higher yield than the complete 5x 11
structure, although they contain similar number of tiles in the
assembly (56 tiles versus 55 tiles). This lower yield of the
complete 5 x 11 structure (estimated to be about 30 % see the
Supporting Information, Figure S8) may be explained by the
larger aspect ratio of the final 5x 11 structures (greater than
2:1, or even close to 3:1 when the stretching effect between
the layers is considered), which resulted in unbalanced growth
rates of the staple tiles in the vertical and lateral directions
during the tile annealing. We tested the partial assembly of
the 5x 11 structure with various number of layers (8 to 11),
and confirmed that fewer number of layers indeed gave better
yields (see additional AFM images in the Supporting
Information).

The 7 x 8 structure prepared here contains a single copy of
the M13 strand, with a molecular weight of about 20 million
Daltons, and circa 30000 base pairs. This is about four times
the size of Rothemund’s origami structure using the same
length scaffold.'"”’ Because the core of the SHX staple tiles
was kept constant, the 16 strands were purified and used
repeatedly in the assembly. The total number of DNA strands
with a unique sequence remained a manageable size: 248,
which is only a marginal increase from the original design of
226 strands used in the Rothemund’s rectangular DNA
origami.'”l As we used a two-step annealing strategy, it is
foreseeable that we can selectively modify strands in each tile
at particular positions and use them to create addressable
binding sites to direct the assembly of other materials.

In summary, we have demonstrated a new strategy to scale
up DNA origami using multihelical DNA tiles as folding
staples. This strategy currently works more efficiently in
creating 2D structures with roughly equal dimension in the
2D plane. The yield may be further improved by designing
DNA staple tiles of different aspect ratios and optimizing the
annealing procedures based on thermodynamic parameters of
the helper tiles. In principle this method could be applied to
create large DNA origami nanostructures reaching the size
domain of conventional photolithography techniques (1 um),
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which may become a viable approach to bridge bottom up
self-assembly with top-down lithography. For example, if the
individual Rothemund rectangular 2D origami of 60 x
90 nm!"”! were used as the staple tiles to fold a DNA scaffold
of the size of A DNA (45000 nucleotides, if a single strand of
DNA of such length can be generated), it is possible to create
super-origami of circa 10 x 8 of such tiles with an overall size
of 1 um x 0.5 um. Such super-origami should be easier to be
patterned onto lithographically generated substrates. We
anticipate the strategy demonstrated here could be combined
together with other scale up techniques, such as hierarchical
DNA assembly!'®!*>2 or surface mediated self-assem-
bly,?"*! to realize the great potential of structural DNA
nanotechnology.
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