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This paper describes a new method that enables high yield
assembly along both of the two-dimensional edges of DNA
origami tiles by controlling of the Mgz" concentration; High Mgz"
concentrations promote linkage connections between the vertical
edges of the tiles. As a demonstration, DNA origami dimers
assembled from two rectangular origami along the vertical edges
are used as scaffolds for the double sided assembly of gold
nanoparticles with different inter-particle spacings.

DNA origami1 is a two dimensional surface formed by folding a
long single-stranded circular DNA (7.2 kb genome of phage
M13mp18) with the help of ~220 shorter “staple” strands into
different shapes. A square origami tile, made in this way, is
limited to ~100 nm on its sides. This size restriction, dictated
by the length of the M13mp18 substrate strand, has spurred
interest in the further self-assembly of single DNA origami tiles
into larger superstructures, typically by association along the
origami edges.z'7 Larger arrays of DNA origami are useful in
many applications, including as templates for the nanoscale
assembly of metallic nanoparticles/nanorods,s'11 proteins,lz' B
carbon nanotubes™™’” and other functional components.
Therefore, it is important to understand and control the
assembly between tile edges to allow the creation of more
perfect arrays and more diverse types of structures. The
assembly between two origami edges can either be made
between connections that run parallel to the duplex long axis
(horizontal) or perpendicular to the duplex axis (vertical). In
general, assembly along the vertical axis is difficult, this is
because of the strong electrostatic repulsion between
negatively charged DNA backbones. Therefore most studies of
origami tile assembly have focused on assembly along the
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horizontal edges.“'6 There has been a large effort studying the
assembly of DNA origami into 2D arrays using multiple tiles.
For example, Liu et al, successfully self-assembled a 2D
origami crystal structure with ~2 to 3 um size by deliberate
designed cross-shaped double layer origami unit, which
expanded inter-tile connection along the duplex axis
(horizontal linkers) in both directions.> A DNA origami was
designed with four-way connectors to form cruciform and
hollow cube structures.® In those studies, the helical-axis
element of all four edges involved minimal electrostatic
repulsion and maximal m-stacking interactions to facilitate the
association of DNA origami. In a related study, a nine-piece
DNA origami jigsaw, formed by shape and sequence selectivity
with horizontal and vertical connectors, gave a low yield of
~30%.” These observations suggest that the inter-tile
association between DNA origami is favorable along the duplex
axis due to the weak electrostatic repulsion and strong m-
stacking with the DNA duplex ends. To overcome the limitation
of M13mpl8, longer single-stranded PCR pl'oducts21 and
double stranded DNA?* have been employed as scaffolds to
make larger DNA origami structures. Recently, new methods
have been developed to create DNA origami arrays, such as
surface diffusion assisted assembly,23 gold nanoparticles
bridged super—nanostructures,“‘ % truchet tiling based
combinatory approach,26 small DNA tiles used as folding
staplesz’ 3 and shape-complementarity mediated
organization.27 Common to these methods is the need for
dedicated design of the origami tile or further materials
processing. Here we demonstrated that the simple addition of
magnesium salts enables efficient assembly along the vertical
edges of rectangular origami. As a proof of concept we
assemble dimers of rectangular origami into a square using
vertical connections (Fig. 1a). Furthermore, we show that each
of the corners of the assembled dimer can direct the assembly
of multiple gold nanoparticles.

The design of DNA rectangle origami is shown in Fig. 1a,
the length of origami tile in the horizontal direction (parallel to
the helical axis) is 192 nucleotides. In the vertical direction,
(perpendicular to the helical axis) there are 20 parallel helices.
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The DNA was folded into a rectangle in a solution containing
40 mM tris buffer (pH 7.6), 2 mM EDTA, and 12.5 mM Mg2+
using the method of Rothemund.! Fig. 1b shows an AFM image
of the origami rectangles on mica (tapping mode) in buffer.
From the AFM micrograph, the average size of rectangle
origami is ~¥120 nm by 60 nm and the duplexes run along the
long axis (inset of Fig. 1b). When the structures was scanned in
the AFM at ambient condition rather than in buffer, the
average size of rectangle shrunk to ~110 nm x 45 nm (See Fig.
S1).

To assemble the rectangles into dimers, we incorporated
six sticky-ended cohesions along the vertical direction of the
upper origami in Fig. la. The length of vertical linkers is 8
nucleotides, and they are complementary to sequences in the
lower rectangle origami. Before the self-assembly process, the
two monomers were purified separately to remove the extra
helper strands with a 100 kDa MWCO centrifuge filter. After
purification, the two complementary monomers were mixed
together in an equal molar ratio with varied magnesium
concentration and the solution was annealed at 45 °C and
allowed to cool to room temperature. The square-shaped DNA
rectangle dimer is shown in Fig. 1c. The size of the dimer is
~120 nm x 120 nm, double the width of a single tile. In the
lower left of the micrograph, a zoomed dimer can be seen.

We found the yield of dimers to be strongly dependent on
the Mg2+ concentration of the second step annealing process.
Fig. 2 shows the AFM images of samples with varying amounts
of Mg2+. The yield of dimers was ~48% (Fig. 2a) using the
1XTAE buffer with 12.5 mM Mg2+. The vyield of dimers
increased with increasing Mg2+ concentration, to ~78% with
30.0 mM Mg2+ (Fig. 2b), and to near quantitative when the
Mg2+ concentration was increased further to 60.0 mM (Fig. 2c
and S2 and S3). Herein, we introduce the magnesium
dependent assembly of DNA origami with vertical linkers, this
method will open an effective way to build large area of 2D
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Fig.1 (a) Schematic illustration of self-assembly of rectangle origami dimer with vertical linkers. (b) AFM image of DNA rectangle monomer. (c) AFM image
of DNA rectangle dimer. Both of images were scanned with tapping mode in buffer.

and 3D DNA origami nanostructures with both edges. It not
only simplifies the DNA origami tile design, but also increases
the effective surface area of DNA arrays to incorporate non-
DNA nanomaterials for versatile applications.

To demonstrate the utility of this approach and to show
that the top and bottom face of the double sized DNA origami
are well defined, we positioned multiple inorganic
nanomaterials (gold nanoparticules (AuNPs)) on the assembled
origami dimers on both the top and bottom sides with precise
positional control. Fig. 3ais a schematic of the locations of the
sticky-ends on the dimer template used for the AuNP
assembly. The sticky-ends at the four corners are represented
by red solid circle point out of the plane of the page. The
distance between two sites is 80 nm (256 nucleotides) along
the duplex axis. Each biding site consists of three DNA sticky-
ends extended from the selected staple strands on the DNA
origami template. The length of the sticky-ends is 15 adenines.
Four other modifications were made ~60 nm (192 nucleotides)
apart on the opposite side of the origami dimer (pointing into
the plane of the page) and are shown in Fig. 3a as a green solid
circle. Each binding site here consists of three DNA sticky-ends
with 25 adenines.

The AuNPs, with a diameter of 5nm, were fully covered by
thiolated DNA strands whose sequence is complementary to
the sticky-ends on the origami template (see supplementary
information for the sticky end sequences). Before the AuNP
assembly, the dimers that formed with a Mg2+ concentration
of 30.0 mM or 60.0 mM buffer were exchanged to 1 x TAE 12.5
mM Mg2+ through column filtration. The lower salt
concentration is required to prevent aggregation of the AuNPs.
A schematic drawing of assembly of AuNPs on double-side
origami dimer is shown in Fig. 3b. Both single-sided and
template double-sided attachments of AuNPs to the DNA
origami were characterized by AFM. In Fig. 3c, the AFM image
shows the AuNPs assembly on four corners when the DNA
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Fig.2 Self-assembly of rectangle origami dimers with vertical linkers in
different magnesium buffer concentrations. (a-c) AFM images of
assembled dimers with (a) 10.5 mM Mg2+ buffer. (b) The salt
concentration of 30.0 mM and (c) 60.0 mM Mg2+. (d) The yield of dimers
is 47.8% (N=335 dimer, N=772 monomer), for (a), 78.3% (N=240 dimer,
N=123 monomer) for (b) and 96.3% (N=413 dimer, N=33 monomer) for (c).
The AFM images were scanned with tapping mode in air.

sticky-ends were protruding on only one face. Fig. 3d shows
assembly of four nanoparticles on the other side of the origami

COMMUNICATION

dimer. The center-to-center distances between the particles
along the duplex direction in the origami tile is 81.5 + 4.6 nm
(40 measurements) in Fig. 3c and 64.1+ 6.1 nm (40
measurements) in Fig. 3d. These distances are consistent with
the distance between the sticky ends in the origami. The
efficiency of binding four AuNPs to different sides of origami
was calculated based on the scanned AFM images. Fig. S4a
shows histograms of the number of AuNPs attached to DNA
origami dimer with four center binding sites (25 adenines). The
attachment yield for four AuNPs is around 74% and ~ 21% for
three particles. Fig. S4b shows the histograms of the number
of AuNPs attached to DNA origami dimer with four corner
binding sites (15 adenines) on the opposite side. The
successful attachment yield of four AuNPs decreases to 28%,
and the histogram peaks at 3 nanoparticles. The total binding
yield of three and four AuNPs also can reach ~70%. The higher
attachment yield in the center versus the corners is primarily
due to the different lengths of the sticky-ends used for binding
at the different sites. The length at the center sites is 25
adenines, but it is 15 adenines at the corners. Extension of the
length of the sticky-ends should dramatically increase the
hybridization vyield between origami template and the
nanoparticles. However, we note also that two DNA origami
tiles could share the AuNPs in the corner binding sites (Fig. 3c).
Unfortunately, longer sticky-ends close to the edge of DNA
templates are also likely to interfere with the dimerization.

Fig. 3e shows the AuNP assembly on the dimers containing
double-side sticky-end linkers (zoomed images in fig. S5). The
binding efficiency of AUNPs on the dimer was determined from
AFM scans, shown in Fig. 4. We can see that the histogram
peaked at 6 nanoparticles (33%) and the yield of eight particles
attachment is only around 12%. The total binding yield of 6, 7

(b)

?

¢ :

Fig.3 Au nanoparticles assembly on both sides of the origami template. (a) Schematic showing locations of binding anchors. Anchors on the
“top” and “bottom” of the origami are indicated by red solid outline circles and green solid outline circles, respectively. A 3D binding cartoon is
shown in (b). (c) AFM image of Au naoparticle assembly on one side of origami template at the four red circles anchors (scan area is 1 um). (d)
AFM image of Au naoparticle assembly on one side of origami template at the four green circles anchors (scan area is1.5 um). (e) AFM image of
Au naoparticles assembly on both sides of the origami template, showing up to 8 AuNPs on a single scaffold (scan area is 1.5 um).

This journal is © The Royal Society of Chemistry 20xx
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Fig.4 Binding efficiency of AUNPs on opposite side of DNA origami dimer
template. Data were collected from AFM image analysis of DNA origami
dimer templates, N=145. The percent of 4 particles is 4.1%, 5 particles is
24.1%, 6 particles is 33.1%, 7 particles is 26.9%, 8 particles is 11.7%.

and 8 particles is > 70%.

DNA origami templates have been widely used to control
the position of non-DNA materials. We have previously
demonstrated organization of both
quantum dots and gold nanoparticles on opposite sides of a
DNA origami scaffold.?® This organization method was

subsequently used to analyze the optical interaction between
29

the heterogeneous

two/three nanoparticles by single-particle tracking methods
The larger DNA surface associated with multiple nanoparticles
presented here expands the range of assembly and could
facilitate more complex particle-particle interactions.

In summary, we have presented a facile strategy to
increase the connections between DNA origami tiles using
vertical linkers. The key to achieving a high yield is increasing
the concentration of Mg2+ ions in the buffer solution. We
anticipate that this method will be useful for the assembly
higher-order DNA origami nanostructures that utilize both
horizontal and vertical addition,
successfully assembled multiple AuNPs on opposite side of
DNA origami dimer and found that the longer sticky-ends
cohesion could increase the interaction between nanoparticles

connections. In we

and origami template than the shorter ones. These results
provide both a demonstration of a pathway to the self-
assembly of large area DNA origami templates, and a
demonstration of the feasibility of double-side modification of
DNA origami scaffolds for more advanced applications.
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