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Abstract: The arrangement of DNA-based nanostructures into
extended higher order assemblies is an important step towards
their utilization as functional molecular materials. We herein
demonstrate that by electrostatically controlling the adhesion
and mobility of DNA origami structures on mica surfaces by
the simple addition of monovalent cations, large ordered 2D
arrays of origami tiles can be generated. The lattices can be
formed either by close-packing of symmetric, non-interacting
DNA origami structures, or by utilizing blunt-end stacking
interactions between the origami units. The resulting crystalline
lattices can be readily utilized as templates for the ordered
arrangement of proteins.

In recent decades, self-assembly based on the specific and
programmable recognition interactions between DNA mol-
ecules has been shown to be a successful strategy for the
generation of artificial nanoscale molecular structures.[1] Most
prominently, the DNA origami technique[2] has enabled the
realization of almost arbitrarily shaped molecular objects,
which can further be decorated with functional molecules or
nanoparticles with a spatial resolution of only a few nano-
meters. This capability has already resulted in a variety of
potential applications for DNA nanotechnology, ranging from
nanomaterials[3] over biosensing[4] to nanomedicine.[5] For
many applications, an extension of the “local order” facili-
tated by DNA self-assembly also to larger length scales would
be desirable, for example, when the generation of macro-
scopic DNA-based materials is envisioned, or integration with
top-down fabrication technologies is required.

Several features have been found to be useful for the
generation of large-scale assemblies based on small (i.e., non-
origami) DNA tiles. Apart from the development of rigid
molecular building blocks,[6] sequence-symmetric interac-
tions,[7] the precise control of nucleation and growth param-
eters,[8] and the utilization of weak, cooperative interactions
have been shown to generate particularly well-ordered

structures in two and even three dimensions.[9] Also the
presence of a surface was found to promote the assembly of
large ordered lattices from small T-junction units[10] or star-
shaped tiles.[11]

DNA origami structures can adopt a larger diversity of
shapes than small DNA tiles, and also allow for more complex
chemical functionalization. Previous approaches toward the
generation of larger DNA origami assemblies involved litho-
graphic patterning,[12] the utilization of longer scaffold
strands,[13] polymerization[14] and higher order assembly
using hybridization[15] or blunt-end stacking interactions.[10,16]

The only successful example of extended 2D crystallization of
DNA origami tiles was demonstrated by Liu et al.[17] based on
sticky-end hybridization of cross-shaped origami structures.
Thermal annealing over several days resulted in crystalline
2D arrays with dimensions of up to 5 � 10 mm2.

We show herein that surface-assisted assembly[10, 11] can
also be achieved with DNA origami structures by simply
improving their surface mobility by the addition of mono-
valent salts (Scheme 1). In typical atomic force microscopy

(AFM) experiments on negatively charged mica sheets, DNA
origami structures are strongly adsorbed to the substrate to
facilitate stable imaging. Adsorption is mediated by Mg2+ ions
(typically already contained in the origami folding buffer),
which act as salt bridges between mica and DNA (Figure 1A).
This interaction can be weakened by the addition of mono-
valent ions, such as Na+, which partly replace the Mg2+ ions
and form a more diffuse charge layer between the surface and
the polyelectrolyte.[18] As a result, the origami structures
become mobile on the surface and can then associate to form
extended ordered structures on the surface. We demonstrate
that non-interacting, regularly shaped origami structures, such
as rectangles[2a, 19] or triangles,[2a] simply assemble into close-
packed structures, dictated by the steric repulsion between
the building blocks. In the case of twist-corrected, cross-
shaped origami tiles[17] we also employ attractive blunt-end

Scheme 1. The surface mobility of DNA origami structures on mica
can be tuned by the addition of monovalent cations. Depending on the
symmetry of the origami building blocks and their mutual interactions,
large-scale ordered 2D assemblies can form.

[*] A. Aghebat Rafat,[+] Dr. T. Pirzer,[+] M. B. Scheible, A. Kostina,
Prof. Dr. F. C. Simmel
Physik-Department E14 and ZNN/WSI, TU M�nchen
Am Coulombwall 4a, 85748 Garching (Germany)
E-mail: simmel@tum.de

Prof. Dr. F. C. Simmel
Nanosystems Initiative Munich
Schellingstrasse 4, 80539 Munich (Germany)

[+] These authors contributed equally to this work.

[**] We gratefully acknowledge financial support by the Volkswagen
Stiftung (grant no. 86 395), the EU Marie Curie Initial Training
Network EscoDNA, and the Cluster of Excellence Nanosystems
Initiative Munich (NIM). We thank A. Kuzyk for initial work in this
project.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201403965.

Angewandte
Chemie

7665Angew. Chem. Int. Ed. 2014, 53, 7665 –7668 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/anie.201403965


stacking interactions, which combined with surface diffusion
result in very large ordered origami cross lattices.

In Figure 1, surface-assisted assembly of rectangular
origami tiles by close packing on mica is shown. In the
presence of only Mg2+ ions, application of a solution of DNA
origami rectangles to the mica substrate results in the
adsorption of origami structures in only weakly correlated
orientation (Figure 1B, left). In contrast, a sample with added
NaCl ([NaCl] = 200 mm) displays large-scale ordering with
most origami structures aligned with the same orientation
(Figure 1B, right). To provide an objective measure for the
symmetry and degree of ordering of the assemblies, we also
performed fast Fourier transformation (FFT) analysis of the
AFM images (cf. insets in Figure 1B, 2A–C). FFT maxima are
found along the main spatial directions of the assemblies.
Sharp FFT reflexes correspond to crystalline assembly, while
blurred rings indicate amorphous structure. A larger number
of discrete FFT spots also indicates a longer range of ordering.
In the case of the close-packed rectangular origami tiles the
rectangular symmetry of the lattice is clearly visible.

As indicated in Figure 2, diffusion-assisted close packing
of origami structures also works well with other single-layered
origami tiles, such as triangles,[2a] long rectangles,[19] or cross-
shaped structures.[17] The degree of order that can be achieved
in this way apparently depends on the symmetry of the base
shape, its convexity, and also its “compactness” (or aspect

ratio). Triangular origami tiles form a lattice with trigonal
symmetry, which is clearly reflected in the FFT analysis.
Compared to the rectangular tile lattice of Figure 1, there are
less single-point defects (such as missing or broken tiles), but
dislocations give the lattice a wavy structure, which reduces
the degree of ordering in the FFT. Over a range of 1 mm and
more, long-rectangular origami tiles (Figure 2B) assemble
very well in a direction perpendicular to their long sides, but
do not display large-scale ordering in 2D. Even though the
cross-shaped origami tiles could potentially tile the plane,
they show an even lower degree of order, which results from
diffusion traps created by their concave shape. An increase in
[Na+] above 200 mm causes the close packed lattices to
disintegrate. Close-packed tiles become more loosely packed
and isolated origami tiles desorb from the substrate (see
Supporting Information Figure S1).

To prevent disintegration of the origami superstructures
at higher monovalent salt concentrations, we also employed
stabilizing attractive interactions between the origami tiles.
Strong interactions (e.g., by sticky-end hybridization) can
however, result in fractal growth by a diffusion-limited
aggregation mechanism.[20] For the growth of large crystalline
areas from origami tiles, we thus employed weaker blunt-end
stacking interactions[2a, 16] that allowed reversible formation
and breakage of bonds, and thus reorganization and healing of
the growing crystals. As shown in Figure 3A, we utilized
a twist-corrected version of the cross-shaped origami tile

Figure 1. A) Left: representation of a regular rectangular DNA origami
tile. Right: Schematic representation of an adsorbed origami structur-
e (blue) on a negatively charged mica substrate (solid line). Cations
are located between the tile and mica. Mg2+ ions act as salt bridges,
whereas Na+ ions screen negative surface charge in a diffuse charge
layer. B) AFM images of rectangular origami tiles on mica in the
absence of NaCl (left) and in the presence of 200 mm NaCl (right) in
the buffer solution. Insets: FFT images indicate the symmetry and the
degree of order in the assemblies (see text). The histograms show the
distribution of origami orientations with respect to the images’ y-axes.
The scan size of the images is 2 mm � 2 mm. The tile length of 100 nm
and width of 80 nm were determined from the AFM images.

Figure 2. AFM images of origami assemblies made from A) triangles,
B) long rectangles, and C) cross-shaped tiles. The symmetry of the
base units determine the quality and degree of ordering as reflected in
their FFT analyses (insets). Long-rectangular tile assembly is favored
perpendicular to the long axis of a tile. Cross-shaped tiles show less
ordering and rectangular symmetry. Blurred features in the FFT images
indicate a distribution of the symmetry axes and the spatial frequen-
cies of the base unit. The scan size is 2 mm � 2 mm. The measured
dimensions of the tiles are 25 nm � 280 nm for the long rectangles,
126 nm per side for the triangles and 95 nm for the length of a cross-
subtile.
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developed by Liu et al.[17] for 2D crystallization by blunt-end
stacking.

Our experiments indicate that origami cross-tiles already
oligomerize in solution (cf. Figure S2). Oligomers can adsorb
on mica and then act as nuclei for 2D crystallization on the
surface in a typical nucleation and growth process. Initially,
the growing nuclei diffuse on the surface until stable im-
mobile structures are formed. Single tiles or smaller assem-
blies still adsorb on the surface and start new nucleation sites,
or fuse with larger assemblies.

In Figure 3B, we monitored the progress of 2D crystal-
lization by AFM imaging at [NaCl] = 420 mm. A variety of
processes can be identified that contribute to crystal growth:
small distortions in the lattices heal and frayed edges are
completed during the 2D assembly process. Point defects,
such as single missing tiles, are filled up with monomers from
bulk solution.

As can also be seen in Figure 3, the main limiting factor
for unlimited crystal growth is the presence of disoriented
immobile crystalline domains in close proximity to each
other. Crystal formation was improved by rinsing a fully
covered mica surface with pure water, which removes ions
and all weakly bound assemblies from the surface (cf.
Figure S3 A,B). After drying and repeated overnight incuba-
tion in 1 � TAE containing 12.5 mm Mg2Cl and 400 mm NaCl,
larger crystalline domains with typical dimensions in the
micrometer-range formed (Figure 4, cf. Figure S4 for FFT).
Still many typical crystal-growth defects, such as point defects
or dislocations are visible, which mainly occur at the
boundaries between the domains. If the initial concentration
of crystallization nuclei on the surface could be reduced
further, potentially much larger lattices should be feasible.
Low concentrations lead to smaller, less stable and more
mobile clusters in the beginning, however, and thus the
implementation of dedicated seed structures may be required.

To demonstrate a potential application of our simple
crystallization strategy, we utilized a cross-tile lattice for the
ordered arrangement of proteins (Figure 4B, Figure S4B). To
this end, each cross-shaped tile was functionalized with eight
biotinylated staples, with two biotin moieties on each arm
pointing above and below the plane defined by the cross. First
a tile lattice was assembled on a mica surface, followed by
decoration with streptavidin in situ. We found a high yield of
98% for occupation of the lattice positions. As the binding
yield to a single biotin on an origami structure has been
estimated to be approximately 86 %,[21] this indicates that
both biotin units (above and below the tile) are in fact
available for binding. This may be explained by threading of
the biotinylated staples through the origami as reported
elsewhere.[22]

We note that in our assembly approach we currently
cannot control the orientation of the tiles. In particular,
neither the two sides nor the four arms of the origami cross-
tiles are completely equivalent. Nevertheless, the cross tiles
locally seem to associate in a preferred orientation, which can
be identified from the origami substructure also visible in
Figure 4B. Using a symmetric and redundant labeling with
biotin as in Figure 4 B, however, a streptavidin pattern can be
generated that has a higher symmetry than the origami lattice
itself.

We have demonstrated that by electrostatically control-
ling the mobility of DNA origami structures on a mica
surface, large, ordered arrays of origami tiles can be easily
generated. Inert origami tiles assemble into close-packed
structures, while tiles interacting through blunt-end stacking
form extended 2D crystals whose symmetry is dictated by the
direction of the stacking “bonds”. It should also be possible to
implement a similar crystallization approach on other types of
surfaces, which should be of interest for applications in
nanomaterials. It is also conceivable to chemically cross-link
the lattices after formation on mica and transfer them onto
other substrates using soft lithographic methods. It may also
be possible to grow origami-tile lattices along scaffold
structures on the surface, and even to implement origami-
based crystalline self-replication schemes.[23]

Figure 3. A) Left: Cross-shaped origami tiles without edge staples
(single-stranded scaffold is orange) do not interact with each other.
Right: Incorporation of edge staples creates blunt ends, which
facilitate stacking interactions between the tiles. B) Two sets of AFM
images of cross-shaped tiles with blunt ends on mica recorded during
2D crystallization, which progresses through a typical nucleation and
growth process. [NaCl] =420 mm. The scan size is 3 mm � 3 mm.

Figure 4. A) AFM image of 2D lattices made from cross-shaped DNA
origami tiles. The central lattice domain has a length of about 6 mm
and a width varying between 1 and 3 mm. B) AFM image of streptavi-
din bound to a 2D lattice of cross-shaped tiles equipped with biotin.
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Experimental Section
Design and fabrication of the DNA nanostructures : DNA origami tiles
were folded from a 7249 nucleotide (nt) long single-stranded DNA
“scaffold” strand from the phage virus M13mp18 using short “staple”
oligonucleotides (Eurofins MWG). Four different shape-variations
were designed using caDNAno,[24] namely a twist-corrected rectan-
gular tile, a long-rectangle, a triangle, and a cross-shaped tile, using
186, 186, 233, and 186 staple strands, respectively (cf. Supporting
Figure S5 to S9). Staples were mixed with scaffold in 3.4-fold molar
excess for triangular tiles and 1.4-fold molar excess (5.6-fold for edge
staples) for other origami tiles in folding buffer (1 � TAE with
12.5 mm MgCl2); for the streptavidin experiment 4.2-fold molar
excess for edge staples and 4.5-fold molar excess for biotinylated
staples were used. The mixture was heated to 70 8C and slowly
annealed to room temperature (0.5 8C min�1 between 65–458C). To
purify the folded origami structures, PEG precipitation was used.[25]

Two equal volumes of sample solution and folding buffer (supple-
mented with 15% PEG-8000 and 500 mm NaCl) were carefully mixed
and centrifuged for 30 min at 4 8C (20000 rcf). The supernatant
solution was slowly poured away, retaining the pellet, which was
redissolved in PEG-buffer (repeating the process three times) and
finally redissolved in the desired buffer solution.

Imaging of the DNA nanostructures : AFM imaging was per-
formed on a Veeco Multimode V (with a Bruker Multimode 8
Controller) in intermittent contact mode under liquid conditions
using silicon nitride cantilevers (SCANASYST-Fluid + from Bruker
and BL-AC40TS-C2 from Olympus). Typical cantilever resonance
frequencies were between 25–33 kHz and scan rates between 2–6 Hz.
Images were post-processed by subtracting a 2nd-order polynomial
from the image using the Nanoscope 8.15 software. To form
crystalline structures, 40 mL of sample solution were deposited on
freshly cleaved mica sheets for surface assisted 2D assembly. To
weaken the attractive forces between structures and mica surface, the
magnesium-containing folding buffer was supplemented with varying
concentrations of sodium chloride ([NaCl] = 0.1–0.5m), subsequently
increasing the diffusion-driven mobility of origami structures ena-
bling higher order crystal-like arrangements. The samples in Fig-
ure 4A and Figure S3B were prepared as described in the main text.

Protein labeling : Cross-shaped tiles were modified with two
biotinylated single-stranded extensions on each side arm, to which
streptavidin proteins can bind. After the assembly and a waiting time
of 1 hour the mica sample was washed in a petri dish containing
folding buffer to purify the sample from unbound tiles. Afterwards
the sample was incubated with 20 mL of 2 mm streptavidin solution and
additional 30 mL of folding buffer for 90 min. Afterwards the mica
sample was washed again in a petri dish and consecutively imaged in
folding buffer.
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