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Abstract

The spatially controlled positioning of functional materials by self-assembly is one of the
fundamental visions of nanotechnology. Major steps towards this goal have been achieved using
DNA as a programmable building block. This tutorial review will focus on one of the most
promising methods: DNA origami. The basic design principles, organization of a variety of
functional materials and recent implementation of DNA robotics are discussed together with future
challenges and opportunities.

Introduction

In the field of nanotechnology, one of the most immediate challenges is to develop strategies
to precisely control and organize various functional materials. During the past 30 years
DNA nanotechnology has gradually evolved to provide solutions to this challenge. In
particular, the work of Seeman et al. has established DNA structures as versatile building
blocks for complex nanoscale assembly; from the first reports on immobile Holliday
junctions, a cubic cage,? and two dimensional lattices,3 to the vision of a three dimensional
DNA crystal which was realised in 2009.4

The complexity and size of self-assembled DNA nanostructure building blocks were
radically increased after a report published by Rothemund in 2006.5 He introduced the basic
principles of the so-called DNA origami method. Origami refers to the Japanese art of
transforming a flat sheet of paper into an arbitrarily shaped object through folding and
sculpting techniques. In DNA origami a long single strand of DNA (scaffold) is folded into
arbitrary shapes by hundreds of short synthetic oligonucleotides, referred to as staple
strands. Each of the staple strands is designed to bind to different places along the scaffold,
thereby bringing these otherwise distant points into close proximity. Collectively, the staple
strands determine the precise size and shape of the final, compact structure. Rothemund
illustrated the versatility of the concept by designing a number of different structures.

The main reason for the immediate success of DNA origami is the experimental simplicity
and fidelity of the folding process. With few exceptions,® almost all earlier assemblies were
composed of multiple short DNA oligonucleotides (oligos) only, which required very
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precise stoichiometry and purification of individual oligos to obtain reasonable yields. The
use of a long scaffold strand in DNA origami alleviates the stoichiometry concerns, as the
short staple strands can be applied in excess and can be used as synthesised without
additional purification. These advances have made it possible to form uniform structures of
significantly higher complexity and, at least for two dimensional (2D) origami structures,
with impressive high yield within hours.

Each of the staple strands has a unique sequence and its position in the assembled structure
is determined by the design. Staple strands are made by automated DNA synthesis and are
commercially available. They can be obtained with chemical modifications and this allows
the facile introduction of a variety of different functionalities that are displayed at
predetermined positions in the final structure.

The basic structural motif of DNA origami, the antiparallel crossover, has been widely used
in the field of DNA nanotechnology, since it was first reported by Fu and Seeman.” It was
demonstrated that this motif could align DNA helices in a parallel orientation when multiple
crossovers on the same side of each helix were used to connect them. These constructs were
generally termed “tiles” (a minimal example is shown in the right of Fig. 1) and were often
designed to self-assemble into very large arrays.

In the original DNA origami designs, the 7249 nt single stranded scaffold originated from
the bacteriophage M13mp18. In one example a rectangular DNA origami with dimensions
of 90 nm x 60 nm was assembled with 225 staple strands, most of which were 32 nts long.
The 32 helices in the folded origami structure were connected by more than 200 crossovers.
An excess of 5 to 10 equivalents of each staple compared to the scaffold was used, resulting
in correct assembly of the rectangular structure with nearly 90% yield in less than 2 hours.

In a naturally occurring B-DNA helix, there are approximately 10.5 base pairs per turn (bps/
turn). Rothemund’s first origami designs positioned the crossovers 16 bps, or close to 1.5
helical turns, apart to achieve a 180° change in direction. The resulting helices were aligned
in parallel in an almost coplanar structure. As the number of base pairs defines the angle
between two crossovers, changing this number will move the effected helix out of the plane.
This principle is demonstrated in a six helix bundle® and generalised (Fig. 2) to create a
variety of 3D shapes by Shih and co-workers.?

The earliest DNA origami designs were prepared by hand and/or by various in-house,
purpose-specific software. This was a tedious, error prone and time-consuming process until
more generic software packages were developed. The first origami design program
published was a plug-in to the sequence editing program SARSE.10 The SARSE application
lets the user import bitmap images and fills them with DNA to create 2D origami shapes.
This was demonstrated by the design and assembly of a dolphin structure. Later on, a more
accessible program, caDNAno, 1 was released. At first, it was primarily intended for the
design of 3D-DNA origami with the helices organised in honeycomb arrangements (Fig. 3).
In this program, the user schematically weaves the scaffold through the structure, and the
program subsequently suggests a routing pattern for the staple strands. The staples can be
adjusted before the scaffold sequence is assigned and the staple sequences are generated.
More recently, a caDNAno version with the DNA helices organised in square patterns was
published.12 This also enables the design of the original 2D structures in addition to the new,
3D structures.
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The structure race

In the original report of the 2D-DNA origami,® the generality of this DNA folding technique
was demonstrated by the construction of a multitude of different 2D geometries (Fig. 4) with
high folding yields. The addressability of DNA origami was illustrated through the display
of DNA dumbbell loops protruding at predetermined locations on one surface of the
structures. These dumbbell loops allowed the author to distinguish otherwise topologically
equivalent parts of the structures.

Several additional groups constructed other 2D origami shapes'%-13 and after a productive
period with many reports of related 2D structures, a series of papers describing more
advanced 3D structures were published in 2009.

One way of extending from 2D to 3D is to connect several planar origami sub-structures at
the edges. Each plane can be held at an angle to adjacent planes to afford a 3D
superstructure. This principle was demonstrated by Kjems, Gothelf and coworkers# in a
report on the formation and thorough characterisation of a DNA origami box with a
controllable lid. Two faces of the box were hinged along one edge and held closed along the
opposite edge by pairs of hybridised staples (locks). One staple from each lock contained a
toehold which could release the lid by adding the complimentary oligo (key) to the solution.
The structure of the DNA box was confirmed by small angle X-ray scattering (SAXS),
dynamic light scattering (DLS), AFM and cryo-TEM. Moreover, the opening and closing of
the lid were confirmed by FRET experiments as illustrated in Fig. 5.

Kuzuya and Komiyamal® and Sugiyama et al.18 have also reported box structures with
similar design features and Yanl’ and co-workers used a related strategy to construct a
hollow DNA origami tetrahedron. The 2009 paper by Shih and co-workers reported a new
set of design principles for 3D origami construction. Rather than hollow structures, the
origami were more dense with a design based on the parallel arrangement of helices into a
honeycomb lattice® (Fig. 6a). The design principles in the latter publication are more
generally applicable, however, the tradeoffs are significantly longer assembly times and
considerably lower yields for the more complex structures. Recently Shih and co-workers
have reported on strong improvements on purification yields of these complex assemblies.18
Yan, Shih and co-workers described a more compact design for 3D origami with the layers
of helices packed on a square lattice.12 A square lattice provides a natural framework for
rectangular objects and several cuboid structures were demonstrated (Fig. 6b).

Following the construction of compact DNA structures based on a honeycomb pattern, Shih
and co-workers published a report of the design of twisted and bent origami structures.1® As
previously mentioned, B-DNA contains 10.5 bps per helical turn. Designing 3D structural
units with more or less than 10.5 bps per turn in certain helices results in a global twist (see
Fig. 7a). Locally, the effect of fewer than 10.5 bps/turn is an over-wound helix that exerts a
left hand torque on the structure surrounding it. If many over-wound helices are present in a
structure, the forces add up to create a global twist. To study and quantify this twisting, the
researchers designed 3D blocks of DNA origami containing helices with more or less than
10.5 bps/turn, and examined their polymerisation into longer ribbons. These ribbons were
subsequently stained and imaged by TEM to measure the characteristic dimensions and
deduce the twist of the building blocks. Additionally, they demonstrated that it is feasible to
have both under- and over-wound segments in the same DNA origami structure. If the
segments were part of the same cross-section of the structure, the twist could be balanced.
By carefully designing each element of the structure, an overall bend could be imposed.
Precise control over the degree of bending was demonstrated in a series of structures which
are shown in Fig. 7b. Furthermore, they assembled a number of higher order assemblies
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comprised of bent origami. Applying the knowledge gained in these studies to the earlier 2D
structures, it is apparent that they probably exhibit an overall twist in solution, as their
design is based on 10.67 bps/turn. This could explain the convex and concave sides of the
DNA box when observed by cryo-TEM, as seen in Fig. 5.

Recently, Yan and co-workers reported a strategy to design and construct 3D DNA origami
structures that contain highly curved surfaces.29 In a departure from a rigid lattice model,
their method involves defining the surface features of a target object with the scaffold,
followed by manipulation of DNA conformation and identification of ideal positions for
strand crossovers. Concentric rings of DNA are used to generate in-plane curvature,
constrained to 2D by rationally designed geometries and crossover networks. Out-of-plane
curvature is introduced by adjusting the particular position and pattern of crossovers
between adjacent DNA double helices, whose conformation often deviates from the natural,
B-form twist density. A series of DNA nanostructures with high curvature— such as 2D
arrangements of concentric rings and 3D spherical shells, ellipsoidal shells, and a nanoflask
—were assembled. With the nanoflask, they demonstrated that in and out of plane curvature
can be simultaneously adjusted to achieve asymmetric objects with elaborate structural
elements, including varying curvature and diameter (Fig. 8). Their method should allow the
construction of objects with complex features, as is characteristic of most biological
molecules. In addition, their report improves our ability to control the intricate structure of
DNA nano-architectures and create more diverse building blocks for molecular engineering.

Another tool in the assembly of larger 3D origami structures is the use of single stranded
regions of the scaffold as entropic springs. This was developed by Shih and co-workers with
the construction of so-called tensegrity structures (see Fig. 9).21 Tensegrity is a well-known
engineering principle used to construct lightweight structures from compressed (rigid)
beams connected by stress-bearing wires. When applied to DNA origami, the scaffold is
used to generate the rigid beams, together with the staple strands, but also as the stress-
bearing wires. This enables control of the relative orientation of the beams without any
additional connection between them. In the study, the length of the wires was varied to
demonstrate that the structure would collapse without sufficient stress on the wires. On the
other hand, overly shortened single stranded connections also resulted in misfolded
structures. The rigidity of the beams was investigated by adjusting the number of helices in
the bundles.

As arbitrarily shaped 3Dstructures were becoming increasingly accessible, the focus shifted
from structural elements to reconfigurability. Yan and co-workers reported the design and
assembly of quasi-2D DNA origami structures with overall Mobius topology (Fig. 10).22
This topology necessitated only six individual parallel helices and as such only six scaffold
crossovers were required. Even though the design implies a significant degree of twist and
curvature, the DNA throughout the structure adopted 10.67 bps/turn. This is further
demonstration of the flexibility and vigour of the origami method. An inherent property of
the structure is chirality, and while the researchers were expecting to observe a strong
preference for the right handed structure, owing to the >10.5 bps/turn,1® they only observed
a 1.4 : 1 excess of the expected isomer. After confirming the assembly, the researchers
altered the design to include a seam, which could be opened by strand displacement.
Depending on the position of the seam, different structures could be made from an original
Madbius band, one of which was a catenane with two interlocked rings.

Another objective for the development of DNA nanostructures is to expand the size of the
assemblies. So far the size has been limited by the length of the scaffold, where 7 kilobase
assemblies have become the standard due to the accessibility of the single stranded genome
from the bacteriophage M13mp18. One method to circumvent this was reported by Woolley
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and co-workers.23 They used biotinylated primers in a PCR reaction and subsequently
isolated the long single stranded PCR products. The products were employed as scaffolds in
the assembly of large origami structures. If much longer scaffolds are to be used the number
of staple strands would also drastically increase. Labean and co-workers have demonstrated
the use of high quality mixed oligo pools for this purpose.?4

Various other approaches to create larger structures have also been investigated within the
past few years. These have included: algorithmic assembly from a origami seed,25:26
origami oligomerisation?” and polymerisation,28 8-helix bundle staples?9 and the use of
double stranded genomes as scaffolds.30 For algorithmic self-assembly, the high level of
information contained in an origami structure was exploited to create an origami seed, from
which a traditional algorithmic tile was grown. Although it is not the main purpose of the
approach, the size of the final structure is significantly increased, but at the cost of spatial
addressability and resolution.

The most significant challenge of using larger genomes as scaffolds is that the vast majority
of these are double stranded DNA. Shih and co-workers reported the successful one-pot
assembly of two different origami structures from a single double stranded scaffold (7560
bps). To achieve this assembly, the DNA mixture was first completely denatured by a
combination of heat and formamide (40%), a method developed together with the Simmel
group,3! to achieve complete separation of the forward and reverse scaffold strands. When
denatured, the mixture was quickly cooled to room temperature to allow the faster
hybridisation of the staple strands and Kinetically trap the scaffolds. The remaining
annealing of the structures was achieved by gradually removing the formamide by dialysis.
Although this technique holds promise for the use of larger double stranded scaffolds, no
such results have yet been published.

Another route to assemble larger structures is the use of more complex staples. Liu and co-
workers2? reported the use of 8-helix tiles as staples rather than traditional, single stranded
oligos. This enabled the construction of assemblies of more than 30 000 bps, which were
theoretically fully addressable. It is foreseeable that larger DNA tiles such as DNA origami
itself can also serve as staples in such strategy to scale up DNA origami assembly, while this
would require stepwise assembly processes which may affect the overall yield.

An attempt to form well-defined 2D lattices was reported by Liu and co-workers.32 In the
study they extrapolated traditional DNA tile design assembly strategies to build larger
origami arrays. The significantly larger size and higher flexibility of the unit building blocks
allowed the 2D origami arrays to bend and fold back on themselves. Various tubes and one-
dimensional two-layer polymeric assemblies were the main product.

The successful polymerisation of two dimensional origami structures was achieved by
Seeman and co-workers.28 They found that the key design feature is orientation of the
helices. It is well-known that the ends of helices have a tendency to stack and cause
nonspecific polymerisation of origami in one direction. In most origami structures this
outcome is prevented by adding single stranded loops at the ends of selected helices.
Seeman and co-workers exploited the stacking effect by using a symmetric cross-like design
with helical axes propagating in two perpendicular directions as shown in Fig. 11a. This led
to a large regular lattice of DNA origami (Fig. 11b).

From structure to functionalisation

Beyond the many structural advances that have been reported, there has been great progress
in generating functional DNA origami systems. As previously described, an attractive
feature of DNA origami is the unique position of every staple strand within the assembled
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structure. The potential for DNA origami to function as a molecular pegboard immediately
gained great interest.

One of the first reported DNA origami applications was the development of a label-free
RNA sensor by Yan and co-workers33 (Fig. 12a). They simply extended the end of specific
staples with sequences designed to bind RNA segments of biological interest. The
hybridisation between the staple extensions and the RNA targets created local protrusions
from the origami surface that were readily imaged by AFM. They also incorporated a
barcode system that enabled the one-pot, simultaneous detection of multiple targets. More
recently, a similar nucleic acid sensor was demonstrated by Fan and co-workers.34 Seeman
and co-workers recently reported the use of DNA origami for single nucleotide
polymorphism (SNP) detection that the SNP signal can be visually displayed at the single
molecule level3® (Fig. 12b). Indeed, the DNA origami could serve for potential applications
in single cell proteomics as it has the advantage of being water soluble and spatially
addressable at nanoscale compared to solid surface based microarray chips.

The Yan group also used DNA origami to study distance dependent aptamer—protein
binding.36:37 Aptamer modified staples were displayed on the surface of rectangular DNA
origami, with precise control over the distance between two lines of aptamers (Fig 13). This
enabled the researchers to determine the optimal distance for bi-valent binding.

A multitude of other materials have been conjugated to DNA origami structures. These
include silver nanoparticles,38 gold nanoparticles,3%-42 carbon nanotubes,*3 quantum dots,*!
dendrimers,#4 virus capsids,*® streptavidin6-48 and Ni-NTA bound to His-tagged
proteins.*® The common feature of each of these reports is that they exploit the unique
addressability of DNA origami. Staple strands are easily modified either chemically during
synthesis or by batchwise enzymatic labelling®® to specifically bind various targets. These
and the origami scaffolds are subsequently assembled and analysed.

For many of the proposed applications of DNA origami and potential integration in
functional systems such as CMOS based circuitry, it is of tremendous importance to be able
to precisely control the deposition (position and orientation) of the origami. One way to
accomplish this is to trap the origami structures between electrodes using
dielectrophoresis.! More recently, a parallel lithographic method was developed and
refined.52:54 The method involves selective etching of a hydrophilic pattern on an otherwise
hydrophobic surface. The negatively charged origami structures were found to selectively
bind to these patterns, thereby providing control over position, orientation and thus the
overall pattern of chemical modifications of the origami structure. An example of the latter
is shown in Fig. 14. An alternative route that has been explored is the selective deposition
and adsorption of DNA origami to silicon bound gold islands.>3° Yan and co-workers used
fixed length DNA origami nanotubes, modified with multiple thiol groups near both ends, to
connect surface patterned gold islands.>3 The nanotubes were efficiently aligned between
the islands with various interisland distances and relative orientations. In addition, several
interesting investigations have been reported on the metallization of origami structures.
Strategically placed carbohydrates have been used as seeds for a metallization mediated by
Tollens reagent by Yan and co-workers.>® A global metallization could be achieved by using
a chemical crosslinking reagent, glutaraldehyde, and Tollens reagent as reported by Woolley
and co-workers®’ or by seeding with cationic AUNP and enhancing with EM HQ Gold
Enhance™ as described by Liedl and co-workers.>® Each of these developments represents
progress toward bridging bottom-up and top-down assembly approaches.

The ability to visualize single molecule chemical reactions using DNA origami as a platform
was demonstrated by Gothelf and co-workers.>? In their report, various functional groups
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were displayed on DNA origami that was adsorbed on a mica surface. Multiple washing
steps and incubation with reagent mixtures facilitated the selective post-assembly chemical
modification of the functionalised origami, including click-reactions and peptide bond
formation. Biotin moieties were attached to the termini of the reaction products and the
subsequent addition of streptavidin enabled visualisation by AFM (see Fig. 15).
Furthermore, several different cleavable linkers were used to create various modification
patterns. In the future, the incorporation of other proteins could expand the scope of the
technique. In addition to studying chemical bond and cleavage reactions, the same group®?
investigated the lifetime and migration distance of biologically relevant singlet oxygen
through the chemical modification of staple strands organised with precise inter-molecular
distances.

Niemeyer and co-workers®! demonstrated that DNA origami can be functionalised with
other classes of proteins, including the fusion proteins HaloTag® and Snap-Tag. The fusion
proteins were shown to selectively bind to staples modified with the matching ligands. In a
different report, alkaline phosphatase and horseradish peroxidase fusion proteins were
used.52 A DNA binding protein was investigated by Knudsen and co-workers.63 Human
topoisomerase | was captured by probes displayed on a DNA origami platform and AFM
analysis was employed to identify the existence of secondary DNA binding sites.

The ability of DNA origami to position molecules at specific distances from one another
was exploited for the development of a nanoscopic ruler for super resolution microscopy.
Tinnefeld and co-workers® designed a rectangular origami with fluorophores incorporated
at two corners. The fluorescent signal from the origami immobilised on a glass slide is
restricted because the inter-fluorophore distance is smaller than the diffraction limit. They
circumvented this limitation by using total internal reflection fluorescence (TIRF), a
common super-resolution technique. The setup was used to determine the distance between
the fluorophores displayed at the corners of the origami. The measured inter-fluorophore
distance was 88.2 £ 9.5 nm, compared to a predicted distance of 89.5 nm.

More recently, Simmel and co-workers® used a similar single molecule fluorescence
technique called DNA-PAINT (DNA—point accumulation for imaging in nanoscale
topography) to analyse DNA origami. For the technique, various staple strands are extended
with probes that are complementary to fluorescently labelled target oligos. The rate of
association and dissociation of the oligos is studied and tuned by modulating the melting
point of the complexes. Thus, the usual challenge of fluorophore bleaching associated with
single molecule fluorescence experiments can be circumvented. Additionally, they
demonstrated how the technique can be used to detect the presence of single staple strands in
the origami. Fig. 16 shows the raw data and topographic reconstruction. Another interesting
report from the group of Tinnefeld®® was a complex four color FRET setup that was
designed to monitor and control the energy transfer paths on a DNA origami. The energy
from a donor dye could be transferred to one of two acceptors depending on the addition of a
so-called “jumper” dye. Also rigid blocks of DNA origami have been used by Liedl and co-
workers87 to investigate and validate the distance dependence of the Férster theory.

Dynamic systems

Beyond static structures, DNA origami presents the opportunity to construct and study
dynamic arrangements of molecules. This has led to significant advances in molecular
robotics and the study of enzymatic processes.

The development of high-speed AFM has allowed the study of enzymatic reactions®8:6 and
molecular dynamics.’? One example from Sugiyama and co-workers is shown in Fig. 17.
They reported the formation and dissociation of a G-quadruplex upon the addition and
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removal of buffer containing KCI. A DNA origami frame structure was designed with two
parallel helices bridging the inner cavity. Each helix contained a single stranded extension
that, in the presence of potassium, formed a G-quadruplex. The transition from single
strands to G-quadruplex was observed in real time. Similar frame structures were used to
study a methyltransferase enzyme (M.EcoRI) and two DNA repair enzymes (hOggl and
PDG). Two helices of different lengths were attached to opposite sides of the frame and the
well-defined structure of the frame imposed a unique amount of tension on each helix. Each
of the enzymes in the study relies on helical bending for the catalytic reaction and the more
relaxed double helix was shown to be more readily accessible to the enzymes.

Several exciting developments in molecular robotics have involved DNA origami platforms.
Two reports of DNA walkers’? following programmed paths on DNA origami’273 were
published in the same issue of Nature. Seeman and co-workers described a system
consisting of a triangular DNA-walker that walked between programmed stations upon the
addition of specific oligonucleotides. Cargo (gold nanoparticles) could be picked up by the
walker at the stations. Whether the cargo was transferred from the track to the walker was
dependent on another set of oligonucleotides that controlled the conformation of each
station. This complex system exhibited a previously unseen degree of functional control at
the nanoscale. A schematic representation of the system is shown in Fig. 18a.

Stojanovic, Yan, Walter, Winfree and colleagues employed a so-called molecular spider
consisting of a streptavidin body with three DNAzyme legs. The fourth streptavidin binding
site contained a capture probe that was complementary to a docking station on the origami.
A track for the molecular spiders was assembled on the surface of the origami by extending
the staple strands with a specific sequence that is recognised and cleaved by the DNAzyme
legs. A schematic representation is shown in Fig. 18b. As the spider moved forward the
trailing track was degraded, resulting in unidirectional and completely autonomous
movement. This movement was monitored by AFM and super resolution fluorescence
microscopy.

More recently, a collaboration between the groups of Sugiyama and Turberfield investigated
the movement of a restriction enzyme-driven walker by high-speed AFM.74

Conclusion and perspective

Since the conceptual vision of structural DNA nanotechnology was laid out early in 1980s,
followed by numerous fundamental steps in programming and engineering DNA
nanostructures, and later the invention of the DNA origami technique, the field of structural
DNA nanotechnology has undergone tremendous development. Today nanoscientists can
create complex structures with almost any arbitrary shape and with precise addressability.
The creation of higher order structures have been realised with polymerisation of origami
monomers into two-dimensional arrays and a variety of functional components have been
integrated to achieve even more complex constructions. The gap between top-down and
bottom-up approaches has been significantly narrowed through precise deposition on
patterned surfaces. Advanced real-time characterisations such as super resolution
microscopy and high-speed AFM are widening the scope of potential applications even
further.

The field still faces many challenges in the future. While various design methods allow the
construction of complex 3D structures, the yields tend to fall as the complexity and density
increases. While researchers are confronting this challenge, the lack of detailed information
about the folding process is a key obstacle. Thorough investigations of the thermodynamics
and kinetics of the DNA origami folding process are thus needed to provide valuable input
for future designs of more complex structures and their hierarchical assemblies. Scaling up
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the origami assembly and thereby increasing the complexity has been investigated by
several research groups but much more work is still needed. To further explore the use of
DNA origami as molecular chips for biological applications, stability and compatibility of
these structures with biological samples need to be tested. Recently the labs of Yan et al.”®
and Dietz et al.”% have reported stability investigations of DNA origami structures in
biologically relevant environments, but in vivo experiments are still to be performed. The
use of DNA origami as molecular rulers has opened up great opportunities for applications
in biophysics and for real time studies of biomolecular processes. More work in this
direction is much anticipated. In the past few years great improvements to achieve more
robust conjugation between DNA nanostructures with inorganic nanomaterials and protein
molecules have been obtained. Further progress is anticipated in making functional
nanophotonic/nanoelectronic devices and spatially interacting protein networks in the
coming years. Certainly, future progress in the field will entail interdisciplinary efforts from
chemistry, biology, physics, material sciences, computer science and various engineering
disciplines.

The invention of the DNA origami methodology has largely increased our ability to control
self-assembly of complex structures. In this review we have described the remarkable
development of the area in the first five years since the invention of DNA origami. Through
several impressive contributions the power of this new technology to control matter at the
nanoscale has been demonstrated and we believe that DNA origami holds great potential for
future scientific and technological applications.
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Fig. 1.

Left: an immobile Holliday-junction, representing a single cross-over between two double
helices. Right: the most common motif in DNA nanotechnology; an antiparallel double
Crossover.
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Fig. 2.

Distances between crossovers define the angle between helices. Left: an integer number of
half turns results in a 2D structure. Right: a non-integer number of half turns results in a 3
dimensional structure. In this case an angle of 120° is achieved by a 7 base pair distance
between crossovers.
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Fig. 3.

A screenshot from the caDNAno software.11 The program provides a facile and intuitive
interface for designing DNA origami structures.
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~ 100 nm

Fig. 4.

The first examples of the versatile DNA Origami technique. The upper panel illustrates the
designs. The lower panels contain the resulting DNA structures as imaged by AFM. Scale
bars are 100 nm for a, b, d and 1 um for c. Adapted by permission from MacMillan
Publishers Ltd: ref. 5, copyright 2006.
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Fig. 5.

Top: single molecule reconstruction of the DNA box from cryo-TEM. The image clearly
shows the cavity within the box. Bottom: the controlled opening of the lid upon addition of
DNA keys was demonstrated by FRET. Adapted by permission from MacMillan Publishers
Ltd: ref. 14, copyright 20009.
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Fig. 6.

Three dimensional DNA origami structures. (a) Two examples of the 3D structures created
by Shih and co-workers in 2009.° The structures were designed using the honey comb lattice
previously described. Adapted by permission from MacMillan Publishers Ltd: ref. 9,
copyright 2009. (b) Yan and co-workers'2 reported a more compact design for 3D origami
using layers of helices packed on a square lattice. Adapted with permission from ref. 12.
Copyright 2009 American Chemical Society.
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Fig. 7.

Twist and curvature can be introduced in the origami structures by adjusting the number of
base pairs between crossovers. (a) In structures designed with fewer than 10.5 bps/turn, an
overall left-handed twist is observed. In structures with more than 10.5 bps/turn, an overall
right-handed twist is observed. (b) When combined, the twist strain is balanced and an
overall curvature is observed. Scale bars are 20 nm. From ref. 19. Adapted with permission
from AAAS.
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Fig. 8.

Double helical DNA is bent to follow the rounded contours of the target object, held in place
by rationally designed crossover networks. (a) Schematic representation of the nanoflask
with dimensions indicated. (b) AFM images of the nanoflask. Scale bar is 75 nm. (c) TEM
images of the nanoflask after random deposition on TEM grids. Scale bar is 50 nm. From
ref. 20. Adapted with permission from AAAS.
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b)

Fig. 9.

Single stranded regions of the scaffold can be used as entropic springs to define the spatial
arrangement of rigid origami beams. (a) Routing of the scaffold through the structure. (b)
Model and TEM image of the final structure. The scale bar is 20 nm. Adapted by permission
from MacMillan Publishers Ltd: ref. 21 copyright 2010.
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Fig. 10.

Topologically reconfigurable structures. Top: two M&bius bands. Bottom: after addition of
displacement strands, the Mdbius bands are reconfigured into a ring with two full twists and
twice the circumference as the original (left), or into two interlocked rings where one
remains a Mabius strip (right). Adapted by permission from MacMillan Publishers Ltd: ref.
22, copyright 2010.
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Fig. 11.

Two dimensional crystals from DNA origami tiles. (a) Two unique origami structures A and
B with complementary ends are designed to form 2D arrays. (b) The assembled arrays as
imaged by AFM. Adapted from Crystalline two-dimensional DNA-origami arrays, ref. 28.
Copyright Wiley VCH Verlag GmbH & Co KGaA. Reproduced with permission.
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Fig. 12.

(a) An RNA sensor based on hybridization of the targets to single stranded extensions of
staple strands. Unique barcodes enable the simultaneous, multiplex analysis of several
targets. From ref. 33. Adapted with permission from AAAS. (b) A DNA origami based
molecular chip to detect SNP with visual output imaged by AFM. Adapted with permission
from ref. 35. Copyright 2011 American Chemical Society.
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Fig. 13.

Exploiting the predictable structure of DNA origami to control the distance between two
different aptamers to bind a protein target. Adapted by permission from MacMillan
Publishers Ltd: ref. 37, copyright 2010.
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Fig. 14.
Precise control over the deposition of DNA origami. (a) Directing the position and
orientation of origami triangles deposited on a surface by lithographic patterning. In the
right image, the triangles have been modified with gold nanoparticles. Adapted by
permission from MacMuillan Publishers Ltd: ref. 52, copyright 2010. (b) Surface patterned
gold islands are connected by DNA origami nanotubes. Adapted with permission from ref.
53. Copyright 2010 American Chemical Society.
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Fig. 15.

Several chemical functionalities are displayed on the surface of rectangular DNA origami
and subsequent reaction efficiencies are read out via AFM with the addition of streptavidin.
Adapted by permission from MacMillan Publishers Ltd: ref. 59, copyright 2010.
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Fig. 16.

A long polymerising origami with binding sites for short fluorophore labelled
oligonucleotide probes. This technique, termed DNA-PAINT, enables super resolution
imaging without the disadvantage of bleaching. (I) An AFM-image of the assembled
origami. (I1) The super resolution reconstruction of the fluorophore binding events. (111) The
diffraction limited raw data from the total internal reflection fluorescence microscope.
Adapted with permission from ref. 65. Copyright 2011 American Chemical Society.
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Parallel state X-shape state

Fig. 17.

High-speed AFM enables the study of dynamic biomolecular events. Top: the addition of
potassium ions facilitates the formation of a G-quadruplex. Bottom: G-quadruplex formation
results in a connection between the two helices. This binding is observed in real time via
high-speed AFM. Adapted with permission from ref. 70. Copyright 2010 American
Chemical Society.
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Fig. 18.

DNA walkers on origami tracks. (a) The Seeman walker picking up a gold nanoparticle. The
triangular walker has three legs that will bind to different positions on the origami substrate
depending on the addition of selected oligos. The walker arms can pick up gold
nanoparticles if the stations are aligned correctly, this is also controlled by the addition of
specific oligos. Inspiration by permission from MacMillan Publishers Ltd: ref. 72, copyright
2010. (b) The streptavidin spider from Yan and co-workers walking along a nucleic acid
track. In this illustration the spider started in the lower right corner and has been walking
along the track. The spider hydrolyses the track making its movement unidirectional and
autono;nous. Inspiration by permission from MacMillan Publishers Ltd: ref. 73, copyright
2010.7
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