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Abstract
During the past decade, the field of structural DNA nanotechnology has grown enormously, not only
in the number of its participants, but also qualitatively in its capabilities. A number of goals evident
in 2001 have been achieved: These include the extension of self-assembled crystalline systems from
2D to 3D and the achievement of 2D algorithmic assembly. A variety of nanoscale walking devices
have been developed. A key unanticipated development was the advent of DNA origami, which has
vastly expanded the scale of addressable DNA structures. Nanomechanical devices have been
incorporated into 2D arrays, and into 2D origami structures, as well, leading to capture systems and
to a nanomechanical assembly line. DNA has been used to scaffold non-DNA species, so that one
of its key goals has been achieved. Biological replication of DNA nanostructures with simple
topologies has also been accomplished. The increase in the number of participants in the enterprise
holds great promise for the coming decade.

Structural DNA nanotechnology entails the use of branched DNA molecules for the
construction of novel materials on the nanometer scale. The word ‘structural’ in this context
means that DNA is used to produce specific geometrical motifs, not merely complexes held
together by ‘smart glue.’ Those geometries lead to strongly directional features that in turn
dictate the directions in which the motifs can propagate their structures in a crystalline context.
Similarly, the behavior of robust DNA motifs enables nanomechanical devices that emulate
macroscopic devices: They may change their shapes or positions during operation, but they do
not break down or multimerize. The first issue of NanoLetters in 2001 contained an article on
structural DNA nanotechnology1 from one of the very few laboratories then involved in the
enterprise.2 At that time a few polyhedral catenanes had been built,3,4 the first 2D lattices had
been constructed,5–7 the first DNA-based nanomechanical devices,8.9 and the first 1D
algorithmic assembly10 had been reported. The intervening years have seen a remarkable
growth in capabilities, aided primarily by the increase in the number of laboratories that have
joined the effort. By my count, that number is at least 60 today; the talent pool has thus increased
vastly, and the number of key developments during the past decade has been remarkable. By
its nature, this article cannot discuss all of them: We shall just leap from highlight to highlight,
and the reader is referred to more comprehensive reviews (e.g., ref. 11) to gain a more complete
sense of recent progress.

A number of unfulfilled goals were evident in 2001, and many of them have been achieved in
the last decade. These include the extension of periodic matter to 3D,12 the experimental
development of 2D algorithmic assembly,13 the development of walking devices,14–17

successful strategies for the biologically based replication of DNA nanostructures,18–20 the
combination of 2D systems with nanodevices21 to build programmable capture systems22 and
nanoscale assembly lines,23 and the inclusion of non-DNA species into DNA constructs.24–
27 Several of these goals were greatly facilitated by a development unexpected in 2001, the
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advent of DNA origami.28 We will focus on these advances, and try to clarify their importance
for the development of the field.

Self-Assembled 3D Crystals
The initial goal of structural DNA nanotechnology was the self-assembly of crystalline matter,
using DNA sticky ends to direct intermolecular associations.1 The idea was that most
crystallizations result in intermolecular contacts that are not known until after the crystal
structure has been determined. However, sticky ends are well-defined and programmable
intermolecular associations, so that both molecular affinity and the local product structure can
be predicted in advance: Affinity is dictated by Watson-Crick base pairing, and the local
product structure is a B-form DNA double helix.29 To form periodic matter using only sticky
ends, it is also necessary to have the sticky ends cause robust motifs to self-associate. A robust
motif, the double crossover (DX) molecule, was first reported in the 1990s.30,31 This molecule
consists of two DNA double helices fused to each other, with parallel (usually termed
antiparallel30) helix axes, and it was the basis of the first 2D arrays.5 The DX motif and many
of its relatives (e.g., the triple crossover (TX) molecule6) are planar molecules, which do not
seem to work well when attempts are made to use them as repeating motifs in 3D crystals, even
though it is easy to produce a third dimension by rephasing them, say by 1/3 of a helical turn
(7 or 14 nucleotide pairs in 10.5-fold DNA helices).

The first robust 3-space-spanning motif was the tensegrity triangle, first reported by Mao and
his colleagues.32 This molecule is shown in stereographic projection in Figure 1. The molecule
shown in Figure 1 is a rotationally 3-fold symmetrized species, because only three unique
strands are used (see the color scheme), and the three sticky ends are identical. There is a nick
in the middle of one of the helical domains, and it, too, is symmetrized in a three-fold fashion.
Each of the three helical domains is two turns of DNA long. The molecule has been self-
assembled into macroscopic rhombohedral crystals (~250 microns per edge) that diffract to 4
Å resolution.12 The crystal structure was solved by single anomalous diffractions methods,
using an iodine derivative. Figure 2 illustrates the intermolecular interactions that result in the
three dimensional crystal. Figure 2a shows one tensegrity triangle flanked by its six nearest
neighbors in three different directions. The base pairs in the three different directions are
indicated by different colors, red, green and yellow. It is readily apparent from this
representation that the structure extends infinitely in all three directions. Another perspective
on the crystal structure is shown in Figure 2b, which shows the rhombohedron flanked by eight
of the tensegrity triangles. There is a cavity in the interior of the rhombohedron that has a
volume of about 100 nm3.

The advantage of self-assembling a 3D motif into a crystal via sticky ends is that the same
procedure can be used to produce numerous crystals. A variety of crystals have been self-
assembled in the same way as the crystal that is shown in Figure 2.12 These include molecules
that contain three or four turns per edge. The three-turn triangle crystals have cavities that
contain around 350–400 nm3 and the four-turn triangle crystals have cavities whose volume
is roughly a zeptoliter (1000 nm3). Unfortunately, the resolution of the crystals decreases as
the edge-length increases: The three-turn triangles diffract to ~6.5 Å resolution, and the four-
turn triangles diffract to ~10–11 Å resolution. Another advantage of self-assembling robust
motifs with sticky ends in 3D was first shown in 2D.5,21,25 It is straightforward to choose the
number of different species per crystallographic asymmetric unit. Recently, we have built
crystals with two different triangles per asymmetric unit, and have demonstrated that we can
control their colors by adding unique dyes covalently to the different triangles in the repeating
unit (T. Wang, R. Sha, J.J. Birktoft, J. Zheng, C. Mao & NCS, in preparation).
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DNA Origami
DNA origami has proved to be a revolutionary technique for the moderate-resolution (~6 nm)
organization of DNA information into one, two or three dimensions. The method entails the
use of a long scaffolding strand to which a series of smaller ‘staple’ strands or ‘helper’ strands
are added. The staple strands are used to fold the scaffolding strand into a well-defined shape.
The first example of a scaffolding strand in structural DNA nanotechnology was reported by
Yan et al.,33 who used one to make a 1D ‘barcode array. This application of scaffolding was
followed quickly by Shih et al.,18 who used a long strand of DNA with five short helper strands
to build an octahedron held together by PX cohesion.34 However, neither of these two advances
had the dramatic impact of Rothemund’s 2006 publication.28 He demonstrated that he was able
to take single-stranded M13 viral DNA and get it to fold into a variety of shapes, including a
smiley face (Figure 3a). One of the great advantages of this achievement is that it creates an
addressable surface area roughly 100 nm square. This is about the area of 25 TX tiles connected
1–3, 6,21 constructed with minimal effort and with apparently little need for strict stoichiometry.
One can use the hairpin component of the DX+J motif,2 developed for patterning 2D arrays,
2,5 to generate patterns on DNA origami constructs. An example is seen in Figure 3b, which
shows a map of the western hemisphere. DNA origami has become widely used since it was
introduced, and has been employed for embedding nanomechanical devices,22 for making long
6-helix bundles35 to use as an aid to NMR structure determination,36 and for building 3D
objects,37 including a box that can be locked and unlocked, with potential uses in therapeutic
delivery.38 Most recently, an origami base has been used as the support for a nanomechanical
assembly line23 and as a scaffold for the assembly of carbon nanotubes as a field effect
transistor.39

2D Algorithmic Assembly
Winfree first enunciated the goal of using DNA tiles to perform computation by self-assembly.
40 The idea is that the tiles can be used individually as logic gates. Sticky ends on one helical
domain of a DX tile, for example, can code for 0s or 1s that correspond to inputs, and the sticky
ends on the other domain can act as output, again, either 0 or 1. One dimensional self-assembly
of DX tiles representing exclusive-or (XOR) tiles had already been achieved in 2000,10 but 2D
assembly had not yet been achieved. Algorithmic self-assembly is more difficult than
conventional self-assembly: In conventional self-assembly, correct tiles are competing for a
slot only with incorrect tiles. However, in algorithmic self-assembly, correct tiles are
competing with half-correct tiles. An experimental solution to this problem during assembly
was achieved for a very simple case that will be described below.22

During the past decade, two dimensional algorithmic self-assembly of Sierpinski triangles has
been achieved. The Sierpinski triangle corresponds to Pascal’s triangle, mod 2: All the even
numbers are replaced by 0 and all the odd numbers are replaced by 1. Consequently, it is a 2D
version of the XOR operation. The first example of making a Sierpinski triangle was subject
to a number of errors, but nevertheless the fractal pattern was observable.13 In the second
example, an origami seed and a flanking set of tiles were used to ‘chaperone’ the growth of
the structure, much as a biological chaperone controls the folding of a protein. A schematic
and AFM image from reference 41 are shown in Figure 4. Counting has also been done with
algorithmic assembly, although it has not been highly successful yet.42, 43

The implications of algorithmic self-assembly for control of materials should not be
underestimated. If it proves possible to build in 2D or 3D self-assembling tiles that can count
successfully and that flank a growing crystal, it will be possible to build crystals to precise
dimensions, because they will not grow past the appropriate flanking tiles. If successful, this
approach will lead to revolutionary control of the structure of matter. Of course, it is much
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easier to analyze the results of self-assembly in 2D than in 3D: AFM enables the direct
assessment of the placement of topographic markers indicating the presence of, say, 1s in a
field of 0s; by contrast, 3D crystalline arrays are usually analyzed by X-ray crystallography,
which only looks at the space-averaged structure of the crystalline electron density function.

DNA Devices, Walkers and 2D DNA Array Supports
A variety of DNA nanomechanical devices have been produced, but the most interesting ones
are those that are sequence dependent, so that a number of them can be addressed individually
in the same physical context. All of these devices are based on the Yurke et al.9 principle of
toeholds that enable one to increase the number of base pairs formed at a given stage, so as to
drive a reaction forward. The method that is used to change states is to add an 8-nucleotide
‘toehold’ to a controlling strand in the system. This toehold is designed to be unpaired when
added to the device. It is removed by the addition of the complete complement to the strand
containing the toehold. The complement binds to the toehold and removes the rest of the strand
through branch migration. Virtually every sequence-specific device utilizes this toehold
principle.

A nanomechanical device is termed ‘robust’ if it behaves like a macroscopic device, neither
multimerizing nor dissociating when going through its machine cycle. The machine cycle of
a robust sequence-dependent device controlled by ‘set’ strands44 is shown in Figure 5a. This
device has two states, called PX and JX2, which differ from each other by a half-turn rotation
between their tops and bottoms. Starting in the PX state at left, addition of the full complement
to the green set strands (tailed in a biotin, represented by a black dot) removes the green strands,
leaving a naked frame. Addition of the yellow set strands switches the device to the JX2 state.
The cycle is completed when the complements of the yellow strands are added to strip them
from the frame and the green set strands are added. Figure 5b shows in schematic that changing
states can affect the structure of reporter trapezoids connected by the device. This Figure also
shows AFM images of these state changes.

The notion of combining devices and lattices enables one not only to place atoms at desired
locations in a fixed fashion, but to vary their positions over time in a programmed fashion.
This goal has been achieved in 2D21,22 by developing a cassette with three components: One
component is the PX-JX2 device, the second is a domain that attaches the cassette to a 2D array,
and the third is a reporter arm whose orientation can be detected by AFM. This system is
illustrated in Figure 5c, where the device has been incorporated into an eight-tile TX lattice.
The PX state is shown on the left and the JX2 state is shown on the right. The reporter arm is
seen to change its orientation relative to a marker tile (black) when the device state is switched.

The combination of DNA devices and 2D DNA supports has been greatly simplified by DNA
origami. In one application, two cassettes facing each other were incorporated into an origami.
Each domain of the cassette had a sticky end, so that four configurations of sticky ends could
be achieved.22,45 Thus, four different species could, in principle be captured by programming
states of the devices. This system is shown both in schematic and in AFM images in Figure 6.
An even more complex combination of DNA origami with a walker, nanoparticles and
nanomechanical devices is a proximity-based nanoscale assembly line.23 Three device
cassettes are inserted into a DNA origami. Three cargoes (a 5 nm particle, a 10 nm particle and
two coupled 5 nm particles) are attached to arms that can be oriented towards or away from
the center of the origami. Each can be programmed independently to be added to a walker that
is passing by the different cassettes. Depending on the programming, any of eight products can
be assembled. Figure 7 shows the assembly of the largest product, where all three cargoes are
added to a triangular walker that walks on a track on the origami. AFM images showing only
the cargoes and the origami are seen at right.

Seeman Page 4

Nano Lett. Author manuscript; available in PMC 2011 June 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Nanoparticle Organization
The use of DNA to organize nanoparticles began in the 1990’s.46,47 During the past decade,
this work has been extended greatly. There are a large number of studies in which small motifs,
such as DX molecules, have been used to organize nanoparticles into 1D arrangements,
sometimes on a 2D surface, such as a plane48 or a cylinder.49 DNA origami has also been used
for this purpose.50 Several studies have organized multiple particles, such as the checkerboard
arrangement shown in Figure 8.51 More recently, DNA has been used to make deliberately
chiral tetrahedra,52 with different particles on each vertex. DNA cohesion has been used to
make nanoparticle crystals a few microns in dimension, which diffract X-rays.53,54

Biological Replication of Nanostructures
When one hears of using DNA as a material, the possibility of using biological systems to
replicate it immediately comes to mind. The key issue is topology: It is fairly simple to
reproduce a linear single strand, but it is much more complex to reproduce the catenated or
knotted structures of many DNA motifs. DNA origami26 is a compromise between natural
replication of the M13 single-stranded form and the synthetic staple strands. The progenitor
of origami noted above, Shih et al.’s octahedron,18 was also a compromise, although the bulk
of the construct, a long single strand, was reproduced biologically. Yan and his colleagues have
reported both the in vitro19 and in vivo20 replication of motifs topologically equivalent to a
circle, such as a single-stranded branched junction and a paranemic crossover55 structure. It
remains to be seen whether the biological machinery can deal with motifs that are topologically
more complex, while remaining tight enough to be structurally interesting.

Looking Forward
There remain many problems confronting the field. We have only just achieved control in 3D,
and the resolution of the crystals (4 Å) could certainly be improved. Indeed, it needs to be, if
DNA crystals are to scaffold biological species for structural studies. We need to resolve
whether the maximization of symmetry56 which leads to less purification, perhaps combined
with biological production of strands, will improve crystals. Nanodevices are still very
primitive, and the one assembly line now existing can be used only once. DNA is chemically
incompatible with a lot of the species that one would like to scaffold with it. We are almost
completely ignorant how analogs of DNA can be fit into the framework of structural DNA
nanotechnology, even though those molecules are likely to be of great utility in overcoming
chemical incompatibility, when applications are considered.

It is foolish to make predictions of developments in a field as large as structural DNA
nanotechnology has become. Many of the most exciting achievements of the past decade, such
as DNA origami, were not on the horizon a decade ago. I look forward to the coming decade
with the hope that the promise of the field, control of the structure of matter in space and time
to the greatest extent possible through programming the information in DNA, is likely to
advance to an extent greater than the imagination of a single person can picture.
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Figure 1. A Stereoscopic Image of the Tensegrity Triangle
The three unique strands are shown in individual colors. The blue strands are on the periphery
of the triangle, the yellow strands form continuous helices and the red strand is a cyclic covalent
strand containing a single nick distal to any crossover points.
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Figure 2. The Lattice Formed by the Tensegrity Triangles
(a) The Surroundings of an Individual Triangle. This stereoscopic simplified image
distinguishes the three independent directions by the colors (red, green and yellow) of their
base pairs. Thus, the central triangle is shown flanked by three other pairs of triangles in the
three differently colored directions. (b) The Rhombohedral Cavity Formed by the Tensegrity
Triangles. This stereoscopic projection shows seven of the eight tensegrity triangles that
comprise the corners of the rhombohedron. The outline of the cavity is shown in white. The
red triangle at the back connects through one edge each to the three yellow triangles that lie in
a plane somewhat closer to the viewer. The yellow triangles are connected through two edges
each to two different green triangles that are in a plane even nearer the viewer. A final triangle
that would cap the structure has been omitted for clarity. This triangle would be directly above
the red triangle, and would be even closer to the viewer than the green triangles.
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Figure 3. Atomic Force Micrographs of DNA Origami Constructs
(a) A Smiley Face. The scaffold strand, bound to helper strands, zigzags back and forth from
left to right, yielding the structure seen. (b) A Map of the Western Hemisphere. This image
demonstrates dramatically the addressability of the DNA array. Each of the white pixels is
made by a small DNA double helical domain roughly normal to the surface.
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Figure 4. Seeded and Chaperoned Growth of Sierpinski Triangles
The upper panel shows an AFM image of a Sierpinski triangle that is seeded by a DNA origami
on the left. The lower panel is an interpretation. The tiles that flank the rectangle on the top
and the bottom provide extra control on the growth of the image. The scale bar is 100 nm, and
the arrow indicates where analysis stopped following change in width of the sample.
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Figure 5. DNA-Based Nanomechanical Devices
(a) The Machine Cycle of a PX-JX2 Device. Starting with the PX state on the left, the green
set strands are removed by their complements (Process I) to leave an unstructured frame. The
addition of the yellow set strands (process II) converts the frame to the JX2 state, in which the
top and bottom domains are rotated a half turn relative to their arrangement in the PX
conformation. Processes III and IV reverse this process to return to the PX structure. (b) AFM
Demonstration of the Operation of the Device. A series of DNA trapezoids are connected by
devices. In the PX state, the trapezoids are in a parallel arrangement, but when the system is
converted to the JX2 state, they are in a zigzag arrangement. (c) Insertion of a Device Cassette
into a 2D Array. The eight TX tiles that form the array are shown in differently colored outlined
tiles. For clarity the cohesive ends are shown to be the same geometrical shape, although they
all contain different sequences. The domain connecting the cassette to the lattice is not shown.
The cassette and reporter helix are shown as red filled components; the black marker tile is
labeled ‘M’ and is shown with a black filled rectangle representing the domain of the tile that
protrudes from the rest of the array. Both the cassette and the marker tile are rotated about 103°
from the other components of the array (three nucleotides rotation). The PX arrangement is
shown at the left and the JX2 arrangement is on the right. Note that the reporter hairpin points
towards the marker tile in the PX state, but points away from it in the JX2 state.
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Figure 6. Schematics (a) and Atomic Force Micrographs (b) of the Origami Arrays and Capture
Molecules
Panel i of (a) illustrates the origami array containing slots for the cassettes and a notch to enable
recognition of orientation; the slots and notches are visible in the AFM in (b). Panels ii show
the cassettes in place; the color coding in (a) used throughout the schematics is green for the
PX state and violet for the JX2 state; the presence of the cassettes is evident in the AFM image
in (b). Panels iii illustrate the PX-PX state which captures a triangle pointing towards the notch
in the schematic (a) and in the AFM image (b). Panels iv illustrate the PX-JX2 state (a),
containing a triangle that points away from the notch, which is evident in the AFM image (b).
Panels v illustrate the JX2- PX state which captures a diamond-shaped molecule (a); its shape
is visible in the AFM image (b). Panels vi show the linear molecule captured by the JX2-JX2
state, both schematically (a) and in the AFM image (b).
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Figure 7. The Steps in the Assembly Line Construction of a Triple Addition Product
Schematics are shown in (a) and atomic force micrographs of the right column of (a) are shown
in (b). AFM was performed by tapping in air; this mode of AFM results in only the nanoparticles
and the origami being visible, and the individual nanoparticle components are not resolved
from each other. Owing to the washing procedures between steps, the AFM images are not of
the same individual assembly line. Panel i illustrates the origami array with cassettes and walker
in the starting position. The cassettes are set to the default JX2 state, with the arms pointing
away from the walker pathway. Different cargoes on the arms (5 nm Au on cassette 1, a linked
5 nm Au pair on cassette 2, and a 10 nm Au on cassette 3) are visible both schematically (a)
and in the AFM (b). Step 1 shows cassette 1 switched from the JX2 state to the PX state, bringing
cargo 1 close to the walker. Step 2 illustrates the addition of cargo 1 from cassette 1 to the
walker by DNA branch migration; the movement of cargo 1 is evident in the AFM (ii). Step 3
shows the walker with cargo 1 walking the 1st half-step along the pathway; step 4 illustrates
the walker with cargo 1 walking the 2nd half-step, positioning itself near cassette 2, which is
visible both schematically and in the AFM (iii). Step 5 shows cassette 2 is switched from the
JX2 state to the PX state, bringing cargo 2 close to the walker. Step 6 illustrates the addition
of cargo 2 from cassette 2 to the walker by branch migration; the addition of cargo 2 is evident
in the AFM (iv). Step 7 shows the walker with cargo 1 and cargo 2 walking the 3rd half-step
along the pathway. Step 8 illustrates the walker with both cargo 1 and cargo 2 walking the 4th
half-step to be close to cassette 3; the walking is clearly visible in the AFM (v). Step 9 shows
cassette 3 switched from the JX2 state to the PX state, bringing cargo 3 close to the walker.
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Step 10 illustrates the addition of cargo 3 from cassette 3 to the walker by branch migration;
the addition of cargo 3 is visible in the AFM (vi). Step 11 shows the walker with all three cargo
components released from the origami. All scale bars are 50 nm.
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Figure 8. Organizing Gold Nanoparticles with a 2D Motif
(a) Two different 3D-DX motifs, containing 5 nm or 10 nm particles on one end of a propagation
direction yield a checkerboard nanoparticle array. (b) The two 3D-DX motifs in greater detail
assembled to form a 2D array. (c) A TEM image showing a checkerboard array of gold
nanoparticles.
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