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DNA has many physical and chemical properties that make it a
powerful material for molecular constructions at the nanometer
length scale. In particular, its ability to form duplexes and other
secondary structures through predictable nucleotide-sequencedirected hybridization allows for the design of programmable
structural motifs which can self-assemble to form large supramolecular arrays, scaffolds, and even mechanical and logical
nanodevices. Despite the large variety of structural motifs used
as building blocks in the programmed assembly of supramolecular DNA nanoarchitectures, the various modules share
underlying principles in terms of the design of their hierarchical
configuration and the implemented nucleotide sequences. This
Review is intended to provide an overview of this fascinating
and rapidly growing field of research from the structural design
point of view.
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1. Introduction
Biomolecules, such as proteins and nucleic acids, possess
perfect binding properties which have been optimized over
billions of years of evolution. Hence, biomolecules are
currently intensively investigated for their use as building
blocks and structure-directing components in the so-called
“bottom-up” approach to generate materials and devices with
precise control at the nanometer length scale. Nucleic acids
have preferentially been used in the self-assembly of functional nanomaterials since they are more readily available by
synthetic chemical means and are more convenient to handle
than proteins.[1–4]
DNA is a particularly promising candidate to serve as a
construction material in nanosciences. Despite its simplicity,
the outstanding specificity of the A-T and G-C Watson–Crick
hydrogen-bonding interaction allows the convenient programming of artificial DNA receptor moieties through the
simple four-letter alphabet. The power of DNA as a
molecular tool is enhanced by our ability to synthesize
virtually any DNA sequence by automated methods,[5] and to
amplify any DNA sequence from microscopic to macroscopic
quantities by the polymerase chain reaction (PCR).[6]
Another very attractive feature of DNA is its memory of
chain direction. Although a DNA double helix is actually a
flexible polymer, as impressively demonstrated by the very
compact shape of chromosomes, this flexibility is negligible
for short double strands. The persistence length, that is, the
length up to which polymers can be considered essentially
rigid and straight, is about 50 nm, which corresponds to 150
base pairs in the double helix.[7] Below this size, doublestranded DNA (dsDNA) behaves as a rather rigid polymer,
and can, therefore, be used as a rigid spacer between two
tethered functional molecular components at the two ends.
On the other hand, single-stranded DNA (ssDNA) is very
flexible and is, therefore, capable of forming tight loop
structures or even directional turns of about 1808. Hence, the
Angew. Chem. Int. Ed. 2006, 45, 1856 – 1876
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combination of distinct ssDNA and dsDNA elements within
an artificial DNA motif allows structural building blocks to be
designed with tailored flexibility and rigidity. As we will
describe in this Review, the rigidity of artificial DNA motifs
can even exceed that of dsDNA.
An additional advantage of using DNA as a construction
material is its relatively high physicochemical stability, which
is much higher than that of proteins. Hence, nanostructured
materials which are constructed from DNA can be synthesized, processed, and stored under a broad range of environmental conditions without the necessity of special precautions
to avoid decomposition of this biological material. Moreover,
it is particularly noteworthy that nature provides us with a
variety of highly specific enzymes which allow the processing
of DNA materials with atomic precision and accuracy at the
8ngstr9m level. For example, the backbone of DNA molecules produced by either chemical or biological processes can
be cleaved specifically at a known site by restriction
endonucleases, thereby opening up the possibility to produce
monodisperse solutions containing DNA molecules of precisely known size and chemical composition. No other
(polymeric) material offers these advantages, which are
ideal for molecular constructions in the range of about
5 nanometers up to the micrometer scale. These advantages
have already been utilized in the extensive application of
DNA for rational constructions on the nanometer length
scale,[1] and recent advances have demonstrated its applic-
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ability for fabricating arrays of colloidal components, proteins, and even nanomechanical devices.[1, 3, 4, 8–11]
Further developments in this field, however, require
elaborate tools for tailoring sequences of the DNA nucleobases of short synthetic oligonucleotides which encode the
primary structure of supramolecular DNA architecture in
one, two, and three dimensions. This primary structure
determines the ability of an oligonucleotide to hybridize
with other (partially) complementary oligomers, thereby
allowing the formation of distinct motifs, such as tiles which
comprise DNA helices, junctions, crossovers, and loops
(Figure 1). These motifs are then used as building blocks
which can self-assemble by hybridization of pendent single
strands (sticky ends) to form larger, two- and three-dimen-

Figure 1. The well-known DNA double helix (top left) is comprised of
two antiparallel strands of oligonucleotides which are bound together
by specific Watson–Crick hydrogen bonds, represented as the ladderlike structure (top right). The choice of suitable DNA sequences allows
the generation of complex motifs which contain a) double-helical
regions, b) sticky ends, c) bulge loops, d) hairpin loops, e) junctions,
and f) crossovers (see schematic representation at the bottom). Note
that three-dimensional information, such as helices, grooves, and
angles between helices, are omitted in this schematic representation.
The arrowheads indicate the 5’!3’ direction of individual oligonucleotides.
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sional elements. This Review is intended to summarize the
construction principles so far applied to the rational fabrication of DNA nanoarchitectures. General construction principles will be discussed as well as the underlying rules for
designing the base sequences of the building blocks. Finally,
an overview will be presented on the current state-of-the-art
and conclusions drawn on future perspectives of DNA-based
nanomaterials.

2. General Considerations of DNA-Sequence Design
The design and construction process of DNA-based
nanoarchitecture comprises several major steps. Firstly, any
requirements to be satisfied by the envisioned construct and
its potential application should be identified. For example, it
may eventually be wished to use the scaffold for the directed
attachment of non-nucleic acid components, such as nanoparticles or proteins. In this case it needs to be determined
whether the DNA scaffold should be rigid or flexible. The
next question might concern whether the construct is to be
used as a static scaffold or as a dynamic mechanical device
that undergoes reversible or irreversible transitions between
distinct and predictable conformations. Depending on the
demands, the individual building blocks should then either be
comprised of just rigid scaffolding elements or else may
contain distinct single-stranded regions, often termed “toe
holds”, which can hybridize to effector oligomers or act as
dynamic elements for strand replacement and, thereby,
induce large conformational changes of the motif.
It must also be determined whether symmetric or nonsymmetric patterns are to be produced by the assembly of the
array, what kind of periodicity is desired, in how many
dimensions the scaffold should grow, and whether this growth
is to be terminated or potentially infinite.
Depending on these requirements, suitable DNA motifs
comprised of junctions, loops, crossovers, and single-stranded
binding sites (“sticky ends”) need to be selected as building
blocks for the desired scaffold architecture. These motifs may
also contain additional chemical groups which can enable the
attachment of non-nucleic acid components, such as proteins
and nanoparticles. As discussed below, biotin-modified loop
elements and aptamer sequences have so far been successfully
Christof M. Niemeyer has been Professor of
Chemistry (chair of Biological and Chemical
Microstructuring) at the University of Dortmund (Germany) since 2002. He studied
chemistry at the University of Marburg and
completed his PhD on organometallic
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applied for this purpose. Aptamers are short stretches of
sequences which specifically recognize distinct target structures as a result of complementary three-dimensional conformations.
In addition to the choice of the general type of motif, its
particular properties, such as the length (and consequently the
number of helical turns) of the DNA strands used and the
position of fixed subsequences within the strands, for
example, restriction sites for characterization (see below) or
other further processing steps, or binding sites for incorporating proteins into the assembly, need to be defined.
Importantly, the particular thermodynamic properties, that
is, the melting points, of distinct sequence stretches need to be
chosen to achieve a homogeneous assembly or to enable
clearly separated hybridization steps to be achieved during a
stepwise assembly.
The sequences of the individual oligonucleotides then
need to be designed according to these requirements. For a
reliable self-assembly, the hybridization of complementary
DNA strands needs to be as specific as possible, which means
that the intended base pairing must occur efficiently and be
stable, while all undesired conformations should be highly
improbable. Unfortunately, the simple maximization of
affinity, for example, by increasing the length and content of
G and C base pairs, does not necessarily lead to high
specificity, because the two characteristics are not correlated
for the hybridization of nucleic acids.[12] Instead, the stability
of undesired hybridizations, measured, for example, by the
changes in the free energy upon duplex formation, needs to be
minimized at the same time as the stability of desired
hybridizations is maximized.[13] This can usually be achieved
by restricting the similarity between the base sequence and
the Watson–Crick complements of all the other strands to
which a given (sub)sequence must not hybridize.[14–17] The
requirements specified in the previous step, that is, homogeneous stabilities or fixed subsequences, must also be included
in this step.
The first sequence-design program SEQUIN was developed by Seeman to facilitate the design of oligonucleotides
for construction purposes.[14] The sequences are constructed
from short overlapping subsequences of fixed length (usually
3–5 nucleotides) to restrict sequence similarity. Each occurring subsequence must appear only once in all sequences, and
its Watson–Crick complement must not be present at all.
SEQUIN allows the designer to interactively construct
sequences out of such overlapping subsequences by notifying
which subsequences have already been used and which are
still available. Although this interactive approach still makes
the design process a laborious task, because additional
requirements, such as certain GC ratios, must be considered
manually, SEQUIN has been and is still being used very
successfully to design oligomer sequences for complex motifs,
such as branched junctions and crossover tiles (see Section 4.2). An alternative software package which also implements the concept of similarity avoidance, but is more userfriendly as a consequence of its automated construction
process, has also been described.[15, 18] This program can also
take into account additional requirements, such as homogeneous melting temperatures or avoidance of guanine repetiAngew. Chem. Int. Ed. 2006, 45, 1856 – 1876

tions. A good overview of further programs for the design of
oligomer sequences based on various concepts of sequence
similarity and algorithmic approaches is given in the review
by Brenneman and Condon.[16]
Finally, the various different DNA oligomers designed
have to be assembled in vitro. Ideally this can be as simple as
mixing all the components in a tube to initiate the selfassembly driven by Watson–Crick base pairing. More often,
however, reaction conditions and entire protocols have to be
carefully planned or empirically determined by a trial-anderror process.[19] For example, single building blocks might be
assembled and purified in individual reactions before they are
combined to produce the final architecture. A most crucial
step in the entire process is that the structural integrity,
connectivity, and possibly also the conformation of the
resulting supramolecular network need to be characterized
by using biochemical methods, such as electrophoresis of
reporter strands (Figure 2),[20] restriction analysis, or fragmentation assays,[21] or nowadays by microscopic techniques,
such as atomic force microscopy (AFM),[22] transmission
electron microscopy (TEM), or cryoelectron microscopy.[23]

Figure 2. Characterization of DNA nanoarchitectures using reporter
strands designed such that their length corresponds to the number of
self-assembled tiles, here a three-way DNA junction motif. Reproduced
with permission from reference [149].

3. One-Dimensional DNA Strands for Assembly and
Immobilization of Non-Nucleic Acid Compounds
A comparatively simple task from a construction point-ofview concerns the design of single-stranded DNA (ssDNA)
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oligomer sequences for use as a template for the directed
assembly of chemical compounds, proteins, or nanoparticles
tagged with complementary sequences. Such designs are
important for several applications. For example, short ssDNA
oligomers, typically 10–25 bases in length, which are immobilized at solid supports can be used as capture probes in the
DNA-directed immobilization (DDI) of nanoparticles, proteins, or small molecules tagged with complementary sequences (Figure 3, top). This approach has distinct advantages over

Figure 3. Immobilization and directed assembly of components. Top:
DNA-directed immobilization (DDI) of DNA–protein conjugates with
surface-bound capture oligomers of a DNA microarray; bottom:
schematic representation of DNA-based directional assembly of four
different nanoscale building blocks to form a stoichiometrically and
spatially defined supramolecular aggregate.[28] The upper section was
reprinted with permission from reference [25].

conventional immobilization methods because the attachment is reversible and it occurs under chemically mild
conditions. Furthermore, the specificity of Watson–Crick
base pairing allows for the simultaneous immobilization of
many different components in a single step when an array of
capture oligomers is used as the immobilization matrix.[24]
Recent applications of the DDI principle have demonstrated
that DNA microarrays can be used efficiently as decoding
tools in combinatorial chemistry and chemical biology.[25] In
addition to this field of research, the heterogeneous hybridization implemented in DDI is also important for DNA
computing on surfaces (see Section 6.1).
The hybridization of short complementary DNA oligonucleotides can also be utilized for the assembly of metal and
semiconductor nanoparticles tagged with appropriate DNA
oligomers. This approach, introduced in 1996 by Mirkin
et al.,[26] allows the facile synthesis of three-dimensional
nanoparticle materials and has evolved into a comprehensive
field of research with a multitude of applications that range
from materials research to analytics and biomedical diagnostics.[3, 8–10, 27]
While the above-mentioned nanoparticle assembly leads,
in principle, to infinite growth of the supramolecular assemblies, ssDNA can also be used for the directional nanoscale
assembly of various components, each of which is tagged with
an individual oligomer sequence (Figure 3, bottom). This
approach, initially demonstrated for DNA-tagged proteins,[28]
has been extended to the directional assembly of inorganic
nanoparticles,[29–31] and was also applied in DNA-templated
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organic synthesis, where two (or more) reactive chemical
groups are held in proximity by means of a DNA scaffold.[32]
From a DNA-sequence design point-of-view, both the
DNA-directed immobilization and the directional nanoscale
assembly (Figure 3) share the problem of hybridization
efficiency and specificity. High efficiency is clearly needed
for a high yield of assembled components. Furthermore, the
hybridization efficencies must also be homogeneous for all
the components to be assembled so as to avoid undesired bias,
which could otherwise lead to misinterpretations and false
positives, for example, in biochip applications.[18] Unfortunately, calculating molecular properties of oligonucleotides
such as melting temperature or free enthalpy of duplex
formation is insufficient to allow hybridization efficiency to
be predicted reliably, since the latter is also influenced by the
formation of secondary structure and kinetic equilibria.[18, 33]
A most important factor to be taken into account derives
from the tendency of single-stranded oligomers to form
secondary structures. This problem becomes even more
severe when several oligomer-tagged components are assembled on a long carrier strand.[33] Therefore, any applications
which involve a large number of short ssDNA oligomers and/
or long ssDNA molecules essentially depend on a very careful
sequence design which has to consider more than intermolecular dissimilarity, that is, each strand is highly dissimilar to
the complement of each other strand. It also has to implement
intramolecular dissimilarity, such that no region of a given
strand is too similar to the complement of another region of
this same strand. Therefore, the sequence-design process has
to precisely define what “too similar” means and requires
means to enforce the dissimilarity. The most thorough method
to prevent formation of secondary structures is based on the
prediction of the thermodynamic stabilities of each sequence
designed by using programs such as mfold[34] or RNAfold[35, 36]
and the rejection of sequences for which stable secondary
structures are predicted.

4. Design and Assembly of DNA Motifs
The simple hybridization of single-stranded oligomers to
form linear duplex structures is insufficient to construct morecomplex DNA nanoarchitectures in two and three dimensions. In such cases, more-complex motifs are required as
building blocks. The higher complexity of these motifs adds
new requirements to the sequence design, and therefore,
makes it much more challenging. Potential applications of
such DNA nanoarchitecture include the use of rigid DNA
scaffolds for the positioning of macromolecules with high
precision at the nanometer length scale, and the exploitation
of the powerful computational properties of DNA molecules.

4.1. Junctions and Lattices
In the early 1980s, Seeman conducted pioneering work on
the construction of artificial nucleic acid architectures using
synthetic DNA branched junction motifs mainly containing
three and four arms (motifs 1 and 2 in Figure 4),[37] which are
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Figure 4. Schematic representation of DNA junctions and lattices.
Stable branched DNA junction motifs are three- (1) and four-armed
(2) junctions.[37] Addition of an internal loop of unpaired bases
increases mechanical flexibility (3),[39] a bulge loop allows for stacking
of two arms (4), thereby fixing the angle between them to 1808.[40] A
sketch of a lattice assembled from four-armed junctions 2 is shown as
construct 5. In fact, the helices of motif 2 do not cross orthogonally,
thus allowing the assembly of Kagome lattices (6). Insertion of the
protein RuvA fixes the angle between the helices to approximately 908,
thus leading to square lattices (7).[46] Pictures 6 and 7 were reproduced
with permission from reference [46].

comprised of double-stranded DNA (dsDNA) helices. One
half of each ssDNA oligomer involved contributes to one arm,
while the other half is bound to one of the two neighboring
arms. Thus, the helical arms of the juction are connected to
each other at a central branching point (Figure 4). Variants
with five and six arms were also synthesized by Seeman and
co-workers, but these motifs turned out to be less stable.[38]
The amount of branch migration, that is, the change between
several different conformations, can be controlled by careful
choice of the degree of base-pair symmetry around the branch
point.[37] In other words, the mobility of the branch point of a
given junction can be adjusted by sequence design. The
mechanical flexibility of the junction can be increased by
inclusion of unpaired bases into the strands such that the
branch point now contains an internal loop (motif 3 in
Figure 4).[39] The addition of a bulge to only one of the three
strands of a three-armed junction (motif 4 in Figure 4) leads
to stacking interactions between two arms, and therefore fixes
the angle between them to about 1808.[40] The sequence design
of such loops requires the search for another subsequence
that has a low tendency to cross-hybridize to any other region
of the motif. A simple and commonly used sequence stretch
consists of only thymine bases, because they do not form
structures by themselves (such as G and C, see Section 4.3.1),
and it is rather easy to avoid long adenine repetitions in the
other parts of the assembly.
Construction of so-called meso- and antijunctions, which
are multiarmed motifs in which not all or not even a single
helix axis points towards the center of the junction, has also
been demonstrated.[41] These motifs are more difficult to
assemble than branched junctions because they are less stable
than junctions and show a tendency towards indefinite
polymerization,[41] which makes them less attractive as
Angew. Chem. Int. Ed. 2006, 45, 1856 – 1876

components in nanoarchitecture. Nevertheless, antijunctions
are automatically formed during the assembly of junctions
into lattices (see below), and both antijunctions and mesojunctions have been used in the construction of singlestranded DNA knots.[41] These are cyclic strands that are
knotted such that they cannot be disentagled to circles
without cutting them.
The DNA junction motifs were designed as building
blocks for fabricating repetitive DNA nanoarchitecture, such
as lattices and grids (5 in Figure 4), as well as for the assembly
of lattice models of regular bodies (see Section 5.2). Sticky
ends at the junctionsF arms enable the self-assembly of these
motifs into two-dimensional lattices by enzymatic or chemical
coupling.[37] These lattices are potentially useful as scaffolds
with nanometer-spaced repetitive structural features. However, the assembly of these simple junction motifs led to the
formation of highly irregular structures, rather than the
repetitive DNA superstructures anticipated. These observations have led to the conclusion that the junction motifs were
inappropriate for the assembly of regular gridlike architectures because of their high conformational flexibility.[42]
Nonetheless, junction motifs have recently been used as
building blocks for the generation of three-dimensional
dendritic structures which can be labeled with distinct
mixtures of fluorescent dyes, thereby turning them into
“nano bar codes” for the multiplexed detection of nucleic
acids.[43, 44]
Another application of junction-based lattices concerns
the representation of so-called “graphs”. These are mathematical constructs consisting of a set of vertices or nodes and a
set of edges, each of which connects two vertices (Figure 5 a).
Graphs are used as computer data structures to model a wide
range of systems and processes. For example, various graphbased algorithms have been developed for the optimization of
workflows, communication networks, and for applications in
life sciences, such as the assembly of short sequenced DNA
strands to reconstruct complete genomes.[45]
Recently, a nonplanar graph structure, that is, a graph for
which all two-dimensional arrangements contain at least one
pair of edges crossing each other (see Figure 5 b,c), has been
assembled using junction motifs as vertices and duplexes as
edges (Figure 5 d,e).[39] This graph consisted of five vertices,
each of which connects three or four of the, in total, eight
edges of this geometric figure. The vertices were formed by
either three- or four-armed junctions, while the edges were
constructed from linear duplexes and three-armed junctions,
the latter of which contained one arm which was closed by a
hairpin loop to provide additional structural flexibility. Such a
graph is not only interesting as a scaffold for nanoconstruction, but it also holds promise for DNA computing. In this
context, this figure might be used for solving standard
problems in computer science, such as the Hamilton path
problem or the satisfiability problem. Descriptions of these
problems can be found in Section 6.1.[39]
A recent study has demonstrated that the shape of a
junction within the two-dimensional lattices, in particular, the
angles between the arms and the orientation of sticky ends,
can be controlled by the addition of the DNA-binding protein
RuvA.[46] This protein plays an important role in vivo as part
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assembled into motif 8, shows less structural flexibility than individual junction motifs (for example, 1
and 2). In fact, motif 8 can be regarded as a rigid and
flat building block.
The introduction of bulged T4 loops into all four
helices connecting two adjacent junctions of four
four-armed junctions in motif 8 induces a bending of
the particular helices and, therefore, opens up a way
to generate so-called 4 H 4 tiles (motif 11, in
Figure 7).[48] These motifs are shaped like fourarmed “suprajunctions” which contain stretched
four-armed junctions as their arms. The tiles 11 were
assembled to form linear ribbons and two-dimensional lattices (12, in Figure 7).[48] Very recently, He
et al. managed to assemble unusually large twodimensional arrays from motif 11 by employing two
new concepts.[49] First, motif 11 was designed to be
symmetrical, which means that the base sequences of
all four arms were identical. Second, a “corrugation
strategy” was used, where adjacent building blocks
face up and down alternately, such that small
curvatures occurring in the individual motifs cancel
Figure 5. Graphs and their realization as DNA molecules. a) A graph consists of vertices
each other out instead of cumulating throughout the
(circles) connected by edges (lines). b) The left graph is planar, since the vertices can be
supramolecular assembly.
arranged such that no two edges cross each other. c) This graph is not planar, because
Arrays of motif 11 have also been used for a
there are crossing edges for each arrangement of vertices. d) This graph was realized by a
number
of applications, including the fabrication of
[39]
DNA structure. e) Sketch of the DNA assembly representing graph (d). Vertices are
ohmic conductors through metalization of a ribbonrepresented by three- and four-armed branched junctions (motifs 1 and 2 in Figure 4),
type assembly with silver.[48, 50] Moreover, building
and edges by double helices. Image (e) was reproduced with permission from reference [39].
block 11 was used to generate periodic arrays of the
protein streptavidin (STV) by inserting a biotin
moiety into one of the T4 bulges (structure 12 and
AFM image in Figure 7).[48, 51] Various assemblies of motifs
of a protein complex processing Holliday junctions during
bacterial homologous recombination. Cryoelectron microsimilar to 11 (for example, comprising only three four-armed
scopy analysis shows that the presence of RuvA during the
junctions) and of other building blocks such as triangles and
assembly of four-armed junctions into regular lattices changes
rhomboids were also used as a mask for molecular lithogthe structure of the lattice from a Kagome-type lattice
raphy.[52, 53] This was achieved by adsorption of the DNA
comprised of hexagons and triangles (without RuvA, see 6
in Figure 4) into a grid comprised of squares (with RuvA, see
7 in Figure 4).[46]
Although three- and four-armed junctions have been
demonstrated to be highly flexible building blocks,[42] they can
nevertheless be used for constructing more-rigid architectures. One example concerns a motif consisting of four fourarmed junctions. Although the schematic representation of
motif 2 and assembly 5 in Figure 4 may suggest the helices of a
four-armed junction cross perpendicularly, they actually
possess an angle of about 608. Thus, four such junctions
form a rhomboidal supramolecular structure, shown as in
motif 8 in Figure 6, which is also a more realistic depiction of
construct 5.[47] A set of rhomboids was subsequently assembled into one-dimensional “railroad tracks” (9 in Figure 6) as
well as into two-dimensional lattices (10 in Figure 6).
Remarkably, no cyclic ligation products, such as lattices that
Figure 6. The rhombus motif. The three-dimensional structure of DNA
roll up to form tubes, were observed. Moreover, AFM
junction motifs results in the assembly of four four-armed junctions 2
analyses showed that the torsion angles between helices are
containing two closed ends that lead to the formation of a rhombus
[47]
relatively constant throughout the entire lattice (Figure 6).
(8), which can be used as a basic component for the self-assembly of
These results clearly demonstrate that the rhomboid motif, if
linear (9) or planar (10) superstructures. The AFM images show
it is assembled directly from ssDNA oligomers without the
examples of structure 10 at two different magnifications. Reprinted
detour of an initial assembly of junctions which are then
with permission from reference [47].
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Figure 7. Higher order motifs. The assembly of four four-armed
junctions 2, containing additional bulges, led to the formation of a
four-armed suprajunction 11 (a 4 H 4 tile).[48] Structure 12 represents an
example of a lattice comprised of 4 H 4 tiles that are decorated with
streptavidin molecules (black circles) bound to one of the bulges of
each tile through incorporated biotin groups.[51] The upper right AFM
image shows such a lattice. Several different triangular structures have
been constructed from bulged three-armed (13)[57] and four-armed
junctions (14 and 15, respectively).[56, 58] Motif 14 was designed for
linear assemblies. Replacement of some hairpins with additional sticky
ends allows for the building of two-dimensional structures.[56] The
lower AFM image shows a linear assembly of 14 with the triangles
lying on alternating sides of the connecting helix. The AFM images
were reprinted with permission from references [51] (upper) and [56]
(lower).

superstructures onto mica and subsequent coverage with a
thin layer of gold, thus leading to the formation of a negative
imprint of the nanostructure in the metal that could be
analyzed by AFM.
DNA triangles (for example, motif 13 in Figure 7) are also
promising candidates for the fabrication of so-called tensegrity structures. These are constructs of rigid rods (here DNA
duplexes) which are connected by short so-called tendons
(here, for example, branch points of DNA junction
motifs).[54–56] The balance between the rods pushing the
three-dimensional structure outward and the tendons pulling
it inward stabilizes the shape of such a structure, even under
application of external forces. For example, a tetrahedron of
rods and short tendons is stable, while a cubelike structure
would collapse under external forces, such as gravity.
The shape of a DNA triangle, or, more precisely, the
angles between adjacent arms in the triangleFs corners, are
defined by the lengths of the helical edges. Therefore, a DNA
triangle can be regarded as a two-dimensional tensegrity
structure. Clearly, a very precise choice of the lengths of the
rods and tendons is essentially important, because tendons
that were too long would make the assembled structure too
flexible, whereas tendons that were too short or badly chosen
lengths of rods may completely prevent the formation of
closed structures. Such triangular DNA structures comprised
of three bulged three-armed junctions as vertices were
Angew. Chem. Int. Ed. 2006, 45, 1856 – 1876

designed to be ligated into planar hexamer structures.[57]
While two of the junctionFs arms formed edges, the third
arm formed a hairpin loop containing a restriction site which,
after digestion with an endonuclease, provided a sticky end
for further assembly (motif 13 in Figure 7). The primary
ligation products of 13, however, were found to be cyclic
tetramers rather than the cyclic hexamers expected. Since this
deviation in the size of the cyclic ligation products could only
occur when the triangles were flexible, this experiment
demonstrated the lack of rigidity of these building blocks.
Similar approaches using four-armed junctions as vertices
were more successful. Indeed, these building blocks allowed
for the production of large one- and two-dimensional
arrays.[56, 58] In particular, adjacent triangles were connected
by one[56] or two[58] sticky ends (motifs 14 and 15 in Figure 7,
respectively), and, therefore, these two motifs assembled into
two slightly different 2D patterns. The supramolecular
architecture was then analyzed by AFM. A typical image is
shown in Figure 7.

4.2. Crossover Tiles
DNA junctions are rather flexible and the assembly of
these building blocks often did not yield the regular superstructures desired. To solve this problem, Seeman and coworkers constructed more rigid components, the so-called
crossover tiles. Double crossover (DX) tiles consist of two
double-stranded helices, which interchange single strands at
two crossover points (motifs 16–18 in Figure 8).[59] In total,
five different structural motifs of DX tiles exist. In three of
them (for example, motif 18, Figure 8), their helical domains
are oriented parallel, which means that the minor grooves of
both helices meet each other in each turn, as do the major
grooves. Consequently, extensive Coulomb repulsion occurs
between the two parallel strands and, therefore, these motifs
reveal structural instability.[59] The two antiparallel motifs 16
and 17, where the minor groove of one helix lies in the major
groove of the other helix, are more stable because of the
decreased Coulomb repulsion. They differ in the number of
helical half-turns between the crossover points, being either
even (16, a so-called DAE motif) or odd (DAO, 17). Distances
between the two crossover points which do not contain
multiples of helical half-turns lead to torsional stress within
the motif, and therefore such building blocks are less stable
and have not as yet been applied for construction purposes.
Since a DX tile can be considered as two four-armed junctions
connected by two neighboring arms, branch migration is
possible. This can be avoided by appropriate choice of the
base sequences during the design of such tiles (see Section 4.1). However, because the two crossover points would
have to branch-migrate concertedly, this process is less likely
to occur than in regular DNA junctions.[59]
DX tiles are usually designed such that they comprise
sticky ends at their four arms which can be used for selfassembly. To assemble DX tiles into planar two-dimensional
superstructures, the total lengths of the arms (including the
sticky ends) must contain multiples of helical half-turns
between the crossover points of adjacent tiles. Additional
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Figure 8. Crossover tiles. The more-stable and thus usually applied
double-crossover (DX) tiles are DAE (16) and DAO (17) with antiparallel helices.[59] The DPE motif (18) is an example of a less-stable DX
tile with parallel helices. The modified DX motif 19 has an additional
three-armed junction which provides a sticky end protruding from the
tile plane.[60] The triple-crossover (TX) tile (20) can be regarded as
being built from two DAO-DX tiles that share the central helix.[59] The
positioning of the sticky ends at the central helix (21) allows for the
lateral helices to lie above and below the plane of the tile assembly.[61]
In paranemic crossover (PX) tiles (22), the two helices exchange
strands wherever possible.[62] Together with its topoisomer JX2 (23), the
PX tile builds the base of a strand-replacement-driven nanodevice (see
Figure 16).[131] The inclusion of one of the helices of a DX tile 16 as an
edge into a DNA triangle can be used to generate a linear assembly
(24).[70] In motif 25, DX tiles have been connected into a triangular
structure, which in turn can assemble into a pseudohexagonal lattice
(see AFM image).[72] The AFM image was reprinted with permission
from reference [72].

structural features can be engineered into the basic structure
of a DX motif. For example, inclusion of a bulged threearmed branched junction (motif 4) between the crossover
points (as shown in motif 19 in Figure 8) allows for the
attachment of further molecules protruding from the plane.[60]
Triple crossover (TX) tiles consist of three helices lying in
a plane, connected through crossover points.[61] Motif 20
(Figure 8) is a typical example. It was constructed from two
DAO-DX tiles (17) that share the central helix. This
construction allows for the assembly of a reporter strand
running through all the tiles of a TX assembly (Figure 2).
Furthermore, TX tiles offer the facility to include gaps in
shifted arrays and allow the incorporation of components
which protrude from the plane of two-dimensional arrays (see
below).[61]
Paranemic crossover (PX) molecules comprise another
class of DNA motifs (motif 22, in Figure 8). Similar to parallel
DX tiles, PX molecules are composed of two parallel helices;
however, PX motifs form crossovers at every point possible.
This renders the tiles more stable than the comparable DX
molecule.[62] The term “paranemic” here indicates that even if
the blue and the green strand of motif 22 were connected by
hairpin loops at both ends of the motif (as well as the red and
the violet strand), the melting of this motif would result in two
seperated cyclic molecules that do not interpenetrate topologically.
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While all crossover tiles can be considered as flat and rigid
building blocks, the structural variety of individual types
offers a large range of options for modulating the spacing and
connectivity of the building blocks and of the final superstructure desired. Moreover, crossover motifs can be further
modified and expanded to include additional functionalities.
For example, the use of a derivative of motif 19, designed such
that the third (unstacked) arm forms a hairpin loop protruding from the tile plane, allowed for the self-assembly of
striped crystals with defined spacings between the stripes of
hairpin loops.[22, 63] These superstructures have been visualized
by AFM, and a typical example is shown in Figure 14. Similar
striped superstructures were fabricated by self-assembly of
TX tiles, where one type of tile had sticky ends only at the
central helix (motif 21 in Figure 8).[61] The number of helical
turns between these sticky ends and the crossover points were
chosen as non-integer multiples. Therefore, ligation of such a
tile with other tiles into two-dimensional arrays positions the
two lateral helices above and below the array plane,
respectively.[61]
The striped arrays described above have been suggested
as nanoscale barcodes,[64] and they have already been used as
scaffolds for the positioning of gold nanoparticles (see AFM
image in Figure 14),[65, 66] and even recently to produce
alternating rows of two differently sized nanoparticle species.[67] Moreover, one- and two-dimensional positioning of
streptavidin and gold nanoparticles has been achieved using
nanoarrays of TX tiles which contained hairpin loops in the
lateral helices.[68] While most arrays obtained from these
simple tiles are potentially infinite in size, the replacement of
specific sticky ends in some tiles by blunt ends or hairpin
loops terminates the self-assembly process. Thus, these tiles
then define the boundaries for the growth of two-dimensional
crystals, thus allowing, for example, the generation of V- or Xshaped structures.[69]
Crossover tiles have also been used as building blocks for
the generation of larger motifs, which were then used as
building blocks themselves. For example, a cyclic doublestranded supramolecular structure which included three
flexible bulges was constructed (motif 24 in Figure 8).[70, 71] It
formed a triangle with the bulges as vertices and the helices
between the bulges as edges. One of these edges was actually
formed by one helix of a DX motif while the second helix of
this DX tile was used for the assembly of a long “carrier”
strand by means of ligation of the sticky end. This approach
allowed for the fabrication of a chain of the triangles, which
were nicely visible by AFM imaging.[70] In a related approach,
the carrier strand was equipped with a paranemic crossover
motif, which induced a connection between duplex helices
that were wrapped around each other without ligation.[71]
Moreover, triangles comprised of DX tiles at all three edges
that interchange strands at additional crossover points at the
vertices (motif 25 in Figure 8) were successfully assembled
into pseudohexagonal lattices by ligating the external arms.[72]
These assemblies were also characterized by AFM (Figure 8).
In general, the variety of crossover and junction motifs
together with more simple elements such as sticky ends,
helices, bulges, and loops offer a large set of building blocks
for the fabrication of DNA architecture. The combination of
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these elements in higher-order motifs (for example, 13 and 24)
enriches this set even more. However, this hierarchical
approach necessitates an additional decision by the designer,
namely how many elements are to be included in a single
building block. For example, Mao et al. constructed the
rhomboid motif 8 as a small grid comprised of four fourarmed junctions 2.[47] They carried out this “assembly” in the
planning step only, but specified motif 8 as an “atomic”
building block which was directly assembled in vitro from the
respective single-stranded oligomers. Another possible
approach would include the initial assembly of the single
strands to junctions in vitro and then assemble the junctions
to motif 8 and further one- or two-dimensional superstructures. However, the latter way was significantly less promising
because individual branched junction motifs show a much
higher structural flexibility than motif 8. Thus, the decision on
whether to split higher-order building blocks into smaller
elements, and, if so, into which elements they should be split,
is of essential importance.

4.3.2. Tecto-RNA

4.3. Other Motifs
4.3.1. Guanine Quadruplexes

Square-shaped assemblies such as 29 comprised of four tectoRNA motifs connected through hybridization of their loop
strands were then used as building blocks for the assembly of
larger two-dimensional superstructures. The use of different
combinations of the positioning and orientation of the sticky
ends in 29 motifs enabled ladderlike structures and several
different forms of 2D grids to be assembled.[75] Recently, the
one-dimensional, ladderlike assembly of 29 was used for the
electrostatic deposition of cationic gold nanoparticles inside
the loops of 29.[76]

Guanine-rich stretches of DNA form inter- and intramolecular G quadruplexes in the presence of monovalent
cations, such as potassium ions. The G quadruples contain
four strands which are aligned into a “bundle” with a square
cross-section (motif 26 in Figure 9). Such quadruplexes have

DNAFs close relative RNA has also been used for the
rational design of two-dimensional structures. Two hairpin
loops are connected by a right-angled structural motif form to
give the so-called tectoRNA motif (motif 28 in Figure 10).[75]

Figure 10. Tecto-RNA. Two hairpin loops connected by a right-angled
RNA motif (red bases and base pairs) form a tectoRNA building block
28.[75] Four species of 28 with complementary loop sequences assemble into square motifs such as 29 which are themselves building
blocks for grids or ladderlike structures.

4.3.3. Chemical Branch Points and Linkers

Figure 9. Guanine quadruplexes. Motif 26 consists of four guaninerich strands that align in the presence of K+ ions into a bundle with a
square cross-section. Such motifs can be assembled into branched
wirelike structures (27). The picture of structure 27 was reproduced
with permission from reference [73].

also been used as buildings blocks in the self-assembly of
DNA nanoarchitecture to generate linear structures which
are more rigid than a regular double helix.[73] Following this
concept, so-called frayed wires, which have additional dangling ends at each building block, were produced from
G quadruplexes.[74] Networks of frayed wires were then
constructed using linker strands that form Watson–Crick
and Hoogsteen base pairs with the “fringes”. These assemblies were characterized by AFM.[74] The assembly of
branched nanowires of guanine quadruplexes has also been
demonstrated (27 in Figure 9).[73]
Angew. Chem. Int. Ed. 2006, 45, 1856 – 1876

Synthetic non-nucleic acid molecules may also serve as
linkers or branch points of DNA nanoarchitecture
(Figure 11). According to this approach, a synthetic core
tethered by two or more DNA oligomers may contribute
additional structural or chemical properties while maintaining
its capabilities for Watson–Crick base pairing, thus enabling
specific supramolecular self-assembly (Figure 11 a). As an
example, Stewart and McLaughlin have used nickel-centered
cyclams as hubs for four DNA oligomers (Figure 11 b).[77]
Different types of oligomer–cyclam complexes with complementary oligomers were assembled into larger structures.
However, because of their characterization only by gel
electrophoresis, it is currently unknown whether the superstructures were linear or latticelike. Gothelf et al. attached
DNA oligomers to salicylaldehyde groups of two- and threearmed compounds, called linear oligonucleotide-functionalized modules (LOMs; Figure 11 c) and tripoidal OMs (TOMs;
Figure 11 d), respectively.[78] In their approach, the DNA
strands guide the self-assembly of linear and branched
structures by positioning the branch-point modules in proximity to one another. The actual assembly is then carried out
by covalent linkage of the individual compounds and the
DNA oligomers can subsequently be removed from the
assembled products.[79] Supramolecular assemblies were constructed by von Kiedrowski and co-workers from so-called
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trisoligonucleotides which contained three DNA arms that
were connected to each other by a Y-shaped chemical linker
(Figure 11 e).[80] These building blocks were used to assemble
a superstructure with the connectivity of a tetrahedron.[55]
Moreover, this concept permitted the copying of the connectivity of individual motifs on the basis of self-assembly,[81]
and, hence, it may open up the doors for self-replication of
DNA nanoarchitecture.[55]
Endo and Majima used linker molecules to connect the
backbones of two short DNA strands (Figure 11 g).[82] When
several different species of this disulfide cross-linked DNA
(XL-DNA) were hybridized to long continuous strands, the
relative position of the two resulting double helices was
determined by several chemical cross-links. The XL-DNA
modules were also used as mediators in an oligomerdependent translation system.[83] Various XL-DNA modules
were hybridized along an “input strand” that contained the
information. Complementary oligomers were then hybridized
to the free strands of the XL mediators, and ligation
connected these oligomers to form an “output strand”. Such
a translator can be useful in DNA computing, for example, for
encryption or to map variable inputs as a standard input
code.[84] In a joint approach, Endo, Majima, and Seeman were
able to hybridize four-way porphyrin connectors coupled
covalently to four DNA strands (Figure 11 f), with sticky ends
protruding from a two-dimensional DX tile array.[85] The
spatial contraints induced by the connector caused the array
to roll into a three-dimensional tubular structure.

5. Three-Dimensional Structures from DNA
In the majority of the examples described above, it was
intended that the tiles assembled into flat two-dimensional
structures. However, one of the major goals of SeemanFs
concept published in the early 1980s was the construction of
three-dimensional DNA crystals which might serve as a
periodic scaffold for the X-ray crystallographic analysis of
guest molecules, such as proteins, that would not form crystals
by themselves.[86] It proved to be much more difficult to
construct regular 3D architectures than fabricating 2D
arrays,[87] and this goal was not realized until 2004 (see
Section 5.3).[88] In addition to this recent brakethrough, a
number of examples of 3D structures were successfully built
from DNA, such as nanotubes and geometric stick-figure
objects.

5.1. DNA Nanotubes
Figure 11. Chemical branch points and linkers. The general scheme
depicted in (a) shows a central hub or branch point which connects several
DNA oligomers, while the hub itself does not consist of DNA. Examples of
chemical branch points are [Ni(cyclam)] (b),[77] compounds with salicylaldehyde groups (c, d),[78] a branched alkane containing a quaternary carbon
atom (e),[80] and a porphyrin derivative (f).[85] The stars in images (b–f)
mark the attachment points of the DNA oligomers. g) Disulfide crosslinked DNA strands are assembled by hybridization to form long complementary strands.[82] Images (b–g) were adapted with permission from the
references cited.
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From a conceptual point-of-view, DNA nanotubes are
produced by initially assembling a 2D grid or a ribbon of tiles
which then rolls up to form a tubular structure. To this end,
building blocks with an inherent tendency to form curved
structures were used, which is realized in modified 4 H
4 tiles,[50] DAE-DX tiles (30 in Figure 12),[89, 90] and TX
tiles.[91] Interestingly, tubular DNA assemblies which were
obtained from motifs 11 and 20, respectively, were metalized
by electroless silver deposition and resulted in the production
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constructed supramolecules with the connectivity of a cube
(33 in Figure 13)[94] as well as a truncated octahedron (34,
Figure 13)[95] by assembling three- and four-armed branched
junctions, respectively, which served as vertices. Recently, a
tetrahedron was constructed out of four 55-mer ssDNA
oligomers by Turberfield and co-workers (35, Figure 13).[96]

Figure 12. DNA nanotubes. Schematic representation of the rectangular DX tile 30; the left assembly forms a lattice lying in a plane,[90]
while in the right scheme, the spacing and orientation of crossover
points encourages a curved assembly, thus allowing for the construction of a tube. The AFM image shows how a nanotube (white linear
structure) progressively opens under AFM into a flat lattice (gray
structure). The six helices of motif 31 connected by crossover points
form a six-helix bundle (6HB).[92] The central axis of the six helices of
this motif forms a hexagonal cross-section (see scheme below). An
overlapping assembly of 6HB motifs leads to a two-layer lattice (32).
The two AFM images (bottom right) show a long nanotube of 6HB
motifs (left) and a hexagonal lattice (right). All images are reproduced/adapted with permission from references [90] (30 and upper
AFM image) and [92] (6HB scheme and lower AFM image).

of Ohmic conductors.[50, 91] Addition of protruding hairpin
loops to motifs of type 16 led to diagonally or perpendicular
striped surfaces on the outer tubes, similar to the aforementioned flat, striped arrays (see Section 4.2). The striped
patterns were adjustable by careful selection of the sticky
ends of the motifs employed.[90] The formation of DNA
nanotubes can be assisted by using chemical connectors to
induce spacial constraints (see Section 4.3).[85]
Another type of DNA-based nanotube has been built by
the assembly of six-helix-bundle (6HB) motifs.[92] The 6HB
consisted of crossover tiles comprised of six parallel helices
(motif 31 in Figure 12) which were curved around a central
axis, parallel to the helical axes, such that the cross-section of
the tube tile formed a hexagon with the helix axes as vertices
(Figure 12). While a linear array of 6HB motifs formed a
nanotube, blocking some of the sticky ends led to a twodimensional two-layer array of hexagons, similar to slices cut
from such a nanotube layed out in a plane (see 32 and the
AFM image in Figure 12).[92] A similar motif comprised of
only three helices (3HB) did not form tubes with hollow
space, but rather produced filaments which might be applicable as templates for the growth of metal nanowires.[93]

5.2. Stick-Figure Models of Regular Objects
A series of DNA stick-figure objects that resemble the
wire frame of regular bodies with duplexes as edges have been
successfully fabricated from DNA. Seeman and co-workers
Angew. Chem. Int. Ed. 2006, 45, 1856 – 1876

Figure 13. 3D-object wire frames. While constructs 33 and 34 possess
only the connectivity, but not the three-dimensional shape, of a cube[94]
and a truncated octahedron,[95] respectively, DNA model 35 is most
likely a proper tetrahedron because of the rigid tensegrity structure.[96]
The three-dimensional shape of octahedron 36 has been proven by
cryoelectron microscopy.[23] When one of the three Borromean rings of
construction 37 is cut, the other two rings are unlinked.[98] Reprinted
from the references cited.

This object is a more-rigid wire frame than the cube because
its triangular sides fulfill the tensegrity concept (see Section 4.1). The conformational stability of the tetrahedron was
recently validated through AFM imaging with an ultrasharp
tip. Three upper edges were recognizable, and external force
could be applied to the tetrahedron using the AFM tip.[97]
Another example of a putative DNA tetrahedron containing
chemically linked trisoligonucleotides was reported by von
Kiedrowski et al. (see Section 4.3.3).[55]
Geometric objects have even been produced from genetically encoded DNA. Shih et al. designed a 1669 nucleotide
ssDNA which, after addition of five 40-mer oligonucleotides,
readily folded into a connected structure of five DX and seven
PX tiles, thereby producing a 3D object with an octahedral
shape (36, Figure 13).[23] As evident from cryoelectron microscopy analysis (Figure 13), this octahedron revealed a rigid
and well-defined three-dimensional shape because of tensegrity resulting from its triangular sides. Tensegrity clearly
proves to be a promising tool for the design of 3D DNA
nanoarchitecture. Finding base sequences that adopt the
intended structure is not much more difficult than in the twodimensional case, but the major problem is to find structures
stable enough to withstand the forces of gravity.
A set of Borromean rings, which are interconnected rings
that are all disconnected by cleavage of just a single ring, was
also made for DNA (37, Figure 13).[98] In this assembly, two
three-armed junctions where designed such that only one of
them adopts the usual B-DNA conformation while the other
one was in the Z-DNA conformation.
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5.3. A Three-Dimensional DNA Lattice
Recently, Seeman and co-workers reported a regular,
continuous 3D DNA lattice.[88] The three-dimensional structure was analyzed by X-ray diffraction analysis and shown to
consist of three repeating layers of parallel helices. Helices of
adjacent layers interchange strands where they cross, thus
fixing the layers relative to each other. All the helices within a
layer run parallel to each other at a distance of 20 8 and are
rotated 608 relative to those of the adjacent layers. As a
consequence, solvent channels are formed which run both
parallel and perpendicular to the helical axes. Surprisingly,
the rather complex construct is comprised of various copies of
only a single 13-mer oligonucleotide. Four copies of this
oligomer form a three-dimensional building block that
consists of two short helical regions connected by strand
crossovers. Another striking aspect is that the entire construct
is held together by only a few base pairs formed by Watson–
Crick complements. The strands are mainly assembled by
parallel-stranded homo-base pairing, mainly occurring
between guanine and adenine bases, respectively, and the
supramolecular structure is additionally stabilized by interstrand stacking between base pairs of different strands.
Variable-length insertions between the helical regions and
interlayer junctions defined the spacing of the lattice and thus
the dimensions of the solvent channels. The authors anticipated that such lattices from DNA might be used as scaffolds
which host guest molecules inside the solvent channels,
thereby allowing for the X-ray crystallographic analyis of
the guests.[88]

6. Applications of DNA Nanoarchitectures
The term “application” in the context of DNA nanoarchitecture does not refer to commercial products available
on the market, and we assume that these can only be
envisioned in the long-term. At present, applications only
concern the distinct utilization of structural and functional
properties of DNA nanoarchitecture, such as the directed
positioning of molecules and nanoparticles using a DNA
scaffold, the generation of electrically conducting elements
through metalization of DNA architecture, the use of DNA
assemblies as mechanical elements, and the utilization of the
informational content of DNA constructs for computing.
While the first two types of application have already been
discussed in the context of the description of structural
features in Sections 3–5, we will focus here on DNA nanomechanical devices and DNA computing.

6.1. DNA Computing
In 1994 Adleman demonstrated that DNA can be used for
computationally solving a small example of a standard
problem in computer science.[99] Since this initial example, a
large number of publications have followed that describe
various approaches to exploit the parallel reaction of large
numbers of molecules for highly parallel computing in very
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small spaces. Since excellent reviews on the topic of DNA
computing are already available,[100, 101] we will limit this
Review to approaches for DNA computing which are based
on regular assemblies of DNA motifs as building blocks.
However, we will initially describe an example where the
biochemical manipulations are rather basic so as to introduce
the general concepts of DNA computing, the type of
problems that can be addressed, and how logic calculations
can be carried out by means of biochemical techniques.
The simplest type of DNA assembly, that is, the hybridization of a single-stranded oligonucleotide with its Watson–
Crick complement, represents an efficient method of employing molecular recognition and extraction of information. This
approach was applied to surface-based DNA computing,
where capture oligomers were immobilized on a solid surface
to solve a satisfiability problem of Boolean functions, which is
a computationally hard, standard problem in computer
science.[102] A Boolean function takes vectors (x1, …, xn) of
n bits xi, each of which can take the values 0 or 1, as arguments
and delivers a 0 or 1 as a result. Such a function can be
described by a term consisting of the variables xi and Boolean
operators NOT, AND, and OR. NOT turns a 0 into a 1 and
vice versa, AND results in 1 only if all arguments equal 1, and
OR results in 1 if at least one of its arguments equals 1
(Table 1). In the satisfiability problem, this term is comprised
of so-called clauses linked by AND operators. Each clause
consists of variables and negations of variables linked by the
operator OR. For example, “(x1 OR x2) AND (x1 OR NOT x3
OR x4)” would be a valid function description. The problem is
to decide whether there is at least one argument vector (x1, …,
xn) such that the given function maps this vector to the result
1. For the function to result in 1 (to be “satisfied”) for an
argument vector, each clause has to result in 1.
Table 1: Boolean operators.[a]
x

y

NOT x

x AND y

x OR y

x XOR y

0
0
1
1

0
1
0
1

1
1
0
0

0
0
0
1

0
1
1
1

0
1
1
0

[a] x and y are the arguments which can take the values 0 or 1; the four
columns on the right-hand side show the results of the four operators
NOT, AND, OR, and XOR for each argument combination.

In the surface-based DNA computing experiment[102] a set
of DNA oligonucleotides representing each of the 2n possible
vectors were immobilized. The strands encoding for vectors
which did not satisfy the given function were removed from
the surface by iteration of the following process: one clause
was regarded in each cycle. To this end, complementary
oligomers representing arguments that satisfied the currently
regarded clause were hybridized to the vector strands. These
complementary strands were selected by hand, which is a
major weakness of this method because this step can become
very laborious for large numbers of variables. Digestion of
immobilized oligomers that were still single-stranded
removed invalid vector candidates (which did not satisfy
this clause) from the surface. The duplexes were then melted
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and the complementary oligomers were removed by washing.
The parallel hybridization of several different oligomer
species protected several different vector-encoding strands
from digestion simultaneously, and hence, the digestion
represented a logical OR operation. The iteration of the
hybridization, digestion, melting, and washing steps, each
time for a different clause of the given function, resulted in a
progressively narrowing selection of argument vectors, and
thus, a logical AND operation. Finally, only strands representing argument vectors that satisfied all the clauses and thus
the whole function were left on the surface as a result of the
logic computation.
One major drawback of this approach concerns the
general problem shared by all DNA computing models for
solving hard computational problems. Even though the time
needed for the computation grows only polynomially with the
number of variables, instead of exponentially as is the case for
conventional computers, this advantage is paid for with an
exponentially growing number of DNA strand species
required to carry out the computation. Furthermore, the
time required for this approach only grows polynomially if
one only counts the steps described above. One step, namely,
the selection of complementary oligomers for hybridization,
will, however, grow exponentially, because the number of
different oligomer species to be selected depends exponentially on the number of variables.[103] Furthermore, this
selection step is actually a part of the calculation and should
not be left to the human operator, but should be executed by
the molecular computer itself.
With respect to an approach where complete computations are executed just by the assembly of DNA motifs and
without human interaction, Winfree et al. described the
similarity of DNA crossover tiles to Wang tiles—a mathematical model of two-dimensional geometrical shapes with
colored edges.[104, 105] Two such tiles only assemble if the joint
edges have the same color (Figure 14). The assembly of Wang
tiles can be used to simulate a cellular automaton. This is a
theoretical model of a computer which can, in principle,
execute any calculation done with a conventional computer.
By simulating the Wang tiles with DX motifs and edge colors
with sticky end complementarity (see Figure 14), Winfree
et al. showed that a two-dimensional self-assembly of DAEDX tiles (16) can also be used to execute arbitrary computations. As an example, they designed a set of DX tiles
capable of solving a small example of the Hamilton-path
problem. This is a computationally difficult standard problem
in computer science, where the task is to search for paths
along edges through the graph such that every vertex is visited
exactly once.[104]
Recently, Jonoska et al. suggested that transducers,
another theoretical model for computers, can be simulated
by the assembly of TX tiles, such as 20.[106] This molecular
computing model is called algorithmic self-assembly. This
approach is elegant because the complete computation
(except the read-out of the result) is executed through
hybridization and ligation. No other laborious steps, such as
PCR, gel electrophoresis, or oligomer extraction with magnetic beads, which were used in AdlemanFs pioneering work,
are needed. Therefore, algorithmic self-assembly is a very
Angew. Chem. Int. Ed. 2006, 45, 1856 – 1876

Figure 14. Computational assembly of the DNA tile motifs. Tiles with
color-coded edges (Wang tiles, top left; colors represented by letters)
can be assembled according to the edge codes (bottom left), thereby
executing computations.[104] When such tiles are represented by
examples of DX motifs, such as 16, and the edge code is mapped to
sticky-end complementarity (top right), the computation can also be
executed by self-assembly of the DX tiles into a two-dimensional array
(bottom right). The left AFM image shows such an assembly. The
protruding hairpins of two tile species, constructed in an analogous
manner to motif 19, produce clearly visible stripes.[63] In the AFM
image on the right, gold nanoparticles were attached to the hairpins.[66]
AFM images are reproduced with permission from references [63]
(left) and [66] (right).

promising step towards energy- and time-efficient molecular
computing. It is also very interesting from a designerFs point
of view, because it can be applied to noncomputational
applications as well. Similar to the choice of a set of simple
rules and instructions determining an entire computation, the
corresponding sticky-end complementarity of the crossover
tiles determines the assembly. Therefore, these rules can be
used as a high-level design language for the self-assembly of
tiles which must be translated to base sequences for the sticky
ends. The authors anticipated that, similar to a relative small
computer program which is capable of executing a rather
complex computation, a small set of different tiles might be
sufficient to predetermine the structure of complex selfassemblies.
The concept of algorithmic self-assembly was impressively
demonstrated by Rothemund et al., who assembled DX tiles,
such as 16 and 17, into Sierpinski triangles.[107] These are
symmetric triangular structures which represent the iteration
of XOR calculations of neighboring binary digit bits in a
vector. The first row of the assembly stands for the input
vector, has one digit set to 1, and all other digits set to 0. In
each following row, a tile is attached to sticky ends of two
neighboring tiles in the preceding row which encode the value
of the represented digits. The XOR operation of two binary
digits results in 1 if, and only if, one digit equals 1 and the
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other digit equals 0 (Table 1). Each attached tile
represents this operation by its combination of sticky
ends. It presents sticky ends encoding 1 to the next row
if, and only if, the two sticky ends connecting it to the
preceding row encode a 0 and a 1. The marking with a
protruding hairpin loop (as in motif 19) of tiles that
represent XOR operations resulting in 1 results in a
symmetric triangular pattern of loops (the result of the
corresponding XOR operation = 1) and no loops
(result = 0). Although relatively high rates of incorrect
hybridization of up to 10 % occurred during the
assembly, the authors were able to demonstrate by
virtue of AFM analysis that this strategy led to the
production of large crystals of the Sierpinski triangle.[107] These examples demonstrate that the concept
of algorithmic self-assembly, in principle, works and
Figure 15. Cumulative XOR calculation through assembly of DNA tiles.[108] The
can, in practice, be applied for solving some small
two black tiles initiate the self-assembly process; they are connected through
problems. However, it has not yet been applied to the
an edge/sticky end marked with C and offer sticky ends for the attachment of
assembly of highly aperiodic superstructures comthe x1 and y1 tiles. The blue tiles represent the values of the xi digits, which offer
prised of larger numbers of tile species. This would be
sticky ends complementary to those of the yi tiles. The xi tiles are connected
through position-encoding sticky ends labeled Si. The red tiles represent the
needed to compute problems of interesting size or to
values of yi attached to the assembly depending on the sticky ends encoding yi-1
construct, for example, complex circuits.
and xi. Edges with no labels represent blunt ends. The bottom drawing shows
If TX tiles are constructed such that they are
an implementation of the tile self-assembly with TX motifs 20.
comprised of two DAO-DX tiles which share the
central helix (see, for example, motif 20 in Figure 8), a
reporter strand is available. Hence, the ligation of selfCrossover tiles containing four helices, constructed in a
assembled TX tiles produces a single DNA strand that runs
similar manner to the basic motifs 17 and 20, were suggested
through the entire set of tiles of the array (see, for example,
to be potential building blocks for the assembly, from a
the green strand in 20). Since reporter strands are used in
topological point-of-view, of three-dimensional graphs to
DNA nanoconstruction to prove that the tiles are, indeed,
solve Hamilton-cycle problems.[109] These are another class of
assembled into the expected structure (Figure 2), this method
computationally hard standard problems in computer sciencan also be used as an output of a computation which is
ces related to the Hamilton-path problem described above,
executed by the self-assembly process.
but here the starting vertex must also be the ending vertex.
Mao et al. used the one-dimensional self-assembly of TX
The in vitro realization of this approach, however, has not yet
tiles to calculate a binary arithmetic function, namely
been demonstrated.
cumulative XOR of a 4-bit binary number.[108] The XOR
Multilayered arrays of DNA tiles, in principle, offer the
possibility to separate the function to be calculated from the
operation is described above. Cumulative XOR takes a series
input, output, and intermediate results of the computation.
of input digits (x1, x2, …, xn) and calculates a series of output
Based on this concept, Carbone and Seeman proposed a
digits (y1, y2, …, yn). The first output digit y1 is initialized with
simulation of Boolean circuits.[110] These are circuits of logic
x1, and each following output digit yi (with 1 < i  n) is the
result of the calculation yi1 XOR xi. The cumulative XOR is
gates which can be used to calculate arbitrary functions of
binary arithmetics by mapping input vectors of binary digits to
calculated by assembling two parallel rows of tiles
single-result digits. Each such function is represented by a
(Figure 15). The rows start with special initiation tiles, one
triangular circuit comprised of two types of gates. One type
of which provides a sticky end encoding for y1 = 0, and the
calculates the binary NAND operation on two binary digits
other a sticky end complementary to one sticky end of the x1
which results in 1 if, and only if, both digits equal 0. Each
tile. Thus, a complete row of the input-encoding tiles can be
binary function can be formulated using only NAND
assembled (the blue tiles in Figure 15), connected by sticky
operations. The other gate type represents the identity
ends that represent position information (symbolized by Si).
function, which simply passes on its input. The identity
Each of these tiles offers a sticky end that encodes the value of
gates are only used for closing gaps to gain a triangular
digit xi to the second row. As can be seen in the Wang tile
structure of the circuit. Such a circuit, in turn, can be
example in Figure 15, two edges (sticky ends) encoding the
implemented by a triangular self-assembly of TX tiles, in
values of xi and yi1 determine which species of XOR tile (red)
which the different species of tile motifs define where to
can bind to these edges. The correct tile species carries an
position NAND gates and identity gates.
edge encoding the correct value of yi for attachment of the
The distances between sticky ends and crossover points in
next XOR tile. The final result yn is encoded in the last, free
the gate-coding DNA tiles were chosen such that, after selfsticky end of the XOR tile row. Subsequent to the assembly
assembly, the lateral helices (here called pawns) protrude
reaction, the complete computation and the solutions can be
roughly perpendicular above and below the plane of the tiles,
reproduced by reading out the reporter strand by using
similar to the situation described above for the generation of
hybridization-based assays or DNA sequencing.
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striped patterns (see motif 21 in Figure 8). The pawns can
then be used to attach a second layer on top of the first one. In
this second layer the actual calculation of the function for a
specific input vector is executed, whereas the first layer
defines the function for arbitrary input vectors. A first row of
TX tiles, which are attached to the pawns of the first row of
the first layer of tiles, encodes the binary input vector. Each
sticky end oriented toward the second row encodes one bit. In
the second and all the following rows, operation tiles
representing elemental binary operations are ligated to the
preceding row. There is a tile species for each possible
combination of input bits (encoded by the sticky ends
connecting the tile to the preceding row) and operation
(NAND or identity, encoded by protruding sticky ends
complementary to the appropriate pawn of the first layer).
The result of the represented elemental operation is encoded
by the tileFs sticky end oriented towards the next row. These
operation tiles hybridize to the input bit combinations
provided by the preceding row and to the pawn of the first
layer whose species defines the operation type. They then
offer sticky ends to the output bit (the intermediate results)
for further hybridization of the next row. The final row
contains only one tile (the tip of the triangle) whose output
sticky ends represent the final result. The authors also
suggested a method involving PX-JX tiles to render the
circuit layer programmable (and thus reusable) after selfassembly (see Section 6.2). Since this approach basically
employs three-dimensional self-assembly, its experimental
realization appears to be particularly difficult and has not yet
been demonstrated in vitro.

6.2. DNA Nanomechanical Devices
DNA is not only useful for the construction of static
scaffolds but it can also be used for the fabrication of dynamic
assemblies.[111, 112] Distinct base pairing can be switched by the
addition of thermodynamically more favorable binding
partners and conformational changes of the nucleic acid
molecule as a consequence of environmental changes. These
conformational changes offer a large number of possible
actuation principles for dynamic DNA devices, which then
may actually perform mechanical work. Such environmental
changes include the variation of salt concentrations that
control supercoiling,[113, 114] the transition between the B and
Z conformation of a DNA double helix,[115] the reversible
formation of a G quadruplex with K+ ions,[116] as well as the
formation of C-quadruplex motifs[117] and triple helical
structures[118–120] by alteration of the pH value. All these
structural changes are reversible and, hence, the direction of
the transition can be inverted by oscillating the ionic strength
of the environment.
Another method, called strand replacement, which results
in the selective formation of duplexes by hybridization
(Figure 16), can also be made reversible by the simple
addition of a well-designed DNA oligonucleotide. If one
strand of a duplex has a dangling end (in this context often
called “toe hold”), the perfect Watson–Crick complement of
the strand can hybridize to this toe hold. Since the additional
Angew. Chem. Int. Ed. 2006, 45, 1856 – 1876

Figure 16. Strand replacement and nanomachines. The strand replacement mechanism is demonstrated with the DNA tweezers from Yurke
et al. (top).[121] The tweezers consist of two arms Tb and Tc connected
through a hinge strand Ta. Hybridization of a fuel strand Fc containing
regions complementary to the single-stranded regions of both arms
closes the complex. Another fuel strand Fo that is the perfect complement of Fc hybridizes to the single-stranded toe hold of Fc. Branch
migration leads to formation of a perfect duplex of Fc and Fo, thus
opening the structure again. The bottom image shows a schematic
drawing of how this method is used in the PX/JX2 nanomachine to
change between conformations 22 and 23. The AFM images show an
experimentally realized example, where the orientation of half hexagons along a linear array is switched through PX-JX2 transition of the
connecting tiles. The images are reprinted with permission from
reference [111].

base pairs along the toe hold make the perfect duplex
energetically more favorable than the shorter already-existing
duplex, and the duplex is also more stable than the
intermittent branched three-stranded structure, the perfect
complement replaces the shorter strand through branch
migration. This principle has been used in several DNA
nanomachines, as demonstrated by the research groups of
Yurke, Turberfield, and Simmel. The mechanical devices
constructed from DNA included tweezers,[121] scissors,[122] and
actuators,[123] where strand replacement opens and closes the
arms of these devices, as well as a number of expansions and
combinations of these three approaches.[118, 124–127]
The extension and contraction of DNA molecules can be
achieved simply by the opening and closing of hairpin
loops,[128] or, more elaborately, by the transition between a
G quadruplex and duplex conformation.[127, 129] Simmel and
co-workers employed the latter method in an outstanding step
towards a real-world application.[127] They opened and closed
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a G-quadruplex-shaped thrombin-binding aptamer by strand
replacement. This process allowed the release or binding of a
thrombin molecule in the presence of a specific DNA
sequence. Xiao et al. modified this approach to develop a
thrombin detector.[130] They immobilized the aptamer on a
gold electrode and labeled it with methylene blue (MB). In
the absence of thrombin, the aptamer is in a conformational
equilibrium between the G quadruplex and the unfolded state
such that the MB labels of unfolded aptamers may enable
efficient electron transfer with the electrode. The presence of
thrombin shifts this equilibrium towards the thrombin-binding G-quadruplex conformation, thus altering the electrontunneling distance and thus inhibiting electron transfer.
Seeman and co-workers have fabricated more-complex
devices from crossover tiles which are capable of changing
between the PX conformation and its topoisomer JX2. As
depicted in Figure 16, the replacement of strands involved in
the central crossover induced the rotation of pairs of sticky
ends within the PX motif.[131] This constructional concept has
recently been extended to create a DNA nanomechanical
device which can produce specific DNA polymers from short
oligonucleotides. To this end, a linear array of pairs of
diamond-shaped motifs was connected by PX/JX2 units.[84]
Here, the conformational state of each unit (PX or JX2)
determines which of the two diamond motifs of a pair lies on
which side of the DNA array. Additional DX motifs were
hybridized to sticky ends provided by the diamond motifs.
Further hybridization and ligation resulted in the formation
of two linear assemblies parallel to the diamond-pair–PX/JX2
array, one on each side. Since the presence or absence of
switching oligomers which induce strand replacement determines the sequence of the diamond motifs on each side of the
array, they also determine the series of sticky ends provided
for the attachement of DX tiles. Therefore, the order in which
the DX motifs are assembled can be precisely adjusted. The
devices align a number of DX tiles in a specific order in
response to the DNA signals (the “set strands”) and then they
can be fused together by ligation. Since there is no transcriptional relationship between the set strands and the product
strand, this device has potential applications in the synthesis
of DNA polymers, encryption of information, and as a
variable-input device for DNA computing.[84]
Another device which can produce a stimulus-sensitive
response is the “molecular finite state machine” developed by
Shapiro and co-workers.[132, 133] The computational model of
the finite state machine processes a sequence of input symbols
in succession, while its molecular analogue processes an
elaborately designed DNA duplex. This is achieved by
iteratively cutting the DNA duplex with the restriction
enzyme FokI and ligating “software duplexes” to the newly
produced sticky end, thereby defining the position of the
following cut. Similar to the model that recognizes input
sequences of certain properties by assuming an accepting
state, the DNA equivalent could be used to recognize a
combination of RNA transcripts and release a terminating
molecule that effects the expression of genes.[134]
Other examples of DNA nanomechanical devices include
walking and rolling DNA constructs,[135–138] molecular
gears,[139] the reversible aggregation and dispersion of gold
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nanoparticles,[140] and a game computer that never loses a
match of tic-tac-toe.[141]
From a design point-of-view, the basic elements of
nanodevices and the sequences of their oligonucleotide
building blocks are often very similar to those used for
static assemblies; only the precise role of the elements may
change: double helices can be levers instead of scaffolding
rods, and bulges or other single-stranded elements can serve
as hinges, not only as tendons. The overall design of nanodevices, however, is clearly more complex than that of static
assemblies, because one not only needs to consider the single
conformational state desired, but at least two or even more.

7. Conclusions and Perspectives
The large increase in relevant publications in this field
clearly indicates that the design and fabrication of DNA
nanoarchitectures is far more than an intellectually fascinating game. In particular, recent advances in the utilization of
comparatively simple symmetrical structures (for example, 9
and 10 in Figure 6 or 12 in Figure 7) have generated promising
ways for real-life applications that are based on the directional positioning of proteins and nanoparticles or of nanoscale electron-conducting elements. However, many other
applications, such as scaffolds for the assembly of morecomplex arrays comprised of various different proteins and
nanoparticles, or the computational solution of problem
instances on a mathematically relevant scale, will essentially
depend on the design of highly asymmetric, large-scale selfassembling architectures. Although DNA has clearly been
proven to be a most promising construction material for such
applications, significant problems in terms of scaling-up the
process need to be solved in the future.

7.1. Scalability and Sequence Design
As already discussed above, the design of DNA sequences
for applications in nanoscience needs to take into account, in
particular, the avoidance of unintended hybridization of the
sequences selected. This can be achieved by minimizing
sequence symmetry. One serious problem that future developments in DNA nanotechnology are likely to face concerns
scale, that is, the ability to render DNA nanoarchitectures
such that larger and/or more-complex patterns are formed,
which will demand the integration of more different addressable sites, and therefore, more unique sticky ends. This
increasing number of sticky ends consequently requires
increasing lengths of DNA sequences, which may lead to a
loss of unique subsequences, that is, the number of subsequences appearing more than once in the set of all sequences
will grow. This, again, increases the likelihood of unwanted
cross-hybridizations, and therefore, decreases the yield of the
desired assembly products.
This general problem can partly be circumvented by
hierarchical construction. The building blocks (for example,
junctions or tiles) are first produced in separate reactions and
are then assembled into higher order structures in a second
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step. In addition, proper sticky ends can be incoporated
subsequently into building block synthesis in an intermediate
step, for example, by restriction of stem-loop structures using
endonucleases.[142] If the building blocks are sufficiently stable
and inert against strand invasion, only the specific binding of
the sticky ends of the building blocks need to be considered in
the second step. Another successful attempt to use strands
economically is the application of symmetry to motif design,
that is, the multiple usage of the same strand for different
parts of a motif, for example, for different arms of a 4 H
4 tile.[49] However, these strategies postpone, but do not
solve, the problem of scale. In the majority of the existing
studies, the sticky ends had lengths between four and eight
nucleotides. If a particular application demands a large
number of different tile species, for example, to assemble
extended and highly asymmetric arrays, sticky ends have to be
comprised of more nucleotides to enable specific discrimination during hybridization. Also, longer “toe holds” for
strand replacement might be needed to improve strand
exchange kinetics.[143] The requirement of long sticky ends
also necessitates the incorporation of more helical turns and
larger spaces between the junctions and binding sites (for
example, proteins), thereby increasing the minimal size of
such constructions.
As a possible solution, Winfree and Bekbolatov proposed
to complement error prevention (the avoidance of crosshybridization) with error correction (the repair of crosshybridization after its occurrence).[144] To this end, each tile of
a two-dimensional assembly is separated into four tiles which
assemble into the complete tile through unique internal sticky
ends. Cooperative binding stabilizes correct connections, but
an incorrect hybridization only results in the self-assembly
process continuing with additional errors, thereby further
destabilizing this unwanted conformation. The introduction
of error correction may prove to be a valuable addition to
DNA nanoarchitectures, but it aggravates the scaling problem
of sequence design because an even larger number of unique
sticky ends need to be provided. Hence, applications of DNA
nanoarchitecture on a larger scale and with a significantly
higher complexity than the examples currently reported
essentially require the development of sophisticated computer programs for the design and selection of DNA
sequences.[14–16]
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7.2. Outlook
A number of exciting developments in the near future
may be anticipated from the designs, constructions, and
experimental results reported in this Review. Addressable
regular DNA arrays for the attachment of molecular and
colloidal components for sensing and screening may soon
become reality and may have the potential to be a standard
laboratory technique. Hence, this approach appears to be
promising for commercial applications. However, to facilitate
mass production, one must not only be able to characterize
the structural integrity of the self-assembly products, but one
also needs to systematically quantify the yields of correctly
assembled structures. To this end, suitable analytical assays
Angew. Chem. Int. Ed. 2006, 45, 1856 – 1876

need to be developed, which are likely to combine biochemical and imaging techniques.
With respect to nanoelectronics, the successful production
of conducting nanowires by means of DNA templating has
already been demonstrated,[145] and the next steps for the
construction of more-complex electronic components and
circuits will require the development of original and innovative concepts for tailoring the structural diversity and
connectivity of DNA architectures.[146, 147] An additional
critical point concerns the production processes, that is, the
self-assembly, which should be performed under physiological
aqueous conditions, and the post-assembly processing, which
usually requires harsh chemical conditions or even dry-state
manufacturing.
The most challenging goals probably concern the development of nanomechanical and self-replicating devices, which
may open the door to autonomous machines. To this end, the
mechanical work performed by DNA devices will have to be
exploited for a sensible, productive use, for example, be
incorporated into a larger DNA scaffold. Such architectures
might be capable of conducting a logic computation as a reply
to certain stimuli. First examples in this direction have already
been described,[127, 134] and they might be considered as very
initial steps towards the fabled autonomous nanorobots
(nanobots) that heal wounds and perform surgery inside a
living organism. Although the development of efficient
methodologies for sequence design will be mandatory for
the realization of these perspectives in the future, we would
like to emphasize that the number of contributions to this
young field is steadily increasing.[150] Therefore, one may
anticipate that novel and nonconventional approaches will
emerge to solve the problems currently existing. To end this
Review, we would, therefore, like to cite the pioneer of DNA
nanoconstruction Nadrian Seeman: “As with any craft
material, the structural applications of DNA are limited
only by the imagination”.[148]
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