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Abstract

DNA nanotechnology, the design and self-assembly of artificial nucleic acid-based structures or systems,
has developed with breathtaking pace in recent years. The technology offers an unparalleled ability to
control structure and function at the molecular level and the sizes of the structures are expanding
towards the micrometer domain. The question is whether the technology offers solutions to any real-life
problems, or if it will remain an academic discipline. Here, we discuss this question by extrapolating from
recent developments in the field.

Introduction
DNA nanotechnology has evolved from Ned Seeman’s
work on immobile DNA junctions and his vision about
organizing proteins and other materials in lattices created
by such junctions [1,2]. The first revolution in the field was
the development of tile-based 2D structures in the late
nineties, as such structures enabled imagingby atomic force
microscopy and provided new structural insights [3]. In
2003, Yan et al. [4] proposed the implementation of longer
scaffold strands as templates for tile assembly. One year
later, in 2004, Shih et al. reported the design and assembly
of octahedral DNA, consisting primarily of a long single-
stranded heavy chain [5]. These advances led to the second
major breakthrough, namely the invention of the DNA
origamimethodbyPaulRothemund in2006 that suddenly
enabled design and formation of arbitrarily shaped DNA
nanostructures containing around half a million atoms
or around 14,000 nucleotides [1,2,6]. This method soon
evolved from 2D into 3D, and recently a complementary
andmoremodular DNA tile/brick-basedmethod has been
developed [7-9]. Typical sizes of such DNA nanostructures
are 100*70 nm2 for 2D DNA origami and 25*25*25 nm3

for 3DDNAorigami structures, but obviously this depends
on the scaffold used and the structure design.

Many intriguing structures, ranging from 2D structures,
solid brick structures, DNA boxes and spheres, tensegrity

structures, various polyhedra, DNA structures with
curvature and so forth, have beenmade [7]. Furthermore,
several dynamic structures have been made, including
walkers following designed tracks inspired by motor
proteins such as dynein and kinesin [10]. While these
examples have demonstrated the structural and func-
tional power of DNA origami, none of these structures
have any applications.

The main challenges for extension of DNA nanotech-
nology to real-life applications are to find ways to take
advantage of the structural and dynamic features. The
complexity of the structures used in DNA nanotech-
nology is a double-edged sword. The advantages are
the freedom to attach a plethora of functionalities e.g.
proteins, small molecules or inorganic materials in any
desired pattern or orientation. The downsides of this
complexity are typically low yield, small production
scale, and the cost of synthetic DNA. For most academic
purposes these disadvantages are not huge, but if these
complex structures are to be produced commercially
they will have to be addressed.

For some applications it is also a challenge that DNA
nanostructures are labile and highly sensitive to ion-
strength, temperature and nucleases. Furthermore, as a
material, DNA nanostructures are soft and still so small
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that it is very difficult to address individual structures
efficiently. However, there are a number of examples, in
particular in the recent literature that indicate solutions
to at least some of these challenges, and in the following
overview we will discuss them together with an assess-
ment of the future potential of DNA nanotechnology.

Functional DNA nanostructures
One of the first applications of DNA origami was for
structure determination of membrane proteins by nuclear
magnetic resonance (NMR). William Shih and co-workers
designed 0.8 mm-long dimers of DNA-origami six-helix
bundles and these nanotubes served as a detergent-resistant
liquid crystal to induce weak alignment of membrane
proteins [11]. The alignment allowed accurate measure-
ment of backbone residual dipolar couplings and this was
first used for NMR structure determination of a protein
with a known structure previously determined by X-ray
crystallography. Having verified the method, it was then
used to determine the structure of mitochondrial uncou-
pling protein 2, a membrane protein with a previously
unknown structure [12]. In this scenario, it is simply the
DNA origami’s ability to form liquid crystals when
highly concentrated and its stability in the presence of the
detergents used to solubilize membrane proteins that make
it a useful tool.

In another recent example, Douglas et al. integrated
several degrees of function into a DNA nanostructure to
create a DNA robot that could recognize diseased cells
and induce apoptosis in them [13]. The recognition of
disease-specific proteins at the surface of cells was
mediated by aptamers attached to the DNA structure.
Upon recognition, the barrel-shaped DNA structure
opened and revealed antibodies attached to its interior,
and these antibodies in turn induced apoptosis by
interaction with other cell surface proteins. This DNA
robot was an elegant model system and, while its function
was only demonstrated in cell cultures, this example
illustrates the great potential of DNA origami as a smart
drug. Others have used DNA origami structures as carriers
for the anti-cancer drug Doxorubicin [14,15], showing
increased potency compared with normal Doxorubicin –

more curiously it appeared to circumvent the drug resis-
tance normally seen with prolonged use of Doxorubicin.
The labs of Liedl and Fan have employed the unique
“addressability” of DNA nanostructures to deliver CpG-
containing oligos to cells where they are recognized by
Toll-like receptors, leading to increased production of key
components of the innate immune system [16,17].
Likewise, Anderson’s lab at Massachusetts Institute of
Technology used a DNA tetrahedron to investigate the
performance of 28 different cancer-targeting ligands [18].
After identifying folate as the most effective ligand, they

employed the unique addressability of DNA nano-
structures to investigate the effect of ligand density and
orientation. When combined with siRNA, these nano-
structures significantly out-performed the siRNA alone.
While much more research is required to address critical
issues like stability of the structure towards degradation,
immunogenicity, distribution in tissue etc., these initial
reports allow for optimism.

In an evenmore recent example, Langecker et al. created an
artificial DNA-origamimembrane channel [19]. Again, the
function of the structure (in this case the ability to insert
into a phospholipid vesicle membrane) was achieved by
integrating other materials into the structure. In this case,
26 cholesterolmoleculeswere inserted into a surface of the
structure, resulting in the forced penetration of a DNA
six-helix bundle through the membrane. The six-helix
bundle contains an ~2 nm cavity and the Munich-based
team showed that the channel performs amazinglywell on
the basis of electrophysiological measurements, which are
comparable to natural protein membrane channels. The
authors also demonstrated that the DNA channel is an
excellent platform for single molecule sensors. What may
be even more interesting is the possibility that the DNA
channel may be able to interface and communicate with
living cells. Furthermore, the demonstration of an artificial
DNA structure that can penetrate a lipid membrane may
lead to the design of novel DNA-based drug delivery
vehicles.

Future perspectives
With the development of DNA origami, a plethora of
academically interesting and aesthetically beautiful DNA
nanostructures have been created, but DNA nanotech-
nology is nowmoving from design and structure to focus
on function. The focus of the examples discussed here
have been interactions with biological entities, but the
integration of DNA nanostructures in electronic circuits
[20-24], or as a tool for studying the interactions between
inorganic materials [25,26], are also being pursued.
Moreover, 2D DNA origami structures have been used as
a platform for a variety of interesting single-molecule
studies, most prominently by high-speed atomic force
microscopy [27].

Apart from the application of DNA tubes for membrane
protein NMR, the most successful approach to create
DNA nanostructures with potentially useful function is
to modify the structure with other materials, such as
organic molecules (cholesterol and folate), proteins
(antibodies), aptamers, siRNA and carbon nanotubes.
This development has taken place within the last few
years and holds great promise for future applications of
DNA nanostructures.
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Regarding the size of monodisperse DNA nanostructures,
and thereby the ability to address structures individually,
there has been a tremendous development since the year
2000 and, in spite of current challenges of expandingDNA
origami beyond the size of the M13 genome, there is no
reason to believe that the expansion ofDNAnanostructure
size has come to an end.

A major Achilles heel of the complex 3D DNA
nanostructures is the low yields of assembly. Typical
yields of 1% after several days of thermal annealing
leave plenty of room for optimization – in particular
when considering the upscaling required for realizing
many applications. Very recently, the Dietz lab at
Technische Universität München have shown that
proper analysis of the folding process can reduce the
folding time from days to hours, or even minutes [28].
Combined with purification methods appropriate for
larger scale [29] and (potentially enzymatic) produc-
tion methods of the staple strands, this could pave the
way for many more real-life applications.
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