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Preface

This PhD thesis is a summary of a selection of projects I have worked on in
the laboratory of Professor Jørgen Kjems at the Centre for DNA Nanotech-
nology, an integrated part of iNANO at Aarhus University, along with work
performed during my eight month stay from November 2008 to June 2009
at Arizona State University under guidance of Professor Hao Yan.

The main topic of my research throughout my PhD has been DNA nan-
otechnology, where the remarkable self-assembling properties of DNA are
used to create both structure and function at the nanometer-scale. The
studies performed have been very interdisciplinary covering the fields of
physical characterization, chemical modification and biological interfacing.
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Thesis Outline

“Nature uses only the longest threads to weave her patterns, so that each
small piece of her fabric reveals the organization of the entire tapestry”

Richard P. Feynman, 1964

The aim of this PhD thesis is to describe the progress made on projects
I have been involved in covering both the structural and functional side of
the field of DNA-Nanotechnology. The structural advances were attained
through exploring new ways to fold DNA and thoroughly characterizing the
structures with a variety of biophysical techniques. The functional advances
are based on modifications of DNA through chemical and enzymatic attach-
ment of functionality.

The first part of the thesis - Chapter 1 - will present a short overview
of the 30-year history of DNA nanotechnology, followed by a more detailed
description on the latest advances in the field. Here, the emphasis will
be on the development of the DNA Origami technique, controlled dynamic
movement of DNA-based structures and DNA-directed chemistry. There is
also a description of the biophysical techniques used in the experimental
studies of the created DNA nanostructures.

The second part will describe experimental projects carried out through-
out the course of my PhD. Chapters 2-6 have a peer-reviewed article as an
integrated part of the chapter. Chapter 2 describes a project exploiting
nucleic acid recognition of RNA to template a chemical reaction in a site-
specific manner. Chapters 3-5 describe projects related to development and
structural characterization of two- and three- dimensional DNA Origami.
Chapters 6-7 describe modifications of DNA origami, using the strength of
DNA nanoscience to position the modifications.

The thesis is rounded off with a short summary of the results, followed
by personal thoughts on the future direction of the DNA-nanotechnology
field. A future that hopefully one day will give scientists the capability to
pattern functionalities in such a complex degree that they are reminiscent of
the structures found in Nature, so elegantly described by Richard Feynman
in the quote at the top of this page.
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Chapter 1

Introduction

The fact that you, the reader of this PhD thesis, are able to interpret the
letters written on this page is the result of a sequence of reactions performed
by nanometer sized “machinery” in our bodies. At the core of every step of
the way is specific molecular recognition and molecular self-assembly. The
proteins involved must be folded properly, signal molecules must be recog-
nized by only the intended receptor and membranes need to be organized
correctly.

As technical scientists we wish to mimic this. We wish to build devices
that can sense low concentrations of a specific molecule or catalyze a partic-
ular chemical reaction. Furthermore, we strive to go even further and build
complex systems comprised of these biological elements. There exist tech-
niques for selecting proteins or nucleic acids, capable of a specific function,
with methods such as phage display protein selection [1, 2], in vitro evolu-
tion of proteins in water-in-oil emulsions [3], continuous evolution techniques
[4, 5], SELEX [6], etc.. These tools are of great value in the biotechnology
community. However, there is no straightforward way to interface the se-
lected function or molecular recognition with the macro scale world. One
can compare it to the thousands of nanomachines in the cell. It is not the
function alone of an enzyme that is important, but also the location - the
context. And this organization of functions is the ultimate goal in creating
more complex nano-mechanical devices.

To achieve this, self-assembly is needed. For the most part, the organi-
sation of functions in biology is carried out by proteins in the cytoskeleton
and by compartmentalization of the cell[7]. The most obvious method for
copying nature, would be to take the direct path and design our own pro-
teins. However, the complexity in predicting protein structure and function
from the amino-acid sequence has proved to be at monumental task. The
great variety in protein function has a basis in the 20 different amino acids
that proteins are comprised of. The various combinations give an infinite
amount of unique proteins and functions. At the bi-annual competition in

1



2 Advances in structural and functional properties of DNA-nanotechnology

protein structure prediction, CASP [8], the prediction success rate is get-
ting better. However, this is only going from the primary structure - the
amino acid sequence - to the three dimensional structure. There is no el-
ement of predicting a primary sequence with the point of origin being an
enzymatic function or molecular recognition1. In the future, when protein-
folding prediction improves, tailored protein design may be possible. For
now, alternative routes must be utilized to perform self-assembly on the
nanometer scale.

Here, DNA (deoxyribonucleic acid) has shown its’ merit as an exceptional
tool for self-assembly. The role of DNA in the cell is as an information
storage system. The DNA duplex, comprised of Watson-Crick base pairs,
serves as the self-replicating hard drive of the cell. In the field of DNA-
nanotechnology nucleic acids are used in a completely different context. The
predictable base-pairing is used as the basis for structural assembly - as the
glue that holds the constructions together.

Beyond this, DNA has many advantageous properties; i) Oligonucleotides
are built up of four very similar monomers, yielding a simple linear struc-
ture. ii) Even with the simple composition of DNA there is a very high
information content. So high that even short sequences of 10 units give a
sequence space of 410 (≈ 106) unique sequences. iii) Microgram quantities
are available at a low cost in a short time frame. iv) Countless enzymes are
available that can amplify or modify DNA in many ways.

The DNA structures themselves are quite inert structures, due to their
intended function as information storage. To an extent this is an advantage,
because it implies the DNA is stable. However, for any real application to be
derived from the structures, there needs to be interplay with the surround-
ing environment, which demands modification of the DNA nanostructures.
Here, chemistry plays an important role to modify the DNA without alter-
ing the base-pairing capability. To be able to use DNA as a tool, we must
nevertheless first completely understand the molecule.

1.1 Structural features of DNA

DNA is a polymer built up of units called nucleotides. The backbone of the
polymer is composed of alternating 2’-deoxyribofuranose rings and phos-
phates. Each deoxyribose group in the backbone has a nitrogenous base
bound at the 1’ position of the sugar ring[10]. The normal bases for DNA
are adenine (A), cytosine (C), guanine (G) and thymine (T). The well known

1Baker and co-workers have actually recently reported finding an enzyme catalyst for
the Kemp Elimination reaction based on computer design of how the side chains should
be positioned near the reactive site. [9]. The design was not from scratch, as the main
protein scaffold was found in a database to be able to support the location of the side
groups, but the finding is still very impressive and a huge step towards computer-based
design.



Chapter 1. Introduction 3

right-handed double helical structure of DNA was first proposed in 1953 by
Watson and Crick. They proposed a model with antiparallel strands with
the ribose-phosphate backbone on the outside of the helix and the base-pair
recognition on the inside [11]. The full crystal structure of DNA was solved
in 1981 by Drew et al. [12] seen in figure 1.1-right, confirming the structural
model proposed by Watson and Crick.

Illustration	 created	 by	 
Madeleine	 Price	 Ball

Figure 1.1: Left - Illustration of the base-pairing between strands in the DNA double
helix. Right - Structure of a double stranded DNA helix taken from the original crystal
structure of DNA [12]

The two strands are held together by adenine (A) base-pairing with
thymine (T) and guanine (G) base-pairing with cytosine (C) (Figure 1.1).
The base pairing occurs through hydrogen bonds between the bases. There
are three H-bonds in G-C base pairs and only two in A-T base-pairs. Conse-
quently G-C base pairs are more energetically stable and contribute more to
duplex stability. The base-pairing is also what gives the DNA duplexes their
sequence specificity, so only complementary strands form duplexes. Stack-
ing of the π-systems of the bases also contributes greatly to the energetic
stability of the DNA double helix[10].

The temperature at which two DNA strands dissociate is called the
“melting temperature” or Tm. The Tm is measurable by looking at ab-
sorbtion at 260 nm over a range of temperatures. Double helices have a
lower absorbtion at 260 nm than if predicted by the sum of the individual
strands2. Thus, an increase of absorbtion is seen when a double helix is

2This is a result of coupling of transition dipoles between neighbouring stacked bases
[10].
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denatured, and the Tm can be determined[10].

Under physiological salt conditions DNA has a structure termed “B-
form” seen in Figure 1.1. The key parameters of the helix are[10];

• There is one full turn of the helix per 10.5 base pairs

• The axial rise per base pair is 3.4 Å

• As a result the rise per helical turn is approximately 3.5 nm

• The diameter of the DNA helix is 2 nm

These structural parameters are very important to take into account
when designing complex DNA structures so there is minimal strain and
deformation of the system. It is also important to consider the helical pa-
rameters stated above as average values dependent on buffer conditions,
with local structure being dependent on specific variables such as the DNA
sequence[13]. Under high salt conditions DNA may adopt the A-form he-
lix conformation with a slightly higher twist (≈ 11 bp per turn [13]) and a
slightly wider helix diameter.

The pucker, a term describing the conformation of the five-membered
furanose ring, is different dependent on the DNA being in the A- or B-form3

(Figure 1.2 - top). RNA (ribonucleic acid) adopts the A-form helix under
physiological conditions.

A slightly more exotic topology of DNA exists named Z-form. Z-DNA,
first described in 1972 [14], has a left handed helix instead of a right handed
helix. DNA may also form non-Watson-Crick base pairs, with one example
being Hoogsteen base-pairing. Here, a different face of the base is used for
the base-pairing (Figure 1.2 - bottom). This allows the formation of triplex
structures, since a third strand may bind to the major groove of the DNA
duplex [10].

Yet another very important parameter to consider when using DNA as a
building block is the persistence length. The persistence length is a measure
for DNA helix rigidity, which is of major importance when building struc-
tures. The persistence length of double stranded DNA has been determined
in several ways experimentally, all yielding values around 45 nm - 50 nm [15].
One must be careful not to assume that this means that DNA is a completely
rigid rod at lengths of 45 nm - 50 nm. The persistence length only indicates
that there is some correlation between the tangents of the strand at a sep-
aration of the persistence length, so there is still some degree of flexibility.
Single-stranded DNA, with a persistence length of approximately 4 nm, is
much more flexible than double-stranded DNA[16].

3A-form has a C3’ endo conformation and B-form has a C2’ endo conformation
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1.1.1 Nucleic Acid Analogues

Chemists have synthesized many nucleic acid analogs, and tested them for
desirable thermodynamic and biological properties [17]. One that deserves
special mention is locked nucleic acid (LNA). LNA is a nucleic acid analog,
with an O-methyl bridge between the 2’ and the 4’ carbon of the ribose ring.
The bond keeps LNA in the C3’endo conformation, with an A-form helical
structure (Figure 1.2 - top right). Various studies have been performed
on the thermodynamic effects of introducing LNA in oligonucleotides. The
effect observed per LNA nucleotide substitution is a change in melting tem-
perature between +2◦C and +8◦C when a DNA base is substituted and
between +2◦C and +10◦C when an RNA base is substituted [18].

Hoogsteen	 Base	 Pairing	 (T-A)	 	 	 	 	 	 	 	 	 Wobble	 Base	 Pairing	 (G-T)

DNA

C2’	 endo

RNA

C3’	 endo

LNA

C3’	 endo

Figure 1.2: Top - Different ribose sugar conformations. B-form DNA has C2’endo
conformation. A-form (typically also seen in RNA) has C3’endo sugar conformation.
LNA has a O-methyl bridge between the 2’ and 4’ positions keeping it in the C3’endo
conformation resulting in an A-form helix (sugar pucker figure from [19]). Bottom -
Examples of non-Watson-Crick base-pairs [13].

These extraordinary thermodynamic properties make LNA an excellent
tool for DNA nanotechnology giving the possibility to alter the temperature
at which an oligonucleotide anneals to a target strand. As an example of the
advantages that may be gained from LNA substitution, Vester et al. showed
how the incorporation of LNA in a DNAzyme increased RNA cleavage [20].
LNA is also used in the project discussed in chapter 2 of this thesis to
increase the yield of a DNA-templated chemical reaction.

However, there are potential unintended side effects of this stability. Due
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to the high melting temperatures, LNA oligonucleotides have a tendency to
form very stable hairpin structures prohibiting the oligo from binding a tar-
get sequence. Furthermore, since duplex formation with LNA involvement
leads to higher melting temperature, a stronger binding to a suboptimal se-
quence match could occur. Especially if the complementary target sequence
has no LNAs, but an oligonucleotide with a suboptimal sequence has LNAs.
Thus one must take this into account and look at both the sequence and
number of LNA residues, and use the available tools for predicting inter-
and intramolecular folding 4

Structurally, LNA incorporation results in double helices adopting the A-
form configuration locally within the neighbouring nucleotides. This effect
is hypothesized to be an effect of the fixed sugar pucker of LNA perturbing
the ribose rings of the adjacent nucleotides. In spatially confined structures
it is necessary to take the change in helix rotation into account when using
LNA as to avoid strained structures[18].

Therapeutic applications of DNA nanostructures will be dependent on
increased serum stability. Introducing a nucleotide analog such as LNA
could contribute to biological stability. This has already been shown in
the field of siRNA therapeutics, where LNA has drastically increased the
lifetime of the siRNA in serum [21].

The main disadvantage with using LNA and several other nucleic acid
analogs is the high price due to protected property rights. If one disregards
the price, the novel characteristics possessed by the nucleic acid analogs have
the possibility to drastically improve the self-assembling characteristics of a
system, and furthermore improve serum stability if the nanostructures are
to be used in a biological context.

1.2 DNA-Nanotechnology - Early Days

Nadrian Seeman conceived the whole concept of using DNA as a structural
material in the early 1980’s, where he realized that the base-pairing capa-
bility of DNA makes it ideal for self-assembly5. However, DNA has the
problem of having a one-dimensional topology, meaning it may only create
one-dimensional objects. To circumvent this problem, Seeman looked into
branched DNA topologies. An example of this is the naturally occurring
Holliday junction observed in genetic recombination in cells. Holliday junc-
tions have a sequence symmetry permitting branch migration and making

4Exiqon currently has such a tool available at www.exiqon.com
5Seeman conceived the idea at a local pub, when an image by M.C. Escher came to

his mind. The image depicts fish swimming in a regular pattern with other fish lined up
above, below, in front, and behind. He realized that if he combined the right strands of
nucleotides, their sticky ends would meet up and they would automatically conform to a
repeating three-dimensional grid of six-arm junctions, just like Escher’s fish.
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the junctions mobile [22, 23]. Seeman examined how to optimize the se-
quence to create immobile or semi-mobile nucleic acid junctions [24]. He
envisioned ultimately using DNA to help crystallize proteins by attaching
them to a DNA lattice.

In his further research Seeman used the strand crossover of the Holliday-
junction as the basic motif, and expanded this by designing several crossover
points between DNA helices. This keeps the DNA helices parallel, as they
are tethered to each other at more than one point. The multiple crossover
points need to be spaced with a multiple of 1

2 turns to be torsionally phased,
so no tension is introduced in the structures. The double crossover struc-
tures were termed “DX” and model molecules were divided into categories
where the helices are either parallel or antiparallel, and furthermore classi-
fied if there is an even or odd number of half turns between crossovers as
seen in figure 1.3. Studies were also performed on model systems with mul-
tiple crossover between helices, to evaluate which are most stable [25]. The
antiparallel molecules proved to be more stable compared to the parallel.

DAE	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 DAO

DPE	 	 	 	 	 	 	 	 	 	 DPOW	 	 	 	 	 	 	 	 	 DPON

Figure 1.3: Overview of the proposed types of DNA multicrossover molecules. The
arrows represent DNA strands going from the 5’ end to the 3’ end. D:Double Crossover.
A,P: Antiparallel or parallel helices. O,E: Odd or even number of half turns between
crossovers. N, W: Excess minor (N) or major (W) groove separation. Arrows indicate
3’ends of DNA strands. [25]

With this knowledge on the stability of the multiple-crossover DNA
molecules, researchers started using them as so-called “tiles” that could be
joined together by introducing complementary sticky ends. This allowed for
the creation of two-dimensional crystals comprised of these tiles.
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Self-Assembly

AA B

C D

Figure 1.4: Tile-based DNA structures: A) DNA-tile lattice based on the DAO tile
[26]. B) Two-dimensional lattice composed of 4x4 tiles [27]. C) Tube-like structures based
on DNA tiles conjugated to Au-nanoparticles [28]. D) Design and AFM images of the
bundles with a dihedral angle of 120◦ between helices [29].
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The invention and development of the Atomic Force Microscope (AFM)
made it possible to look at these two-dimensional lattices on a surface, as
seen in figure 1.4A, where both two- and four-tile systems were used to create
lattices[26]. Seeman and co-workers also created a triple crossover tile (TX)
that could form large 2D lattices [30]. By introducing hairpin loops on some
of the tiles, rows of small protrusions could be seen, showing great command
over the placement of the tiles.

A set of so-called 4x4 tiles was also presented, consisting of 4 crossover
structures pointing out from a central attachment point with 90◦ angle be-
tween the individual crossover structures (Figure 1.4B)[27]. Sharma et al.
reported a tile based system with Au-nanoparticles on the tiles, that caused
the tiles to fold up in to tubules (Figure 1.4C)[28].

When there are three parallel helices attached with the described double
crossover pattern, there is the possibility to create a dihedral angle other
than 180◦, depending on the number of base pairs between the crossovers
from the middle helix to the two outer helices (Figure 1.5). Mathieu et al.
chose a multiple of 7 base pairs between crossovers, creating dihedral angles
of 120◦. In principle, six helices, with each helix rotated 120◦ out of the
plane of the previous two, should produce a hexagonal bundle containing a
cavity down the middle. This was attempted and AFM images showed good
evidence of the bundle formation (Figure 1.4 D) [29].

180°	 dihedral	 angle
1,5	 turns	 16bp

120°	 dihedral	 angle
1,33	 turns	 14bp

A

B

Figure 1.5: Illustration of how to create different dihedral angles between
helices in DNA-based nanostructures.

However impressive these DNA tile systems are at showing an enormous
strength in self-assembly at the molecular level, it is evident from the AFM
images that there is a problem. There is a lack of control. Especially a
lack of control of lattice size, and errors in the crystals are often seen. Fur-
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thermore, the time consuming tasks of achieving precise stoichiometry and
oligonucleotide purification are pivotal in making the tile-based DNA struc-
tures. Assemblies based on tiles with more carefully designed sticky ends
were shown to form finite sized tile assemblies [31]. To solve the problem
with lack of control, the idea of having a scaffold oligonucleotide to control
the dimension of the DNA nanostructures emerged. Reif and co-workers
showed they could use a long scaffold strand to nucleate smaller DNA tiles
[32]. They also proposed creating a two-dimensional pattern using this tech-
nique (Figure 1.6 A), shown recently by Zhao et al. [33]. William Shih also
pursued the scaffolded strategy creating an octahedron that folded up from
a single 1.7-kilobase DNA strand along with a few shorter strands [34]. The
scaffolded approach removes the need for equimolar concentrations of the
included strands, because an excess of the shorter strands could be added
(Figure 1.6B).

A method for controlled self-assembly in regards of the lattice size is
also possible by forming three-dimensional structures. A finite size three-
dimensional structure implies a finite number of strands in each structure,
eliminating uncontrolled growth. Turberfield and co-workers created a caged
3D tetrahedron comprised of four DNA strands, where they have succeeded
in placing a protein in the cavity of the cage [35], and shown that the
structure changes configuration upon addition of a specific DNA strand [36].

Figure 1.6: Proposed solutions to the lack of control with DNA tiles: A)
Proposed scaffolded tile assembly [32]. B) Octahedron created from one 1.7-kilobase DNA
strand and a few smaller DNA strands [34]. C) DNA polyhedra created by He et al. [37].
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A 3D structure was also created by the group of Chengde Mao in 2008,
where they succeeded in making a number of three dimensional polyhe-
dra out of DNA [37]. An interesting result was that they saw different
structures form from the same basic tile, depending on the concentration of
the tiles. At 50nM, a dodecahedron structure was formed. At 500nM, so-
called “Buckyball” structures were formed (Figure 1.6C). This shows that
the final structure not only is geometry-dependent but also concentration-
dependent.

1.3 DNA Origami

The invention of scaffolded DNA origami in 2006 by Paul Rothemund was
an enormous step forward for the field of DNA-nanotechnology [38]. The
technique resembles the proposal in Figure 1.6A, but instead of holding the
scaffold strand together with tiles, a long 7.249 bp ssDNA is folded directly
by approximately 250 shorter “staple strands”. The staple strands fold the
scaffold strand in the desired pattern of planar antiparallel helices, using a
similar antiparallel double crossover pattern as with DNA tiles.

Rothemund created a variety of different structures, some of which are
depicted in Figure 1.7. The color in the middle row indicates position along
the scaffold. In some of the designs the scaffold is circular, necessitating a
seam in the middle of the origami since the scaffold starts and ends at the
same spot. Examples of a linear scaffold, where no seam is needed were also
shown. The key to making a new design is simply by having staple strands
with the correct sequence.

Figure 1.7: Images of some of the DNA origami structures reported by Paul Rothemund
[38]. The color of the scaffold in the middle row designates scaffold position, where it is
seen that the left structure does not have a circular scaffold, since there is no seam.

An illustration of the folding pattern is seen in figure 1.8, where the
scaffold strand is blue and the staple strands are dark gray. A selection of
the staple strands has been colored to illustrate the crossover pattern. In
the right zoom-in the typical staple strand crossover motif is shown, where
the middle part of the staple strand binds with 16 bp (corresponding to 11

2
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turns). The ends of the staple strands cross over to neighboring helices,
where they bind with 8 bp. In the left zoom-in the pink and yellow strands
have the regular crossover pattern, and the green and red strands build
up the “seam” of the origami. The seam, which as mentioned arises from
the scaffold strand being circular, is a part of the DNA origami, where the
scaffold strand does not continue across the seam. Only the staple strands
continue across the seam. There is also a full schematic overview of staple
strand patterns in appendix B, page 135, which will be discussed further in
chapter 7.

The notion of having a scaffold strand with a large surplus of staple
strands eliminates the need for precise stoichiometric ratios of the involved
strands, as a molar excess of the staple strands compared to the scaffold
will form the structure just as efficiently. After creating the desired design
and synthesizing the staple strands, the folding process is accomplished by
mixing the scaffold strand with the excess of staple strands (approximately
10-fold) in a suitable annealing buffer. A high magnesium-ion concentra-
tion (≈12,5mM) is used to stabilize the high negative charge density of the
origami. The mixture is heated to 90◦C and cooled to room temperature
slowly to arrive at the most thermodynamically favorable product. It has
also been shown that instead of using heat as the denaturing agent with a
subsequent cooling, formamide may also be used to denature the DNA. The
DNA origami structures are created after subsequent removal of formamide
through dialysis [39].

To summarize, compared to tile-based systems DNA origami has several
advantages;

• The stoichiometry of the DNA strands is no longer a problem, since you
simply add an excess of the staple strands, and there is no longer a need
for purification of synthesized oligonucleotides, as truncated strands
have lower affinity than full-length and will not attach in presence of
full length strands.

• The number of unique strands is greater enabling the possibility to
create more complex systems with several functionalities, as each of
DNA staple strands serves as a handle for a unique functionality. One
may view the origami as a molecular peg-board.

• There is a general greater control. There is no large uncontrolled
polymerization as seen in the tile-based systems, and predicted shapes
are assemble completely as designed.
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Goal	 is	 to	 join	 the	 two	 

areas	 circled	 in	 green
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Figure 1.8: A) Design of DNA origami. The scaffold strand is blue. Most of the staple
strands are gray. However, some colored strands illustrate how the staple stands bind
the scaffold strand. On the left zoom-in, the green and red oligos form a seam, which is
necessary when the scaffold is circular. B) Illustration of the advantage of hierarchical
assembly design.
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An important aspect of the design of the complicated DNA superstruc-
tures is that the assembly is hierarchical. A DNA strand that holds two
parts of a given structure together should first attach to the scaffold strand
at one point, at a higher temperature - and to a separate point later during
the cooling process. Without hierarchical assembly, some target areas for a
particular staple strand might not be accessible for assembly due an identi-
cal staple occupying the target (Figure 1.8 B). Therefore strands should be
designed to bind to a longer region at a higher temperature, and then the
shorter regions will bind at lower temperatures. Strand displacement might
ultimately lead to the blocking strand being displaced. However, by design-
ing the hierarchical assembly into the structure, the assembly should happen
in a more predictable fashion, much like nature the hierarchical manner in
which many assemblies occur in Nature [40].

Another important aspect to consider is the scaffold sequence. Some bi-
ological DNA strands have repetitive elements that might lead to misfolding
if a staple strand attaches to an incorrect area of the scaffold due to sequence
similarity. An example is seen in figure 1.9, where two areas of the standard
scaffold (M13mp18) have been aligned using CLC Workbench 5 software,
where a striking sequence similarity is seen between different areas of the
sequence.

G- - - GGTGGTGGCTCTGAGGGTGGCGGT TCTGAGGGTGGCGGT TCTGAGGGTGGCGGTACTAAACCTCCTGAGTACGGTGATACACCTA- T TCCG
T TCTGGTGGCGGCTCTGAGGGTGGTGGCTCTGAGGGTGGCGGT TCTGAGGGTGGCGGCTCTGAGGGAGGCGGT TCCGGTGGTGGCTCTGGT TCCG

Figure 1.9: Allignment of two areas of the M13mp18, used as the primary scaffold strand
for DNA origami

1.3.1 Structure in DNA Origami

In Rothemunds’s 2006 paper it was already shown how diverse two-dimensional
structures could be produced with the DNA origami technique. This was
exemplified by the star, the “smiley”, the map of the Americas etc. A Chi-
nese group showed that they too mastered the technique by folding a map
of China out of DNA [41]. The detail of the structure is impressive, even
showing Taiwan tethered close to China (Figure 1.10). Recently a group in
Slovenia has also made a DNA Origami map of Slovenia [42]. At Aarhus
University we have also demonstrated control of the DNA origami technique
by developing a software program for creating the staple strand sequences
needed for a desired pattern. We demonstrated the use of the software pack-
age by creating a dolphin as seen in the logo of Aarhus University [43]. This
result is discussed further in chapter 3.
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Figure 1.10: A) Map of China. B) The path of the scaffold strand through the origami.
C) AFM image of China [41].

1.3.2 Three dimensional structures

The next big step in the structural advances of DNA origami came in 2009
with a variety of three-dimensional structures appearing. One of the ap-
proaches was creating containers, with sides made of DNA origami. A box
[44] and a tetrahedron [45] were created in this fashion. They will be men-
tioned in further detail in chapters 4 and 5. Another design and assembly
of a hollow box was also presented [46]. Further structural complexity was
shown by Yan and co-workers. A so-called Möbius strip was designed, which
could be “cut” 6 along the strip once to create a larger strip, or twice to
create interlocked strips.

William Shih’s group at Harvard concentrated their efforts on more solid
three-dimensional origami structures. As mentioned earlier when describ-
ing the six-helix bundles, the dihedral angle between helices can be altered
by varying the amount of bases between crossovers. Douglas et al. chose
a 120◦ angle between neighboring crossovers, as with the 6-helix bundles,
resulting in a hexagonal or “honeycomb” arrangement. First, a 400nm long
DNA-origami six-helix bundle was created [47]. Afterwards the scaffold
strand was designed to follow a path that created a finite hexagonal lat-
tice. In the hexagonal arrangement, each helix has three neighbour helices
and is designed to connect to each of these neighbors with crossovers (Fig-
ure 1.11 - left) [48]. A square lattice structure was also presented by Ke
et al., where the helices were placed in a square lattice array instead of
a hexagonal [49]. Due to the closely packed structures charge density is
higher, and it becomes more difficult in general to fold the structures cor-
rectly. To overcome this difficulty the annealing time is set to about a
week instead of overnight. Beyond the selection of structures shown in Fig-
ure 1.11, a wide variety of very complicated three-dimensional structures
were presented. Functionalization of the more solid structures has recently
been reported by placing gold nanoparticles in a cavity in these solid three-
dimensional DNA origami [50]. Liedl et al. have investigated some of the
physical properties of the three-dimensional DNA origami by constructing
prestressed tensegrity structures [51].

6The “cutting” was done by strand displacement, removing all of the staple strands
holding the structure together along the Möbius band.
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Figure 1.11: Solid 3D DNA origami: A) General design principle of the solid 3D
origami structures, where the helices are held together in a hexagonal array by the staple
strands. B) Design and TEM images of a selection of the structures [48]

Shih’s group went even further with an attempt to bend the structures.
By inserting or deleting base-pairs between crossovers they could introduce
tensile strain on the local fragment, shown in figure 1.12A [52]. To relax
the strain, a global adjustment results in bending of the whole structure. If
base pairs are inserted on one side of a structure and deleted on the opposite
side, the global relaxation will cause the structure to bend towards the side
with the deletions as in Figure 1.12B,D. When either inserting or deleting
base pairs on an entire cross section of the origami, the tension is released
by a global structural twist seen in Figure 1.12C,E.

A ED

C

B

Figure 1.12: Twisting and bending of DNA origami: A) Local strain is induced by
inserting or deleting base pairs. B, D) Global bending of structures occurs when insertions
are made on one side of the structure and deletions on the opposite side. C,E) Global
twisting occurs if an insertion or deletion is applied to an entire cross-section. [52]
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The effect of this advance is that DNA-origami structures no longer need
to be comprised of straight helices in a given orientation, but helices may
be twisted and bent, opening up for an even greater number of structural
possibilities. Han et al. have also recently shown complex three-dimensional
DNA structures including ellipsoids and a nanoflask [53].

1.3.3 Single Molecule Detection

A clear example of the strength of DNA origami has been shown in the
area of single molecule detection. Positioning of Au-nanoparticles can be
visualized on single DNA origami. This was used to evaluate the efficiency
of the coupling of the nanoparticles to DNA and show that a lipoic acid
linker was superior compared to an individual thiol in this regards (Figure
1.13A) [54]. Ke et al. showed the capability to read out the detection of
RNA molecules at a single molecule level [55]. Strands complementary to
the RNA analyte protruded from the surface of the DNA origami. Target
RNA binding events could be examined at the single molecule level with
Atomic Force Microscopy (Figure 1.13B).

	 	 	 	 control	 	 	 	 	 	 	 	 	 	 	 	 	 	 rag-1	 	 	 	 	 	 	 	 	 	 	 c-myc	 	 	 	 	 	 	 	 	 	 	 	 	 -actin

with	 target

without	 target

A)

B)

C)

Figure 1.13: Single molecule detection on DNA origami with AFM: A) Asses-
ment of conjugation efficiency between Au-nanoparticle and DNA [54]. B) Single molecule
RNA detection with complementary DNA probes protruding from the DNA origami [55].
C) Observation of chemical reactions by developing attached biotin groups with strepta-
vidin [56]

The presence of a secondary binding site in Human Topoisomerase I
was also shown by single molecule detection of binding events with AFM
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microscopy [57]. Niemeyer and co-workers recently demonstrated that DNA
origami can be functionalised with other classes of proteins, including the
fusion proteins used in HaloTag and Snap-Tag labeling. The fusion proteins
were shown to selectively bind to staples modified with the matching ligands
[58].

Another use of the capability to perform single molecule detection dealt
with chemical reactions on the DNA origami surface. Even with the most
powerful microscopes it is extremely difficult to actually “see” the attach-
ment of a new chemical functionality. However, by attaching or cleaving
biotin groups to/from the DNA origami surface at well determined posi-
tions, the chemical reactions can be visualized by “developing” the biotin
by adding streptavidin. The streptavidin is visible with AFM, serving as
an assay for the success of the chemical reaction at the particular position
(Figure 1.13C)[56].

The positioning capability of DNA origami has furthermore been used to
place fluorophores in specific positions, which is useful for looking at FRET
effects. Tinnefeld and co-workers showed control over which fluorophore on a
DNA origami was excited via FRET transfer from a donor fluorophore [59].
This was done by organizing the geometry of the fluorophores, and thereby
controlling the FRET pathway. Liedl and co-workers have also used the
very specific positioning of fluorophores on a rigid DNA origami to make an
extremely precise “ruler” yielding the expected distance dependent results
for FRET efficiencies [60].

Simmel and co-workers exploited transient fluorophore binding to specific
areas of the DNA origami to perform super resolution microscopy images
with a technique called DNA-PAINT [61]. Fluorophore positioning is also
used as the assay for the opening of the DNA origami box designed and
characterized in our group at Aarhus University. This project is discussed
further in chapter 5, page 69.
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1.3.4 Interfacing with the macro-scale world

Some of the applications proposed for DNA origami, such as molecular elec-
tronics, demand that they are able to interface with top-down techniques.
One strategy for this is using lithographic techniques to create well-defined
hydrophilic patches on an otherwise hydrophobic surface.

A) C)B)

Figure 1.14: A,B) positioning of triangular DNA origami on lithographically created hy-
drophilic patches [62]. C) Positioning of Au-nanoparticles at the corners of the positioned
triangles [63].

The DNA structures bind to the hydrophilic patch and if the shape
of the patch fits with a DNA origami, the origami may be oriented and
positioned very precisely on a surface (Figure 1.14 A,B) [62]. The technique
was further refined by adding poly-A linkers to the corners of triangular
DNA-origami that could bind poly-T modified gold nanoparticles - a clear
example of using the origami to do the fine positioning and then a modified
surface to orient and position the origami in relation to each other (Figure
1.14C)[63]. Additional steps towards creating an interface with electronics
were demonstrated by placing carbon nanotubes perpendicularly on DNA
origami [64], and by showing the controlled metallization of branched DNA
origami [65].

There have been further advances in depositing DNA precisely on sur-
faces as shown by Yan et al.. The group positioned small gold islands on
a Si or SiO2 substrate by removing a resist with e-beam lithography and
depositing the Au-islands. It was then possible to position DNA origami
tubes between the gold islands by modifying the ends of the DNA origami
with thiol groups [66].

Recent reports have shown the controlled assembly of large two-dimensional
arrays comprised of multiple DNA Origami [67, 68]. The images resemble
a larger version of the lattices created from the smaller tile-based systems.
The DNA origami lattices presented by Liu et al. seen in figure 1.15B,C
have the problem of having the lack of control as with the tile lattices. With
the strategy employed by Endo et al., creating finite DNA origami multi-
mers, there seems to be a greater degree of control(Figure 1.15A). However,
the yield of perfectly formed multimers appears low. One could imagine ul-
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timately creating a better bridge to the macro-scale world with these larger
DNA origami multimers in combination the specific positioning of DNA
origami on surfaces.

500	 x	 375	 nm 700	 x	 525	 nm

A

B

C

Figure 1.15: Origami multimer structures: A) Finite sized DNA origami multimers
[67]. B,C) DNA origami lattices [68]

1.4 DNA templated chemistry

Besides being very useful for constructing nanometer-scaled structures as
described in the previous sections, DNA is also very beneficial for templat-
ing chemical reactions by locating reactive groups in the vicinity of each
other. Typically, chemical reactions are performed with substrates at high
concentrations (mM to M) to increase the speed of the reaction7. However,

7chemical reaction speeds usually depend on substrate concentration in the fashion
v = k1 · [reactant]x, where v: reaction speed, x: the order of the reaction, k1: reaction
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if the substrates are attached to e.g. complementary strands of DNA that
bind even at low concentrations, they can create a high effective concen-
tration of the reactants, leading to high reaction rates and high specificity.
This form of templated chemistry is used throughout biology, where thou-
sands of reactants are present in the same solution at low concentrations
(µM to nM). Nevertheless, the desired reactions take place very efficiently
due to the macromolecules - usually enzymes - that drive the reactions. The
enzymes function by increasing the effective concentration of the substrates,
by positioning them in close proximity with specific non-covalent bonds. At
the same time the enzymes offer catalytic functionality to the reactions.
The positioning of the substrates is not always carried out solely by the
protein-based enzymes themselves, but in some cases DNA/RNA serves as
the templating molecule. Below is a short list of these cases [7].

• DNA replication, where the mother strand serves as the template for
the newly synthesized daughter strand.

• RNA transcription, where dsDNA templates the synthesis of RNA by
an RNA polymerase.

• Protein synthesis, where RNA serves as a template for bringing the
correct aminoacyl-tRNA in to the ribosome in the right sequence.

There are also examples of catalytic reactions carried out by nucleic acids
alone, such as the hammerhead ribozyme [70], as well as the widely accepted
notion that modern metabolism was derived from a complex ’RNA world’ in
which most reactions were catalyzed by ribozymes [71]. Models for primitive
forms of the biological replication process are widely discussed, however a
majority of models include some form of templated synthesis [72, 73].

As often, chemists look to biology for inspiration, and the same is the
case with the DNA-templated reactions. For a long time chemists have been
using nucleic acids as templates with chemical agents to activate the reac-
tions. The first example of DNA-templated chemistry in a laboratory was
seen already in 1966, where two short thymine oligonucleotides activated by
carbodiimides were coupled with poly-A as the template at -3◦C [74]. The
yields observed were quite low (≈5%), but the results were important in that
DNA-templated reactions could be performed without enzymes. Further ad-
vances have been made in the chemical ligation of nucleotides, using BrCN as
the coupling reagent to create; DNA-RNA block copolymers, branched and
circular constructs, DNA duplex assembly, etc. in swift reactions without
side products [75].

Many further examples of nucleotide and nucleotide analog coupling have
been shown. DNA-templated reactions yielding products not resembling

rate constant[69]
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nucleotides have also been reported. A wide range of these DNA-templated
chemical reactions and architectures for the template have been explored by
David R. Liu [73], where his group has shown a very large variety of organic
chemistry reactions that are possible to perform in this templated fashion 8.

Not only has Liu’s group performed a large variety of chemical reactions,
they have also worked on a better physical organic understanding behind
the DNA-templated chemistry [76]. Among the interesting results here was
a surprising distance independence of many of the reactions. Reaction rates
for the templated reaction of a thiol and maleimide were, to an extent,
independent of the distance in bases (up to 30 bases) with the setup in Figure
1.16. Their reasoning for this was the notion that the DNA hybridization
was the limiting step and not the reaction itself. If a complementary strand
was added to the single stranded space, they observed low reaction rates
due to decreased flexibility of the linker.

Figure 1.16: Setup for investigating distance dependency of DNA-templated
chemistry. The speed of reaction between a thiol and a maleimide was investigated while
comparing the cases where; A) the reactive groups are positioned next to each other B)
there is a single stranded linker between the reactive groups [76]

Further studies were performed on the distance-dependent nature of the
templated chemical reaction to test which reactions are distance-dependent
and which are not. This time, also with cases where a non-DNA linked
activator is necessary9 in contrast to the thiol-maleimide reaction, where
no activator is needed [77]. Many of these activated reactions also proved
possible with no difference in yield if the reactive groups are separated by 0
or 10 bases.

8Reactions mentioned are SN2, conjugate addition, reductive amination, amine acy-
lation, oxazolidine formation, nitro-aldol, nitro Michael, Wittig olefination, 1,3-nitrone
cycloaddition, Huisgen cycloaddition and Heck coupling [73]

9Among reactions tested were reductive amination in the presence of NaBH3CN, and
amide bond formation in the presence of DMTMM or EDC/Sulfo-NHS
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Liu and co-workers have also looked in to several architectures to support
the templated reactions [78]. Beyond the E (end of helix) and H(hairpin)
architectures on the left side of figure 1.17, they looked at the Ω and T-
architectures. The T-architecture allows for three chemical functionalities
to react, as a third DNA strand could bind to the right part of the T-
architecture assembly in figure 1.17, introducing a third chemical group. An
architecture resembling the T-architecture is discussed in chapter 2 regard-
ing the site-specific RNA labeling project, where the chemical functionality
on the donor strand is also internal.
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A

A

A

A

B

B

B

B

B

n-bases

End	 of	 Helix	 (E)

Hairpin	 (H)

Omega( )

loop

T-Architecture	 (T)

Figure 1.17: Different architectures for DNA-templated chemistry [78]

DNA templated chemistry facilitates reactions at low concentrations,
but it also opens up for creating DNA encoded chemical libraries useful in
molecular evolution of target-binding molecules[73, 79, 80, 81, 82]. The tech-
niques create a small-molecule library through DNA-templated coupling of
smaller chemical groups, each from their respective sublibrary. The DNA
not only functions as the template for product formation, but also as a “bar-
code” coupled to the small molecule product and thus enabling identification
from the attached DNA sequence. Amplification of the selected sequence is
possible using PCR. Liu and co-workers showed that they could enrich a 65-
member library of macrocyclic fumaramide molecules for a specific binder to
carbonic anhydrase using such a strategy [79]. Another successful attempt
has been shown in collaboration between Aarhus University and Vipergen
ApS, where they have constructed a system that creates a small molecule
library through DNA-templated coupling of three chemical groups, in the
middle of a three-helix junction [83]. These are a selection amongst several
schemes for performing in vitro evolution using DNA-templated chemistry
[80, 81, 82, 84, 85].

DNA-templated chemistry has also been suggested as the basis for cre-
ating molecular wires [86], by being able to template the chemical reaction
of conductive organic molecular subunits. Several reports of using DNA as
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a template for metallic deposition have also been presented [87].

A key note for DNA templated reactions in general is that they must
be compatible with both mildly electrophilic and nucleophilic groups in the
nucleic acid template, so there is no reaction with the template itself.

1.5 DNA modification

As mentioned in the introduction, to make use of the unique capability DNA
has to position attached moieties in a well-defined architecture, methods for
attaching functionalities to DNA are essential. Proteins have great interest
in this regard. Living organisms use protein modification to a very high
degree10. With all of these modifications changing the characteristics of the
protein (lifetime, enzymatic activity, multimeric state etc.). These modifi-
cations are performed by enzymes in the body specifically recognizing the
target amino acid under the right conditions [7]. Various methods of con-
jugating DNA to proteins and peptides are also known. Both covalent and
non-covalent methods exist. Below is a short list of some of the methods
employed today[88, 89].

Non-covalent methods : Biotin-modified DNA that binds strepta-
vidin modified fusion proteins, His-tagged proteins that bind NTA modified
DNA strands in the presence of Ni2+, DNA recognition of a protein with an
attached aptamer sequence

Covalent Methods : Maleimide functionalized DNA reacting with free
thiols on proteins, activated esters reacting with lysine residues, disulfide for-
mation between cysteine and thiol modified DNA and a variety of bivalent
linkers

Typical covalent conjugations are performed with nucleophile to elec-
trophile attacks. The best nucleophile in natural amino acids is the thiol
in cysteine. However, cysteine has a low relative occurrence [90], and when
present it is commonly engaged in disulfide bonds or the reactive center of
the protein. Thus, the amino group on lysine is often the main target [91].
Lysine residues are seldom involved in the catalytic process of an enzyme
and are usually only employed structurally to provide solubility [92].

The true advantage of DNA-protein conjugates is that you get two func-
tionalities coupled together in one molecule, like with a block-copolymer.
Proteins have the ability to catalyze specific reactions and also to recognize
substrates with high affinity as with antibody-antigen recognition. DNA
has the advantage of being able to position objects specifically as mentioned

10examples are phosphorylation, glycosylation, ubiqitylation etc. [7]
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in previous sections. Furthermore, DNA may serve as a handle for ampli-
fication of signal by PCR. Already in 1992, the immuno PCR technique
exploited the strength of having the recognition ability of an antibody and
the capability of a DNA strand to be PCR amplified (Figure 1.18A)[93].

Conjugated	 
DNA	 strand
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Immobilized	 
Antigen

A)

B)
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Figure 1.18: Applications of protein-DNA conjugates: A) Immuno PCR - Antigen
recognition binds the antibody to the surface. A large signal amplification is possible with
PCR on the conjugated DNA. B) Examination of kinetics of a two enzyme system by
placing the enzymes close to each other on DNA hexagons. A reaction speed increase is
seen when enzymes are placed with two interspacing hexagons. An even larger increase
is seen when the enzymes are placed on neighboring hexagons. (ABTS : 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid)

The positioning capability of DNA has also been proven to increase reac-
tion kinetics of a two step enzymatic reaction by bringing the two enzymes in
close proximity of each other (Figure 1.18B) [94]. Here the enzymes glucose-
oxidase and horseradish-peroxidase were coupled to DNA strands with a
Sulfo-EMCS linker11. The Sulfo-NHS reacts with lysines on the enzyme,
and the maleimide part of the linker couples to the thiolated DNA strands.
The product of the first enzyme (hydrogen peroxide) is the substrate for
the second enzyme. So in theory if the two enzymes are positioned close in
space, the combined reaction should proceed more rapidly. This has been
tested and proved by measuring the absorbance arising from the product of
the second reaction.

11A Sulfo-EMCS linker is a heterabifunctional linker with a sulfo-NHS group on one
end and a maleimide on the other
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1.6 Dynamic movement in DNA structures

For DNA nanostructures to gain properties such as movement and active
transport, controlled dynamic motion is desirable, demanding a method
for converting chemical energy to mechanical energy. If we take a look at
the macromolecules of the cell, this is typically done with conformational
change as the result of ATP hydrolysis or proton-gradient driven motors [7].
This change can then manifest itself in enzymatic function, movement along
a template such as when kinesin “walks” along microtubules[95], gradient
formation across a membrane by the F1F0ATPase [96] just to mention a few
examples.

So far, several methods of promoting controlled motion of DNA nanos-
tructures have been reported. The most common tool used for these molec-
ular motors is DNA strand displacement, where one DNA strand displaces
another. With single stranded regions called toeholds, where the strand dis-
placement may initiate, the strand exchange rate can be increased (Figure
1.19A). The exchange rate is dependent on the toehold length as described in
[97]. As is seen in Figure 1.19B, extending the toehold just a couple of bases
increases the reaction rate by orders of magnitude. This toehold-mediated
strand-displacement has been used by several groups in showing highly con-
trolled movement of DNA nanostructures [44, 98, 99, 100, 101, 102].

Figure 1.19: Toehold-mediated strand-displacement. A) Image showing the
mechanism of strand displacement. The blue strand has a higher complementarity with the
green strand. The toehold serves as an attachment point for the blue strand. Eventually
the blue strand binds, giving the system a lower overall energy. B) Exchange rate as
a function of toehold length - squares are experimental results, crosses are theoretical
calculations [97]

With strand displacement, every time one wishes to alter conformation,
a new DNA strand needs to be added - preferably in excess to make sure
the reaction runs to completion. Examples have been reported of controlled
motion based only on the chemical environment and not addition of new
strands. One of these is the i-motif pH-sensor, which is a DNA quartet
structure at low pH[103]. Under alkaline conditions, the cytosine residues
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are deprotonated and the structure is no longer stable. This pH-sensor
has been used widely to create DNA-switching devices [104, 105, 106, 107].
Willner and co-workers created a device capable of movement dependent
on other aspects than pH. They saw that increased Hg2+ created thymine-
Hg2+-thymine complexes that also could create controlled movement. The
movement could be reversed by the addition of cysteine, breaking the Hg2+-
thymine complexes [104]. Rotation may also be created in a transition from
the usual right handed B-DNA to the left handed Z-DNA structure, favored
by high salt and specific sequences [108]. Seeman and co-workers showed
this by reorienting two DX tiles upon an increase in ionic strength [109].

The use of the DNA strands themselves as enzymes has also been shown
to generate movement. A molecular spider consisting of DNA “legs” mod-
ified with biotin to bind the streptavidin “body” was assembled [110]. The
legs contain the sequence for the 8-17 deoxyribozyme [111] that allows them
to cleave the strand they are bound to, given there is a RNA nucleotide at
the cleavable position. This allows for a directional Brownian motion along
a track of substrate for the DNAzyme. The motion is due to the spider
having higher affinity for the substrate that has not been cleaved in front of
it compared to the cleaved substrate behind on the track as seen in figure
1.20. The molecular spider was also shown to migrate directionally across a
DNA origami along a pre-determined track design[101].

Figure 1.20: DNA ”Spider” moving to the right across a substrate track, with a RNA
base at the position intended for cleavage on the dark blue substrate strand. The ”legs”
of the spider have a sequence that functions as a DNAzyme.

Seeman and co-workers have recently created a nanometer-sized walker,
which moves across an origami by moving the legs with the strand dis-
placement technique described earlier. The walker functions as a nano-scale
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assembly line picking up a pre-determined combination of Au-nanoparticles
along the way [104].

1.7 Biophysical Characterization Techniques

The structures built using DNA are extremely small objects, with a size that
cannot be seen with a light microscope, which has a resolution limit in the
area of 200 nm [112]. Techniques conventionally used for viewing structural
detail of nanometer sized molecules, such as NMR and x-ray crystallogra-
phy, cannot be used when characterizing DNA based nanostructures. The
structures are too large for NMR, and they are too difficult to crystallize12.
However, there are a handful of techniques developed that allow us to char-
acterize the nanometer sized structures.

1.7.1 Atomic Force Microscopy

To begin to “visualize” the structures being built, one of the available meth-
ods is Atomic Force Microscopy or AFM. One might argue that the mi-
croscopy more resembles touch than vision. Under any circumstances the
technique gives a surface topography map with nanometer resolution. The
technique was first presented in 1986 [114]. High-resolution topological maps
are created by scanning a tip over the surface and sensing the height of the
tip. The tip is attached to a cantilever and the height can be measured by
reflecting a laser on the back of a cantilever as seen in figure 1.21. Laser
movement on a photodetector can thus be related to tip movement [10].

Laser	 Source
Detector

Sample	 on	 
Mica	 Surface

Cantilever

Figure 1.21: Illustration of how AFM tip interaction with the sample is measured by
detection of a reflected laser beam

To obtain the highest possible resolution using AFM, the tip must be
very sharp (ideally a tip that ends in one atom). In addition to a very sharp

12Seeman and co-workers have actually recently published the crystal structure of a
tensegrity triangle built up of DNA. However, the structure was designed from scratch
to be able to crystallize [113]. The crystallization of an arbitrary DNA nanostructure is
virtually impossible at present.
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tip, the ability to move the tip very short distances in a controllable and
accurate fashion is required. This is done with piezo-ceramic material, which
contracts/expands voltage is applied across the material. The contraction is
very accurate and controllable, making these piezo materials very suitable
for moving the AFM tip [10].

The forces between the tip and the sample are distance- and sample-
dependent. A typical force distance curve is seen in Figure 1.22 [115, 116].

Tip	 is	 pulled	 toward	 the	 surface	 -	 
attractive	 interaction

Tip	 is	 in	 hard	 contact	 with	 the	 surface	 -
repulsive	 interaction

Tip	 is	 far	 from	 the	 surface	 -	 
no	 interaction

Interaction
Force

Probe	 distance
from	 sample

Figure 1.22: Force distance curve between AFM tip and sample. The blue
shaded area is the attractive distance. The red shaded area signifies repulsive forces
between tip and sample[115, 116].

There are two different modes of AFM imaging - contact mode and
tapping mode. With contact mode, the tip is in constant contact with the
surface. In tapping mode AFM, the cantilever is excited into resonance
oscillation with a piezoelectric driver. The oscillation amplitude is used as
a feedback signal to measure topographic variations of the sample. Tapping
mode is better suited for biological substrates due to the weaker interaction
with the sample surface [40]. In tapping mode it is also possible to measure
phase lag of the cantilever oscillation. The lag is measured relative to the
signal sent to the cantilever’s piezo driver. The phase lag is very sensitive to
variations in material properties such as adhesion and viscoelasticity giving
information on the physical properties of the sample that complement the
topological information [117].

When looking at DNA structures, the AFM experiment is usually per-
formed on a freshly cleaved mica surface. The mica surface has a negative
charge [118], and the same is true for nucleic acids. So for adsorbtion to the
surface, positively charged molecules such as Mg2+, spermine, or spermidine
are needed. DNA origami structures adsorb very efficiently in the annealing
buffer containing Mg2+ (12.5mM). Keller and co-workers visualized dsDNA
plasmids with the atomic force microscope in 1992 [119], and as described in
previous sections of this thesis the technique has been essential in confirming
the correct folding of designed DNA nanostructures. An exciting advance in
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the AFM imaging field arrived in 2010 with several reports from Sugiyama
and co-workers showing the capability to do high speed AFM [120, 121, 122].
Compared to image frames being taken at several minutes per frame, the
reports showed AFM being performed at up to 1 frame/s. With this high
speed image capture, dynamic processes may be followed in real time. One
of the reports showed the formation of a G-quadruplex in real time (Figure
1.23). Other reports observed DNA modifying enzymes 13 as they moved
along a DNA double helix spanning a cavity in the middle of a DNA origami.
The high speed AFM technique has also been used to follow a DNA-walker
in real time as it moves across a DNA origami [123].

0s 5s 10s 15s

20s 25s 30s 35s

Figure 1.23: Succesive frames taken at 5 second intervals showing the formation of a
G-quadruplex between two helices spanning the cavity of a DNA origami [120].

1.7.2 Electron Microscopy

A very good complement tool to AFM is electron microscopy. With a micro-
scope, using visible light to illuminate the sample, the theoretical resolution
is ≈200nm and not adequate to see details of the structures we are looking at
[112]. By using electrons, with wavelengths between 0.001 nm and 0.01 nm,
the resolving power of electron microscopy reaches below 2 nm [10]. At this
level it is possible to identify subtle differences in the designed structures.
There are a variety of different ways of using electron microscopes when
looking at DNA nanostructures. The original form of electron microscopy,
the transmission electron microscope (TEM), uses a high voltage electron
beam to create an image [112]. The electrons are emitted by an electron
gun, the electron beam is accelerated by an anode, focused by electrostatic
and electromagnetic lenses, and transmitted through the sample that is par-
tially transparent to electrons. This partially scatters the electrons out of
the beam, yielding an image. Scattering probability is proportional to the
charge of the nuclei in the specimen. Due to the biological materials used
having low atomic numbers, they have low intrinsic capability to scatter
electrons [112]. To increase scattering, the samples are often stained with

13methyltransferase [121] and DNA base excision repair enzymes [122] were observed.
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heavy metals. Staining may, however, compromise the integrity of the im-
aged structure. Cryo-electron microscopy is a variety of TEM, but rather
than drying the sample, the sample is frozen in a thin layer of water. This al-
lows the observation of the molecules in their native conformation although
with lower contrast than stained TEM samples [124]. Multiple molecules
can be imaged, and an average of all the molecules are used to create a 3D
reconstruction.

1.7.3 Gel Electrophoresis

Although the structures themselves are difficult to visualize in high detail
because they are so small, we can identify the structures based on their
physical characteristics. It is useful to have an idea of the size and distri-
bution of particles in a solution. AFM can only provide images of DNA
that has absorbed to the mica surface, electron microscopy can only yield
information about individual particles. One of the key methods for study-
ing the size of DNA structures is gel-electrophoresis. The technique is based
on the migration of negatively charged DNA towards a positive electrode
through a gel material (typically agarose or poly-acrylamide). The DNA is
separated by size, since smaller fragments of DNA migrate faster through
the gel towards the anode compared to larger pieces.

Visualizing the DNA can be done in several ways. One way is by staining
the gel with a dye, such as Ethidium Bromide or SYBR Gold, which fluoresce
upon intercalation in DNA. There is also the possibility of labeling the
oligonucleotide to be visualized with a fluorescent or a radioactive label, and
subsequently analyzing the gel using the fluorescence or radioactive signal
[112].

1.7.4 Dynamic Light Scattering

DLS (Dynamic Light Scattering) or Photon Correlation Spectroscopy also
has the potential to determine what sizes and shapes the particles in the
solution have. More specifically the information gained is the diffusion co-
efficient of the particle, and this can be correlated with the hydrodynamic
radius or Stokes radius, which is given by the following equation called
“Stoke’s Law”[10];

RH =
kBT

6πηD
(1.1)

RH : Stokes Radius
kB: Boltzmann’s constant

D: Diffusion coefficient
η: Viscosity of the fluid

T : Temperature
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Dynamic light scattering is a technique, where the time dependence of
light scattering from a small focused volume of a solution is measured. The
time dependent manner, in which the light scattering fluctuates can be re-
lated to the diffusion of the molecules by Brownian motion in and out of
the region being studied [10]. The diffusion coefficients or the distribution
of diffusion coefficients can then be correlated to the hydrodynamic radius
by Stokes law.

1.7.5 Fluorescence spectroscopy

As with DLS, fluorescence spectroscopy measures an ensemble of particles14.
However, in this case it is only the fluorescent particles in solution. Fluo-
rescence is a phenomenon that happens when an electron is excited from its
ground state orbital (S0) by electromagnetic radiation to an excited state
(S1), and then returns back to the ground state with simultaneous emission
of a photon within the nanosecond time range. To better understand the
phenomenon a so-called Jablonski diagram is often used, which illustrates
the different possible electronic states for a fluorescent molecule as seen in
Figure 1.24A. I assume that the transition from S0 to S1 in the figure is an
allowed transition. Regardless of the S1 vibrational level the ground state
electron has been excited to, the electron relaxes to the zero level vibra-
tional state, without the emission of a photon. The excess energy is given
off as heat to the surroundings. When the electron returns to S0 a photon is
released, and the phenomenon called fluorescence is observed. The excited
electron can return to the S0 ground state, or a vibrationally excited state.

0,5

0
r0 Distance	 between	 

fluorophores	 (r)

Energy	 Transfer	 (E)
S

1
1

0S

Incident	 Light
Fluorescence

Electron	 Energy	 

r

A) B)

Figure 1.24: A) Jablonski diagram showing the electron path for generation of fluo-
rescence. S0 represents a ground state orbital and S1 represents an excited state orbital.
B) Graph showing the correlation between the energy transfer and the distance between
fluorophores. r0 is typically around 5 nm.

This implies that the released photons have different energies, and thus

14Unless single molecule studies are being performed
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results in an emission spectrum with a redshifted “tail”. The “Stokes shift”
is the term used for the difference between the exciting and emitted wave-
length. This difference makes it possible to filter out the exciting light, and
observe only the fluorescence emission [125].

The probability that a fluorophore will absorb a photon is called its molar
extinction coefficient, ε, in units of M−1cm−1. The value of ε is specified
for the wavelength that is the absorption maximum. Useful small organic
fluorophores have ε values between 25,000 and 200,000 [125].

Additionally, instead of the electron relaxing directly back to the ground
state, there is the possibility of interacting with another nearby fluorophore
to which the energy can be transferred. By evaluating the energy transfer,
information may be gained on inter-fluorophore distance[126]. One type of
energy transfer that occurs in this way, which is very important in biochem-
istry, is Fluorescence Resonance Energy Transfer (FRET). The mechanism
for the energy transfer is dipole-dipole coupling, and the transfer efficiency
is defined by the following equation[127];

E =
1

1 +

(
r

r0

)6 (1.2)

r60 = 8, 8 · 10−28 · ΦD · κ2 · n−4 · J(λ)

r : distance between the two dipoles
J(λ) : Spectral overlap of the emission spectrum of the donor and the

absorption spectrum of the acceptor
ΦD : The fluorescence quantum yield of the donor

κ : An orientation term of the dipoles. If the dipoles reorient during the
fluorescence lifetime, κ2 averages out to 2

3 .
n : Refractive index of the medium

For typical experiments, this method can be used to study systems where
the fluorophores are separated by approximately 5 nm. This technique has
proved very valuable for assessing structural information about DNA nanos-
tructures. Due to the many parameters determining the energy transfer, it
is usually very difficult to get quantitative information, but it is somewhat
easy to get qualitative information by observing the change in intensity of
the donor/acceptor fluorescence. Figure 1.24B illustrates a typical diagram
of the correlation between energy transfer and donor/acceptor distance. r0

is typically in the area of 5 nm[128]. Going from a distance of under 2 nm
to a distance over 8 nm, there will be a big shift in the efficiency of en-
ergy transfer. Information can thus be gained on change in relative location
of the fluorophores. However, it would be difficult to distinguish shifts in
distances from 1 nm to 2 nm, or from 8 nm to 9 nm, due to the relative
constant FRET efficiencies at these distances (Figure 1.24 B).
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Fluorescence has furthermore proved extremely valuable in cell microscopy
studies, to investigate the localization of various intracellular components
or foreign agents being introduced to the cell. By using light sources and
emission filters with correct wavelengths, multiple fluorophores may be vi-
sualized, one at a time, in the same sample. Localization of an endogenous
protein of interest is possible by creating a fusion protein with a fluorescent
protein such as GFP (green fluorescent protein). Localization of foreign
agents introduced to the cells can be monitored by premodifying them with
a fluorophore. Thus, one may evaluate co-localization of cellular components
using fluorescence microcopy techniques. Fluorescent compounds suitable
for microscopy studies often have ring structures (aromatic molecules) with
π-bonds, because the energy differences between excited state orbitals and
ground state orbitals are small enough that relatively low-energy photons
may be used for excitation [125]. It is also possible to perform microscopy
FRET studies to see if the fluorophores not only co-localize to the resolu-
tion of the microscope (≈ 200nm), but if they are within nanometers of each
other.

1.7.6 qPCR

The invention of the Polymerase Chain Reaction (PCR) allowed for the
exponential amplification of a specific DNA sequences [129]. Conventional
PCR can be semi-quantitative by looking at band intensities on a gel after
amplification. However, to make an accurate assessment of the amount of
a specific DNA sequence, quantitative PCR (qPCR), also called Real-Time
PCR, may be used.[130]

The quantification is carried out by monitoring dsDNA dependent flu-
orescence in real time during the PCR reaction. The more DNA to be
amplified in the original solution, the faster the fluorescence grows, as the
fluorescence is correlated with the amount of dsDNA synthesized by the
PCR reaction. When the fluorescence reaches a certain cutoff value, the
PCR-cycle number at that point is termed the Ct value (Figure 1.25). Ev-
ery time the amount of DNA in the pre-amplification solution is doubled,
the Ct value should fall by 1 cycle as the amount of DNA theoretically is
doubled in each PCR cycle. This implies that there should be a linear re-
lationship between the Ct value and the logarithm of the concentration of
DNA in the original solution [131]. By comparing Ct values of different
reactions, the relative quantity of the specific DNA in the solutions can be
calculated, as the Ct value was correlated to the concentration. To get pre-
cise quantification, a standard titration series of the sequence with a known
concentration may be used for comparison.
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Figure 1.25: Graph showing copy number of the DNA sequence from PCR. To quantify
the samples, a threshold value is set at a point where the population growth, measured
by fluorescence intensity, is still exponential. The PCR cycle where the threshold value is
broken is called the Ct value

dsDNA-dependent fluorescence intensity may be created in two ways.
Either by an intercalator-dye, such as SYBR Green, which fluoresces only
upon intercalation with the dsDNA product, or by a more specific probe
such as with TaqMan based detection [132]. The TaqMan probes used in
this approach form hairpin loops that hold a fluorophore and a quencher
in proximity of each other, so there is no fluorescence. If the target se-
quence is present, the probe anneals downstream of one of the primers and
is cleaved upon enzymatic amplification of the original strand, removing the
fluorophore from the quencher[132]. This leads to a fluorescent signal pro-
portional to the number of strands.

All of the mentioned techniques are very strong tools, especially when used
together. Some provide images of individual particles (AFM, electron mi-
croscopy), qPCR allows for quantification of a specific sequence, and other
techniques (DLS, gel electrophoresis, fluorescence spectroscopy) give an over-
all view of the characteristics of the whole population of particles.
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Summary and discussion

In Chapter 1 a view of the possible complexity of DNA-nanotechnology was
given with the many DNA origami-based structures. In addition, the use of
DNA as the template for chemical reactions was examined. These templated
reactions are much more simple in DNA design, usually only requiring a few
complementary strands to bring together the reactive substrates. In this
chapter a nucleic acid templated reaction will be described, where part of
the template itself (the RNA) is being modified. Shorter RNA strands may
be modified internally during chemical synthesis[133]. However, naturally
occurring RNA are often to long for chemical synthesis, and must be syn-
thesized enzymatically and modified afterwards. We wish to modify long
RNA strands (≈500 bases) at a specific internal position.

In the central dogma of molecular biology, RNA is the messenger molecule
translated into protein sequence. In this light, the sequence of the RNA is
important [7]. However, in many cases not only the sequence of the RNA is
significant but also the three-dimensional structure [134]. The internal base-
pairing of the RNA may be predicted using a variety of computer-based tools
[135, 136], and may also be predicted with chemical or enzymatic probing to
see if the RNA is single- or double-stranded at a certain position [137, 138].
Nevertheless, how RNA folds up in three dimensions is virtually impossi-
ble to determine. Only short RNA strands crystallize, and the complexity
of NMR spectra become too large, when long RNA is examined. One of
the few tools available for looking at the 3D structure is by attaching fluo-
rophores at certain points and examining if there is a FRET effect, to assay
if the two areas of the RNA strand are in close proximity of each other in
solution[139, 140].

The logical strategy to place a fluorescent label at a specific position,
which is also the general strategy we employ, is to use base-pairing for po-
sitioning and exploit an enzymatic or chemical method to transfer the label
from a modified donor strand. Many other nucleic acid templated techniques
exist for site-specific RNA modification [141]. A selection of techniques are
seen in Figure 2.1. One of the most straightforward techniques is the hy-
bridization of fluorescent oligonucleotides to an RNA that is mutated with
accessible loops for attachment (Figure 2.1A) [142]. Others have also used
existing loops in the RNA structure for hybridization [143]. Sasaki and
co-workers showed the guided RNA modification by transfer from a modi-
fied DNA template (Figure 2.1B) [144]. Another existing technique is the
deoxyribozyme-catalyzed labeling of RNA seen in figure 2.1C[145], where
the 2’ OH group of a specific adenosine of the target RNA (green) attacks
the 5’-triphosphate group of the labeled tagging RNA (red). The tagging
strand is subsequently shortened to 8 bases. There are also ligase mediated
techniques where a DNA or RNA ligase is used to attach a short chemi-
cally synthesized modified RNA to a longer enzymatically synthesized RNA



Chapter 2. Site-Specific Chemical Labeling of Long RNA Molecules 39

[146, 147] (Figure 2.1D).
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Figure 2.1: Other strategies for site-specific modification of RNA: A) The
hydridisation of a fluorescently labeled oligonucleotide to an open loop region. B) Transfer
of label by direct hybridization of donor strand. A nucleophilic attack from an amine group
on the target cysteine initiates the labelling. C) Deoxyribozyme initiates attack from a
2’OH on the RNA to the 5’ triphosphate on a modified donor. D) DNA/RNA Ligase
mediated splint ligation of a modified RNA to a longer RNA strand

Our strategy is seen in Figure 1, page 42. It is based in a four-helix junc-
tion for positioning, and resembles the technique described by Sasaki and
co-workers[144], with the main difference being that we use 4 strands to po-
sition the nucleotide for modification in the middle of the four-helix junction
instead of only two strands. With our technique a donor strand is chemi-
cally coupled to the target RNA at a specific position with DMTMM(4-(4,6-
dimethoxy-1,3,5-trazin-2-yl)-4-methyl-morpholinium chloride)-activated chem-
istry. A disulfide bond in the linker is subsequently cleaved under mild con-
ditions leaving a thiol group attached site-specifically to the acceptor-RNA
strand. The thiol may be further modified with eg. a fluorophore.

Liu and co-workers, showed that DMTMM-activated amide formation is
possible and even with a 10 base pair spacer the reaction still has a high yield
[77]. As this is the same chemistry we use, we know that the reaction should
take place even if the reactive groups are separated slightly. The templating
architectures we employed, with an internal modification, resembles another
successful templated reaction architecture giving evidence that the reaction
should be possible[78]. We do, however, have a weaker electrophile in the 2’
hydroxyl group of the RNA base, which might have an effect on the yield.

The advantage with using a four-helix junction compared to just using
two strands for the templated reaction is that the modified donor-strand,
in our case, is sequence independent of the target strand. This implies
that only two non-modified DNA oligos need to be ordered for every new
target position to be modified. This is an advantage if one wishes to place
modifications on several different positions in parallel. To confirm the site-
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specific labeling, we first show the dimer formation between the donor DNA
strand and acceptor RNA strand by performing gel-shift assays with the
acceptor strand radiolabelled by 32P. Cleavage of the crosslinked product by
TCEP (tris(2-carboxyethyl)phosphine), which reduces the disulfide linker, is
seen in figure 2.2. Site-specificity was shown with a primer extension assay,
and a maleimide conjugated fluorophore was subsequently coupled to the
free thiol as described in the ensuing article. The synthesis pathway for the
donor strand is in the Appendix A, figure A.1, page 134.
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Figure 2.2: Gel showing a mobility-shift upwards upon formation of the crosslinking
product. Upon addition of a reducing agent (TCEP), the crosslinked product is cleaved
at the disulfide in the linker

My role in the project was to thoroughly characterize and optimize the
coupling between the chemically modified donor-DNA strand1 and the ac-
ceptor RNA strand. First with short RNA strands as the target, and later
with in vitro enzymatically synthesized RNA from the HIV-1 leader se-
quence. I also was responsible for the coupling of the maleimide function-
alised fluorophore to the long RNA strand, and for a primer extension ex-
periment to confirm that the reaction indeed is site-specific.

1Synthesized by Eva M. Olsen and Thomas Tørring, Dept. of Chemistry, Aarhus
University.
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Site-specific labeling of RNA molecules is a valuable tool for studying their structure and function. Here, we
describe a new site-specific RNA labeling method, which utilizes a DNA-templated chemical reaction to attach
a label at a specific internal nucleotide in an RNA molecule. The method is nonenzymatic and based on the
formation of a four-way junction, where a donor strand is chemically coupled to an acceptor strand at a specific
position via an activated chemical group. A disulfide bond in the linker is subsequently cleaved under mild
conditions leaving a thiol group attached to the acceptor-RNA strand. The site-specific thiol-modified target RNA
can then be chemically labeled with an optional group, here demonstrated by coupling of a maleimide-functionalized
fluorophore. The method is rapid and allows site specific labeling of both in vitro and in vivo synthesized RNA
with a broad range of functional groups.

INTRODUCTION

Site-specific labeling of RNA molecules is commonly used
for structural and functional studies of RNA (1, 2). To this end,
the development of solid-phase nucleic acid synthesis has been
of great significance; however, limitation in the ability to
chemically synthesize long RNAs necessitates methods for direct
labeling of natural or longer in vitro synthesized RNA molecules
at predetermined internal positions.

To date, a number of methods have been developed to
introduce labels site-specifically in long RNA molecules (3).
One of the first general strategies reported relies on DNA-
templated ligation of modified, in vitro transcribed, or chemically
synthesized RNAs using DNA ligase (4). Similar strategies using
RNA ligase have subsequently been reported to increase the
yield (5). Another less laborious procedure has been described
that involves hybridization of a labeled oligonucleotide probe
directly onto the RNA molecules producing a noncovalent
label (6, 7). Recently, methods have been developed that rely
on transfer of a chemical group from a donor oligonucleotide
directly onto the target RNA molecule. More specifically, Baum
and Silverman developed a site-specific labeling method termed
deoxyribozyme-catalyzed labeling (DECAL) in which a DNA
enzyme catalyzes the transfer of a 5′-triphosphate end of one
RNA molecule onto the 2′-hydroxyl group of a specific
nucleoside in the target RNA molecule. This method was
successfully applied to demonstrate labeling of a 160-nucleotide
large domain of the tetrahymena group I intron (8). The resulting
label leaves a branched RNA strand at the target site(s), which
can be truncated to 8 bases using the RNA-cleaving DNA

enzyme 10-23 (9). Other successful attempts to transfer chemical
groups directly from a donor-DNA strand to a short DNA or
RNA target strand have been reported (10, 11). These methods
are based on the transfer of functional groups from 6-thioguanine
derivatives to the amine of a Watson-Crick base-paired cytosine
residue in the target molecule. This method can potentially also
be applied to long RNA molecules.

Although many of the above-mentioned methods have
successfully been applied for labeling of RNA, they also have
the drawbacks of either being labor-intensive, introducing bulky
nucleotide-containing labels, potentially compromising structure
and function of the target molecule, or requiring the laborious
synthesis of modified nucleoside phosphoramidites. To address
these issues, we have devised a novel general method involving
a four-way junction complex composed of the target RNA, a
universal donor-DNA strand, and two site-specific DNA guide
strands. This design results in the chemically synthesized donor-
DNA strand being independent of the RNA target sequence,
eliminating elaborate synthesis for different target sites (12)
(Figure 1). Hence, our method provides a highly flexible and
cost-competitive strategy for functionalizing long RNA at
internal positions, and has the advantage of only attaching a
very short linker to the target RNA.

EXPERIMENTAL PROCEDURES

Materials. All DNA/RNA strands were purchased from DNA
Technology A/S, Denmark. Dithiobis(succinimidylpropionate)
(DSP) was purchased from Pierce Protein Research Products,
USA. The internal amino modifier (Amino modifier C6 dT) was
purchased from Glen Research. Alexafluor 568-maleimide was
purchased from Molecular Probes. 4-(4,6-Dimethoxy-1,3,5-
triazin-2-yl)-4-methyl-morpholiniumchloride (DMTMM) was
obtained from Acros. Locked nucleic acid (LNA) guide strands
were purchased from Ribotask, Denmark.

The strands used for labeling of short RNAs include (unpaired
base in the middle of the four-way junction is underlined;
superscript “L” denotes LNA base) the following: guide strand,
5′GCGACGTAAATCTTCCAGAGTCGGT; guide strand 2,
5′CCAGATCCGGTGACTGGCCACAAGTG; LNA guide strand
1, 5′ GLCGALCGTLAAALTCTTCCAGAGTCGGT; LNA guide
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strand 2, 5′ CCAGATCCGGTGACTGLGCCLACALAGTLG;
short RNA, 5′ACUUGUGGCCBUUUACGUCGC (B: variable
target base); short DNA, 5′ACTTGTGGCCBTTTACGTCGC
(B: variable target base); universal donor DNA, 5′AC-
CGACTCTGGAAGtGTCACCGGATCTGG (modified thymine
is in lower case).

Strands used for labeling of long HIV-1 RNAs (unpaired
base in the middle of the four-way junction is underlined;
superscript “L” denotes LNA nucleotides) are as follows: HIV
target, 5′ACUUGAAAGCGAAAGGGAAAC; HIV guide
strand 1, 5′GTTTCCCTTTTCTTCCAGAGTCGGT; HIV
guide strand 2, 5′CCAGATCCGGTGACGGCTTTCAAGT;
LNA HIV guide strand 1, 5′ GLTTTLCCCLTTTLTCTTCCA-
GAGTCGGT; LNA HIV guide strand 2, 5′ CCAGATCCG-
GTGACGGLCTTLTCALAGLT; universal donor-DNA, 5′AC-
CGACTCTGGAAGtGTCACCGGATCTGG (modified thymine
is in lower case) The HIV-1 leader RNA sequence (HXB2
GenBank: K03455.1) (target area underlined, target base in
upper case) is as follows: 5′ggucucucugguuagaccagaucugagccu-
gggagcucucuggcuaacuagggaacccacugcuuaagccucaauaaagcuu-
gccuugagugcuucaaguagugugugcccgucuguugugugacucugguaacuag-
agaucccucagacccuuuuagucaguguggaaaaucucuagcaguggcgcc-
cgaacagggacuugaaaGcgaaagggaaaccagaggagcucucucgacgca-
ggacucggcuugcugaagcgcgcacggcaagaggcgaggggcggcgacuggugaguac-
gccaaaaauuuugacuagcggaggcuagaaggagagagaugggugcgagagc-
gucaguauuaagcgggggagaauuagaucgaugggaaaaaauucgguuaa-
ggccagggggaaagaaaaaauauaaauuaaaacauauaguaugggcaagca-
gggauccucuagagucgaccugcaggcaugcaagcuug.

Synthesis of Universal Donor-DNA Strand. The donor-
DNA strand was prepared from an internally modified DNA
strand with the DSP linker positioned at the amino-modified
base (T) (see Supporting Information Figure S1). A solution
containing amino-modified DNA (130 µM), DSP (16 mM), Et3N
(200 nM) in 2:2:1 H2O/dimethylformamide (DMF)/CH3CN was
left to react for 30 min at room temperature. Water (100 µL)
was added to the reaction and the aqueous phase washed with
dichloromethane (3 × 100 µL). The water phase was lyophilized
and the resulting pellet redissolved in H2O (20 µL) and purified
by RP-HPLC (eluent: A ) TEAA 0.1 M, B ) CH3CN, 0-20%
over 20 min, flow )1 mL/min rt )16.48 min.). The product
was identified by MALDI-TOF MS: [M]; Calcd 9264.9, found
9265. The concentration of the product was determined by UV
(NanoDrop) and the overall yield was 25%.

Radioactive Labeling. All radioactive 5′-end labeling reac-
tions were performed in 20 µL, with 1 µL PNK (polynucleotide
kinase) from New England Biolabs, 1× PNK buffer, γ32P-ATP
(0.5 µL, 6000 Ci/mmol), and 400 pmol DNA or RNA.

Annealing of the Four-Way Junction. The four oligonucle-
otides were annealed at a 1:1:1:1 ratio in an annealing buffer
(100 mM NaCl, 12.5 mM MOPS, pH ) 7.4) by heating to 90
°C and slowly cooling to room temperature.

Donor/Acceptor Cross-Linking Product Formation. The
coupling reactions were performed on the annealed four-way
junction product in a coupling buffer (12.5 mM MOPS, pH )
7.4, 100 mM NaCl) with 50 mM DMTMM as an activator. The
coupling reaction was left at room temperature for 2 h. For
reactions containing LNA guide strands, the incubation was
performed at 40 °C if not denoted otherwise. For reactions
containing DNA guide strands, the reactions were performed
at room temperature. The reaction yield was quantified as the
amount of RNA in the cross-linked product divided by the total
amount of RNA.

Disulfide Cleavage with DTT/TCEP. Donor-DNA/acceptor-
RNA cross-linking product with a radioactive 5′ label on the
RNA strand was purified by denaturing polyacrylamide gel
electrophoresis (PAGE), and DTT was added to a final
concentration of 5 mM in a Tris-HCl buffer (10 mM, pH )
7.4) or 10 mM tris(2-carboxyethyl)phosphine (TCEP) in a Tris-
HCl buffer (100 mM, pH ) 7.4). The released RNA was
analyzed on an 8% denaturing gel PAGE.

Enzymatic Synthesis of HIV-1 Leader RNA. The RNA was
prepared from a dsDNA template using Ambion MegaScript T7

Figure 1. Labeling strategy. (A) Four-way junction containing the
acceptor-RNA (green), two guide strands (G1 and G2, purple and
orange, respectively) and the donor-DNA (blue). The dashed line
indicates potential extensions of the RNA strand. (B) Enlargement
below shows the applied chemistry at the center of the four-way
junction. (C) Chemical structure of the ester product resulting from
the DMTMM coupling to the 2′OH of the RNA. (D) Acceptor-RNA
and donor-DNA after disulfide cleavage of the purified crosslinking
product results in two thiol groups.
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kit according to the standard protocol. After DNaseI treatment, the
RNA was gel-purified on a 5% denaturing PAGE gel.

Primer Extension. PAGE-purified site-specifically modified
HIV-1 leader RNA (0.5 pmol) and equimolar amounts of a 32P
5′-labeled primer (5′-CCGAGTCCTGCGTCGAGA) were an-
nealed in 6 µL annealing buffer (10 mM Tris, pH ) 7.4, 40
mM KCl). The radioactive primer binds approximately 30 base
pairs away from the expected modification site. The mixture
was incubated at 90 °C for 3 min followed by 50 °C for 25
min. Reverse transcriptase reagents (1 unit of AMV Reverse
Transcripase from Fermentas, 1× running buffer, NTPs (200
µM of each)) were added to a final volume of 10 µL. The
extension reaction was incubated at 37 °C for 30 min, stopped,
and precipitated by adding NaOAc (40 µL, 0.3M) and 2 1/2
vol ethanol (96%).

Sequencing Reactions. HIV-1 leader RNA (5 pmol) was
incubated with 32P end-labeled primer (5′-CCGAGTCCT-
GCGTCGAGA; 2.5 pmol) in an annealing buffer (100 mM
NaCl, 10 mM Tris-HCl, pH ) 7.4, 2.5 mM EDTA) in a volume
of 21 µL. The mixture was heated to 90 °C for 3 min and
incubated at 50 °C for 25 min. The mixture was divided into 4
tubes with 5 µL in each tube. Primer extensions were performed
in a total volume of 10 µL by adding sequencing mixture to
final concentrations of 1 unit of AMV RT (Fermantas), 1×
Running Buffer, NTPs (200 nM of each), and different ddNTP
(Amersham Biosciences) set to the following concentrations:
ddATP, 200 nM; ddTTP, 200 nM; ddCTP, 66 nM; ddGTP, 133
nM. The reaction was incubated at 37 °C for 30 min and
precipitated by adding NaOAc (10 µL, 0.5 M) and ethanol (50
µL, 96%). The samples were redissolved in a Maxam-Gilbert
loading buffer (90% formamide, 1 mM EDTA, 10 mM NaOH).

Fluorophore Coupling. The gel-purified HIV-1 leader RNA/
donor-DNA cross-linking product (1 pmol) was cleaved with TCEP
(8 µL, 10 mM) in a Tris-HCl buffer (100 mM, pH ) 7.4) for 45
min. Thereafter, a solution of Alexafluor 568-maleimide (2 µL, 1
mM) was added to the solution. The reaction was incubated at
room temperature for 2 h and purified on a G-50 Sephadex column
to remove excess of free fluorophore. The product was separated
on a 7% denaturing PAGE gel in 1× TBE buffer, and scanned on
a Typhoon scanner (GE Healthcare) to quantitate the incorporation
of fluorescence. Settings on the Typhoon scanner were as follows:

sensitivity ) normal, laser ) 532 nm, filter ) 610 nm/30,
photomultiplier ) 550.

RESULTS

Design of the Reaction Complex. A tetrameric DNA-RNA
complex was designed to enable the transfer of a chemical group
from a labeled DNA strand onto a nonlabeled RNA molecule
in a site-specific manner. The method relies on the 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride
(DMTMM)-catalyzed formation a bond between the carboxylic
acid-containing DNA-donor molecule and the 2′-OH of a ribose
in the target RNA by activation of the carboxylic acid.
Carboxylic acids are efficiently activated by DMTMM to form
esters with primary and secondary alcohols (13). The positioning
of the carboxylic acid and the nonpaired target nucleotide in
close proximity in the four-way junction should favor the
reaction (12).

The donor molecule is formed by reacting an amino-modified
DNA strand with the commercially available DSP-linker
containing a cleavable disulfide spacer with an N-hydroxysuc-
cinimide (NHS)-ester at each end. The reaction results in the
formation of an amide linkage between the amino group at
the DNA and one of the reactive NHS esters. Hydrolysis of the
other NHS-ester results in a carboxylic acid at the end of the
linker (Figure 1B and Supporting Information Figure S1).
During the donor strand synthesis, no dimer product was formed
due to the large excess of the DSP linker. The donor-DNA strand
is easily purified by reverse-phase HPLC. Importantly, the four-
way junction structure promotes close proximity of the acid-
containing linker to the target site on the RNA without the need
for direct base pairing between the modified DNA and target
RNA. Two unmodified DNA guide strands that are comple-
mentary to the sequences flanking the intended labeling site in
the RNA at one end and to the sequences flanking the chemical
modification of the DNA donor at the other end were designed
to facilitate assembly of the complex. (Figure 1A).

Site-Specific Labeling of Short RNA. To investigate the
feasibility and specificity of the method, we first applied it to a
short radiolabeled RNA molecule of 21 nucleotides using guide
DNAs complementary to positions 1-10 and 12-21. Charac-
terization of the reaction products on a denaturing gel revealed

Figure 2. Characterization of target nucleotide in the labeling reaction. (A) Denaturing gel showing that the yield of donor-DNA/acceptor-RNA
crosslinking product formation to all four target bases. The acceptor-RNA is radioactively labeled at the 5′ terminal prior to the reaction. (B)
Denaturing gel showing the same reaction but targeted to a radioactively 5′-end labeled DNA. (C) Quatification of the crosslinking yield and the
dependence on target base using short target strands.
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a slowly migrating band dependent on the presence of DMTMM
(Figure 2A). To investigate the influence of the targeted
nucleotide identity, RNA oligos with 4 different bases at the
target site were prepared. The appearance of cross-linked product
in all reactions of similar intensity indicates that the method is
compatible with all 4 ribonucleotides at the target site (Figure
2A).

Using DNA guide strands, the yield of the DMTMM activated
esterification was approximately 4%. To improve the yield of
the cross-linking reaction, we introduced 4 LNA residues in
each of the DNA guide strands. LNA-RNA duplexes have a
higher melting temperature than DNA-RNA duplexes (14), and
the use of LNA could potentially improve the yield by increasing
the complex stability and furthermore competing with internal
secondary structure in the RNA. As predicted, a significant
increase in the yield of the cross-linked product to approximately
8% can be seen after 2 h (Figure 3A). The cross-linking reaction,
using LNA-modified guide strands, was studied more exten-
sively with respect to temperature, target base identity, and LNA
modification in guide strands (Figure 3B). From these data, we
conclude that the use of LNA guide strands generally increases
the yield over a wide range of temperatures, and that a maximum
is reached when the reaction temperature is raised to 45-50
°C. In contrast, the yield decreases at higher temperature when
using nonmodified DNA guide strands, most likely as a result
of denaturation of the four-way junction at elevated temperature.

To study the specificity of the reaction of the activated
carboxylic acid with the 2′ hydroxyl of the RNA ribose, we
investigated the cross-linking efficiency with all 4 DNA residues
that lack the 2′-hydroxyl. It is well-known that DMTMM-
activated carboxylic acids also can react very efficiently with

aliphatic amines to form amides (13). We therefore investigated
whether it also would react with the less reactive 2-aminopy-
ridine-type amino groups on adenine, guanine, and cytosine.
Figure 2B,C shows that the DMTMM-activated carboxylic acid
reacts efficiently with guanine, cytosine, and adenosine, but not
with thymine, which is expected based on the lack of both the
2′ hydroxyl and amine groups. This indicates that the carboxylic
acid can react with a specific 2-aminopyridine-type amine in
the target base. The carboxylic acid can also react with the 2′-
OH on the RNA, based on the reactivity of uracil targets, which
lack an amine.

Importantly, the absence of any reaction product when
thymine is present at the target site clearly indicates that no
other position in the nucleotide is reactive. Furthermore, it also
shows that the unpaired target nucleotide is the sole reactive
site, since no cross-linking product was observed with the
adjacent cytosine or other residues (Figure 2B,C). This clearly
demonstrates the nucleotide specificity of the technique.

The ratio between the donor-DNA and acceptor-RNA was
also varied, to see if this affected the yield of the reaction
(Supporting Information Figure S2). Increasing the amount of
donor-DNA of up to 10-fold excess increases the yield only
1.3-fold. However, since the excess of donor-DNA may
potentially give rise to side reactions to other nucleotides in
the RNA by binding to homologous sites, we recommend not
to apply the donor-DNA in excess.

To verify that the more slowly migrating band corresponds
to the cross-linked RNA-DNA species, the band was extracted
from the gel and treated with the reducing agent DTT (15) or
TCEP (16) to cleave the disulfide in the DSP linker, followed
by analysis on a denaturing gel. Under both conditions, the more
slowly migrating band disappeared, confirming the presence of
the disulfide link provided by the donor DNA (Supporting
Information Figures S3 and S4, respectively). DNase I treatment
also resulted in a band migrating similarly to the RNA target
strand alone, implying that RNA was exclusively cross-linked
to DNA (Supporting Information Figure S5). Furthermore, the
reaction was dependent on the presence of both guide strands
demonstrating the importance of the four-way junction for
product formation (data not shown).

Specific Labeling of the HIV-1 Leader RNA. To test the
labeling method to a biological relevant RNA, we applied it to
a long, naturally occurring RNA sequence, encompassing 488
nucleotides at the 5′ end of the HIV-1 RNA genome. The guide
strands were designed to target the internal position 206 shown
to be accessible to hybridization in previous studies (17), as
well as with a SHAPE (selective 2′-hydroxyl acylation analyzed
by primer extension) analysis of the HIV genomic RNA (18).
As can be seen in Figure 4A, DNA-RNA cross-linked product
is formed with an efficiency of approximately 1% when DNA
guide strands are used. The use of LNA guide strands increased
the yield of the cross-linking product formation to 4.2% ( 1.2%,
which is lower than observed for the short RNA strands (Figure
4B). This could be attributed to the more rigid secondary
structure in the HIV-1 RNA that might restrict the access to
the labeling site, especially if LNAs are absent from the guides.
To further analyze the specificity of the labeling, we performed
a primer extension experiment using the gel-purified cross-
linking product as template (Figure 4C). A major product
corresponding to the transcriptional termination at the position
immediately prior to the targeted nucleotide appears in the gel.
The minor band observed in the reverse transcription reaction,
just below the major product, is most likely a -2 premature
stop that is commonly seen in addition to the major -1 stop
when chemical modifications are present (19). The labeled site
corresponds exactly to the predicted target site demonstrating

Figure 3. Optimization of product yields (A) Graph showing the
crosslinking efficiency between donor-DNA and acceptor-RNA when
using LNA guide strands and DNA guide strands as a function of time.
The yield is quantified as the amount of RNA in the crosslinking product
divided by the total amount of RNA. (B) Crosslinking efficiency
between donor-DNA and acceptor-RNA as a function of temperature
and target base identity.
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that the method can be used to label long and highly structured
RNA molecules at specific sites.

The free thiol group positioned at the target nucleotide after
reduction provides an anchoring point for a number of functional
groups. To demonstrate the labeling principle, we selected a
maleimide-functionalized fluorophore that reacts efficiently and
selectively with thiols (20). Gel-purified product containing the
HIV-1 leader RNA cross-linked to the modified donor-DNA
strand was first reduced with TCEP (16). TCEP was used to

avoid coupling to the free thiol groups in the DTT that may
remain in the reaction. The maleimide-functionalized fluoro-
phore was then coupled to the free thiols on the RNA and donor
DNA. As previously noted, cleavage of the cross-linking product
with TCEP is a highly efficient reaction and is essentially
quantitative. We also tested the efficiency of fluorophore
attachment and the yield of the reduction and fluorophore
attachment steps combined was determined to be 33% (Sup-
porting Information Figure S6).

To determine the overall efficiency of the labeling reaction,
40 pmol of HIV-1 RNA and 40 pmol of donor DNA were used
as starting materials. The cross-linked RNA-DNA product was
gel purified and subsequently reduced with TCEP and conju-
gated to the fluorophore-maleimide. The product was quantified
by comparing it to varying amounts of the donor-DNA strand
reacted with the fluorophore-maleimide (Figure 5). A fluores-
cent scan was performed and the lane profiles were investigated
(Supporting Information Figure S7). First, the result verified
that the amounts of labeled HIV RNA and short DNA were the
same, as would be expected from their 1:1 ratio. Second, when
comparing the intensities of the bands in the reaction lane with
the control lanes, it is estimated that 1 pmol material was formed,
giving an overall yield of the labeling reaction of 2.5%.

DISCUSSION

The RNA labeling method proposed here solves many of the
drawbacks of previously published methods by ultimately
attaching a free thiol with a structurally very small linker to a
specific nucleotide within a long RNA strand. Importantly, it is
possible to label natural RNA extracted from cells, which is
not feasible with the templated ligation method. The modified
donor DNA strand is easily available in just one conjugation
step of amine-modified DNA with the commercially available
DSP linker. Furthermore, our method only requires de novo
synthesis of two new DNA or LNA guide strands for each new
target after establishment of the common donor-DNA. Purifica-
tion of the labeled product is conveniently done by gel
electrophoresis of the cross-linked RNA-DNA sequences prior
to chemical reduction of the disulfide bond.

Figure 4. Application of the labeling method to HIV-1 derived RNA (A)
Denaturing gel showing the crosslinking product formation between
radioactively 5′ end-labeled donor-DNA and a ∼500 bp long HIV-1-
derived acceptor-RNA. (B) Crosslinking yield depending on time and LNA
modification. + indicates that extra DMTMM was added after 2 hours
increasing the yield slightly. (C) Autoradiogram showing the primer
extension reaction on the crosslinked HIV-1 template. A sequencing ladder
is included to indicate that the primer extension reaction terminates almost
exclusively at the base prior to the target base.

Figure 5. Fluorescent scan of a denaturing gel, showing labeled product
obtained using HIV-1 leader RNA as substrate. The fluorophore-coupled
HIV-1 RNA, fluorophore-maleimide and donor DNA are indicated to
the left of the gel image. Lane 1, conjugation of the maleimide-
fluorophore to the purified HIV-RNA/Donor-DNA. Lanes 2-5, increas-
ing amounts of donor-DNA reacted with the maleimide-fluorophore.
Lane 6, negative control with only the maleimide-fluorophore present.
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Despite careful optimization of the method, the yield remained
below 10% for any target investigated. This precludes the
method being used as a practical tool for double labeling of
RNA. However, both in vitro synthesized RNA and cellular
derived RNA are usually available in reasonably large amounts
enabling up-scaling of the labeling reaction.

Another important parameter is the specificity of the reaction.
Our original intention for the reaction was that it should be
specific for the 2′-OH position. However, as observed, the
donor-DNA also reacts with the 2-aminopyridine-type amine
on the target nucleotide, and the end product is a distribution
of the two. It is possible to circumvent this if a uridine is chosen
as the target nucleotide, as it contains no exocyclic amines. The
reaction with the bases, however, does enable labeling of long
DNA single strands, which can be useful in the growing field
of DNA nanotechnology.

The single band observed in the primer extension assay and
the lack of cross-linking product formation when thymine is
positioned at the target site suggests that the cross-linking occurs
exclusively to the intended nucleotide (Figure 4C). A potential
problem is that the labeling site may not be accessible for
annealing to the DNA guides, in particular, when targeting
highly structured RNA. Using LNA in the guide strands to
increase the binding affinity to the target may, to some degree,
circumvent this problem. Improved accessibility upon LNA
modification has previously been observed using antisense and
DNA enzymes in the context of HIV-1 (21).

Another advantage of our method is the incorporation of a
free thiol that enables efficient conjugation of functional groups.
Here, we demonstrate the attachment of a fluorophore for optical
detection, but this method can easily be extended to any other
materials that are linked to a thiol-specific cross-linking
functionality such as maleimide or vinylsulfones (22). It may
also be used for attachment of biotin, reactive cross-linkers for
structural probing, larger structures like lipids, peptides, nucleic
acids, or even nanoparticles that could provide RNA molecules
with new functionalities.
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Further Results

The results in the manuscript show that the templated reaction is possible
and has great site-specificity. The obstacle which needs to be overcome is
to increase the yield of the reaction. Especially if eg. two fluorophores are
to be attached to the same RNA, then the yield of forming the correct bi-
functionalized product is the square of the yield for the individual coupling.

In the manuscript, purification of the modified RNA strand from sur-
plus fluorophore in the fluorophore-coupling reaction was performed on size
exclusion spin columns. As seen in figure 5, page 45, this does not give a
complete purification, and lowers yield due to loss in the purification step.
For this reason purification by extraction was attempted. N-butanol was
used as the organic solvent for the purification with the hope that uncou-
pled fluorophore would migrate to the top organic phase2, and fluorophore
coupled RNA would remain in the lower aqueous phase. As is evident from
figure 2.3, this did not succeed. The fluorophore remained in the bottom
aqueous phase after vortexing and centrifugation. This result indicates that
the fluorophore used (Alexafluor 568) is hydrophilic. The use of a slightly
more hydrophobic fluorophore might make purification by this method plau-
sible, thereby increasing yield.

Before n-butanol addition              After n-butanol (top phase) addition

Figure 2.3: Result of attempted n-butanol extraction. As can be seen, the fluorophore
(pink) remained in the lower aqueuos phase

To further attempt to improve the yield of the RNA labeling technique,
we attempted using a slightly longer linker to examine if the lower efficiency
was a consequence of too far a distance between the linker on the donor DNA

2Fluorophores are typically hydrophobic to some degree, thus leading to the hypothesis
that they would migrate to the top organic phase.
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strand and the target 2’OH. A new linker was synthesized with the chemical
structure in Figure 2.4, where the extension of the linker is encircled in red.
The chemical synthesis route of the new linker can be seen in the Appendix
A.2, page 1343.

H
NOO

O

HN O

S S

OHO

Figure 2.4: The encircled part of the linker corresponds to the added length of the linker

To evaluate the two linkers against each other, we performed the chemical
reaction under the same conditions as in the article, and varied the ratio
between the target and the remainder of the reaction complex. Rather than
a radioactive label on the target oligonucleotide, a fluorescent cy3 label was
used, and quantification of gel-bands was performed with a typhoon scanner.
Both a native and denaturing gel were run with the reaction product to
assess both how much of the reaction complex was formed, and at the same
time quantify crosslinking efficiency (Figure 2.5A).

With the long linker on the native gel, approximately 45% of the target
strand is in the junction complex when target

rest of complex ratio is 1
2 . As the

amount of target is increased compared to the rest of the junction this
value decreases. With the short linker, the junction formation percentage
is approximately the same as for the long linker when target

rest of complex ratio is
1
2 . The junction formation efficiency decreases faster when the amount of
target is increased compared to the donor strand with the long linker.

Comparing the native and denaturing gels it is seen that the percentage
of target strands that are chemically crosslinked is 10-15 fold lower than
the percentage of target strands actually in the junction4. We saw there
was no substantial effect of extending the linker, and thus, this course of
experimentation was abandoned.

One explanation for the low yield can be found by examining the chem-
ical composition of the linker, along with the article by Kunishima et al.
from 1999 [148] describing details of the DMTMM catalyzed reaction. The
presence of an electron-withdrawing group near the carboxylic acid has a

3The linker synthesis was performed by Thomas Tørring, Dept. of Chemistry at Aarhus
University

4The 10-15 fold lower crosslinking yield compared to junction formation is comparable
to values observed in experiments performed for the article in Bioconjugate Chemistry.
The junction formation percentages are however lower in this experiment leading to lower
crosslinking percentages.
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Figure 2.5: Assessment of difference in crosslinking efficiency when using a
longer linker A) Native and non-native PAGE analysis of the crosslinking reaction. B)
Graph over intensities of the target strand in the 4 way junction compared to the total
amount of target with varying ratios of the target to the rest of the junction. C) The
same samples as in B) but on a denaturing gel to evaluate crosslinking efficiency.

positive effect on the yield. In contrast, carboxylic acids without these
electron-withdrawing groups required extended reaction times or elevated
temperatures. Examining our linkers, it can be seen that they lack such an
electron-withdrawing group.

The problem could be circumvented by chemically synthesizing a new
linker with somewhat the same composition, but with a more electronegative
group placed within two atoms of the carboxylic acid group. The tradeoff
in this case is possible increased hydrolysis of the resulting ester group,
due to the carbonyl carbon becoming more electropositive, and thus more
susceptible to a nucleophilic attack from H2O.

There is also the possibility of a distance issue - that the functional
groups are simply too far away from each other. But in the light of the
experiments performed by Liu and co-workers [76], where no substantial
effect was seen even when a 30 base linker (≈ 10 nm) was placed between



50 Advances in structural and functional properties of DNA-nanotechnology

the reactive substrates, the distance issue should not be a hindrance.
There might also some geometric problem, with the three dimensional

structure of the junction having the reactive groups pointing in different
directions, inhibiting the reaction. This could be circumvented by using a
more well-defined/rigid structure, such as the DNA tiles described earlier
[25, 26]. Here, the constraint of having multiple attachment points between
helices allows the positioning to be more predictable.

Thus, the most sensible options for attaining a better yield, necessary
for a more widespread use of the technique, would be either by redesigning
the junction architecture to a better controlled one or synthesizing a linker
with a more favourable chemistry.

Materials and Methods

n-butanol extraction: After the fluorescent coupling reaction was run
with the surplus maleimide-fluorophore as desribed in the previous article,
one volume of n-butanol was added. The mixture was vortexed for 30 sec,
and centriguged at full speed.

Reaction conditions for the coupling reactions were the same as in the Bio-
conjugate Chemistry article with LNA guide strands. The fluorescent target
strands has the following sequence 5’ ACUUGUGGCCGUUUACGUCGC-
Cy3.

Fluorescent gel scans: A denaturing(15%) and a native(10%) PAGE gel
were cast. The reaction samples were split in two, and loaded on the two
gels. The native gel samples were loaded with glycerol(5%) and run in the
cold room at 200V for 2hours. The denaturing gel samples were loaded
in formamide (70%) and run at 400V for 40 min. Both gels were run in
1xTBE The gels were scanned with a Typhoon Scanner. Cy3 filter settings,
PMT:550
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Summary and discussion

In the previous chapter a nucleic acid directed chemical reaction, with as-
semblies comprised of only few components, was discussed. The research
described in the next chapters focuses more on complex structural design of
DNA origami. To begin with, in this chapter, there will be a description of
a software-program capable of taking a desired shape, and outputting the
path of the scaffold strand and the sequence of the staple strands needed to
fold the shape.

Following the groundbreaking report on the DNA Origami technique
showing great control at the nanoscale, there was great interest in being
able to use the technique. The design is no simple task with the great
number of staple strands needing the exact correct sequence to fold the long
single stranded scaffold. However, the structural manner in which they are
built up with the cross-over patterns of the staple strands is basically very
simple as described by Rothemund [38]. So with simple principles, but a
large amount of data to create, the use of computer programming for design
is a very rational approach.

My mentors, Ebbe S. Andersen and Morten M. Nielsen, created a pro-
gram capable of taking a bitmap image file along with a scaffold sequence as
input and outputting the needed list of staple strands to create the structure.
My own role in the project was to test run the software in the debugging
process, suggest changes in workflow and layout of the software, and I wrote
the tutorial for the software program 1. A very nice feature of the program
is the option of being able to look at a map of the position of the staple
strands, and carry out fine adjustments to the design. An example could be
the addition of T-loops to staple strands at the edge of the origami, since
they reduce stacking between origami [38] (Figure 3.1).

The choice of the dolphin structure, constructed in the following article,
was made primarily because it, at the time, was the logo of Aarhus Uni-
versity2, but also because the dolphin has many features that are difficult
to create. The tail fins, the nose, the eye and the varied curvature of the
outline of the dolphin demand great control of the final shape. Thus the
results are a demonstration of the software being able to fold virtually any
two-dimensional shape imaginable. Beyond the staple strand output, the
program also offers a molecular structure buildup, giving a pdb file with
coordinates of every atom in the structure. This is useful for simulations of
physical properties of the structures such as prediction of stokes radius that
may be compared to experimental values to evaluate if the correct structure
is being formed.

1Available presently at ; http://www.cdna.dk/origami/
2Ironically the logo was changed to a more sterile logo a few months after publication

of the paper
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Before	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 After

Figure 3.1: Illustration of the editing capability of the SARSE interface. The scaffold
strand is red, the staple strands are green and blue and the orange T-loops are placed at
the edge of the structure on the staple strands to inhibit stacking of the structures using
the editing capability of the SARSE. program

In 2009 the caDNAno software was published [149], making design of
solid 3D origami possible as well. The software has a very accessible user-
interface, and will most likely be the dominating software for DNA origami
design in the future. However, the SARSE software still has properties which
make it desirable to use under certain circumstances, with the primary ad-
vantage being the easy editing of the strands when viewing the staple strand
arrangement. Beyond our own research group the program has assisted sev-
eral international groups in designing DNA origami structures [42, 58].



54 Advances in structural and functional properties of DNA-nanotechnology

DNAOrigami Design of Dolphin-Shaped
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A
central challenge of nanotechnol-

ogy is to efficiently design and con-
struct well-defined functional struc-

tures and devices at the nanoscale. Self-

assembly is a promising route toward this

goal, but it is often hampered by the lack of

fundamental understanding, control, and

reproducibility of the stochastic processes
involved. Nucleic acids are suitable materi-
als for self-assembly since they form well-
defined structures and are programmable
for predefined designs and interface well
within biological systems.1 The use of DNA
for the precise structuring and addressabil-
ity at the nanoscale has promising applica-
tions in chemistry, molecular computing,
and potentially within the emerging area
of nanomedicine.2,3

A first step in the development of the
field of structural DNA nanotechnology
was the movement from initial theoretical
considerations4 to the design of small geo-
metric structures such as the DNA cube.5 A
second step was the design of DNA “tiles”
that forms larger complexes by unique rec-
ognition and that can perform algorithmic
calculations by this process.6,7 A third step
was the realization that an efficient route for
self-assembly was to use nucleation on a
larger scaffold to facilitate higher-order
folding.8 Recently, a novel approach was in-
troduced by Rothemund, named the “DNA
origami” method,9 where the 7.2 kb single-
stranded DNA genome of the M13 bacte-
riophage is folded with the help of
200�250 short synthetic oligonucleotides
to create arbitrary planar structures with di-
mensions in the area of 100 � 100 nm2.
The DNA origami method provides a plat-
form with hitherto unseen possibilities for
directed self-assembly since the 250 short
staple strands can, in principle, be extended

from the origami surface and serve as 250
individually addressable pixels located ex-
actly 6 nm apart on the origami surface.
Since the pioneering work of Rothemund,
the DNA origami structures have been used
for constructing nanoarrays of proteins,
gold nanoparticles, and oligos,10–12 and as
a scaffold for algorithmic calculations.13

However, there is currently a lack of ad-
vanced scientific tools for computer-aided
designs of complex DNA structures. Only a
few dedicated programs have been devel-
oped so far,14,15 and programs for DNA
origami design are not yet available.9,16

Here we present a highly interactive soft-
ware package for designing DNA origami
structures of arbitrary shape, and we have
used this software to construct a dolphin-
like DNA origami structure with a flexible
tail region. The study uses an interdiscipli-
nary approach where software develop-
ment is aimed at designing the DNA
origami structures that in turn are
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ABSTRACT The DNA origami method allows the folding of long, single-stranded DNA sequences into arbitrary

two-dimensional structures by a set of designed oligonucleotides. The method has revealed an unexpected

strength and efficiency for programmed self-assembly of molecular nanostructures and makes it possible to

produce fully addressable nanostructures with wide-reaching application potential within the emerging area of

nanoscience. Here we present a user-friendly software package for designing DNA origami structures (http://

www.cdna.dk/origami) and demonstrate its use by the design of a dolphin-like DNA origami structure that was

imaged by high-resolution AFM in liquid. The software package provides automatic generation of DNA origami

structures, manual editing, interactive overviews, atomic models, tracks the design history, and has a fully

extendable toolbox. From the AFM images, it was demonstrated that different designs of the dolphin tail region

provided various levels of flexibility in a predictable fashion. Finally, we show that the addition of specific

attachment sites promotes dimerization between two independently self-assembled dolphin structures, and that

these interactions stabilize the flexible tail.

KEYWORDS: DNA origami · self-assembly · dynamics · design software · AFM
(atomic force microscopy)
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prepared in the molecular biology laboratory and char-

acterized by atomic force microscopy.

RESULTS AND DISCUSSION
Construction of a DNA Origami Dolphin. A user-friendly soft-

ware package for making DNA origami structures was

developed based on a semiautomated scientific data

editor, called SARSE.17 The program uses an editor and

an overview window to facilitate the editing and navi-

gation of the large DNA origami structures (Figure 1A).

The program also has a history window that allows the

user to undo unwanted changes and logs files to help

reproducing complex designs. A toolbox is used to ac-

tivate programs that can both analyze and modify the

design or generate an atomic model to be inspected in

a 3D viewer (Figure 1B, 1C).

As an example of designing DNA origami structures

of arbitrary shape, we have reconstructed the shape of

a common dolphin, Delphinus delphis, which makes up a

central part of the logo from the University of Aar-

hus19 with the motto “solidum petit in profundis”20 (Fig-

ure 1D). A graphical editor was used to adjust the size of

the dolphin bitmap file to match the length of the

M13 sequence (the size of the black area of the bitmap

should be approximately 10 � 7249 pixels since each

pixel on every tenth line will be assigned to a single

base of the M13 sequence which is 7249 bases long).

In order to get the exact desired dimensions of the fi-

nal dolphin origami structure, the bitmap has to be

stretched by 1.125 times in the direction perpendicular

to the helices (e.g., the horizontal strands in Figure 1A)

taking into account that the length of 10 bases of a DNA

helix is 3.375 nm and the distance between two heli-

ces of a DNA origami structure with 1.5 turns between

crossovers was previously reported to be �3 nm.9 The

bitmap was modified on the back and tail fins to allow

simple folding (Figure 1E). The SARSE program allows

an easy way of inserting a seam into an origami design

simply by dividing the bitmap into two halves, which

was used to create an eye on the dolphin (Figure 1E).

Currently, the SARSE origami design software only al-

lows 1.5 helical turns between staple strand crossovers

and one central seam to be added. However, it can be

extended to a different spacing between crossovers

and multiple seams by modifying certain parameters

in the design program.

The bitmap files of the upper and lower part of the

dolphin were imported in the SARSE editor; the upper

part was folded from the nose in the 5= to 3= direction,

and the lower part was folded from the nose in the 3= to

5= direction to represent one continuous strand. The

SARSE editor was used to modify the design and add

T-loops and T-extensions on the edges to inhibit inter-

molecular helical stacking interactions.9 The design was

inspected by the automatic generation of an atomic

model (Figure 1B, 1C). The two dolphins were designed

to fit on top of each other with the approximate orien-

tation of the two dolphins in the University of Aarhus

logo,19 and intermolecular crossover strands were

made to connect them. A thermodynamically stable

DNA hairpin structure that appears naturally in the M13

viral DNA9 was placed at the tip of the dolphin tail.

This defines two parts of the M13 sequence that was in-

serted in the two parts of the dolphin design to gener-

Figure 1. Design process of a DNA origami dolphin. (A) SARSE editor window showing a small part of the DNA origami de-
sign with backbone strand in red and staple strands in green and blue. The overview window, shown to the right, can be used
to navigate the editor window. (B) An atomic model can be generated during the design process and visualized in a 3D
viewer such as PyMol.18 White arrows indicate crossover positions. (C) The same atomic model as in B at a lower zoom level.
(D) The dolphin shape used as input. (E) The shape was stretched 1.125�, divided down the middle to insert a seam, and
modified on back and tail fins. (F) Atomic model of the DNA origami design with indication of special features: a, nose; b, eye;
c, 90° angle at back fin; d, narrow tail region; e, branching tail fins. Blue line in E indicates the position of a seam.
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ate a list of oligonucleotide sequences. Seam oligos

and intermolecular crossover strands were designed

by hand (oligos used in the design are listed in the Sup-

porting Information).

The dolphin shape was chosen for this study be-

cause it possesses several interesting and challenging

features. It is asymmetric and has easily identifiable fea-

tures such as the nose, the 6 nm eye, the 90° angle at

the back fin, and the branching tail (a�c,e in Figure 1F).

Also it has a narrow tail region and a staggered seam

that defines the interaction between the upper and

lower part of the dolphin (d and blue line in Figure 1F).

A tutorial of the design process and the final design

files are available at http://www.cdna.dk/origami.

AFM Imaging of DNA Dolphins with Flexible Tails. In the ini-

tial experiments, dolphin origami structures were self-

assembled and deposited on a freshly cleaved flat mica

surface and then visualized using tapping mode atomic

force microscopy (AFM) in liquid. In Figure 2A, a high-

resolution AFM image of the resulting dolphin struc-

tures adsorbed on the mica surface is shown, which

clearly reveals DNA origami structures with the ex-

pected features of the dolphin such as the nose, fin,

tail, and eye.

In Figure 2B, a schematic illustration with two mirror

image dolphin structures (only valid for the dolphin over-

all shape and not at the molecular level) is presented.21

The dolphin structure can land on the surface in one of

two different orientations, which allows one to distin-

guish which surface of the dolphin is facing up or down,

respectively. The dolphin structure lands in one of two

mirror symmetric orientations, one that is left-handed and

one is right-handed (Figure 2B), a phenomenon that is re-

ferred to as “2D chirality”.21 In all recorded AFM images,

we observe an approximately equal distribution of dol-

phin origami structures with face-up and face-down ori-

entations as seen from the red and green numbers in Fig-

ure 2A,B, respectively. This suggests that the DNA origami

dolphin structure in solution has no distinct structural

conformation that would bias the deposition on the sur-

face; that is, in solution, the dolphins are achiral, whereas

when they land on the surface they become 2D chiral. If

one could control the attachment of DNA origami struc-

tures in only one of the possible orientations, this will be

an important step for creating well-defined larger DNA

origami assemblies at the surface.

On the basis of section profiles along the A�A and

B�B axes (Figure 2A, inset, and 2C), the eye is revealed

as a concave feature of approximately 6 nm in width (as

indicated by the arrows in Figure 2C), and its depth de-

pends in most cases on the AFM tip convolution. A simi-

lar concave feature is observed in the red cross section

in Figure 2C, which is most likely caused by the ab-

sence of a DNA oligo at that location.

In the original design, the dolphin tail did not have

crossovers in the seam to allow for sliding of the heli-

ces and tail flipping. Indeed, this specific tail design re-

sulted in the observation of many coexisting alternative

Figure 3. Observation of tail flexibility. (A) AFM images of dolphin DNA
structures in several different conformational states. Arrows indicate orienta-
tion of tail as up (u), normal (n), and down (d). (B) In high-resolution AFM im-
ages, distortion patterns were observed for structures that were aligned per-
pendicular to the direction of scanning. Dolphins are labeled as 1, 2, and 3.

Figure 2. AFM imaging of single dolphin shapes. (A) AFM image of DNA origami dolphins. Inset shows a high-resolution
image of a single dolphin shape with an arrow pointing to the eye and section profile lines A�A and B�B. Green and red
numbers count each of the two alternative configurations of the dolphin shape. (B) The two types of dolphin shapes with the
mirror plane indicated with a dotted line. Green and red numbers correspond to the count numbers in panel A. (C) Section
profile of the dolphin shape in the inset of panel A showing a dimension of 50 nm along the A�A axis, and a dimension of 150
nm along the B�B axis. An arrow indicates the eye feature in both profiles.
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conformations of the tail in all recorded AFM images.

The tail could either be flipped up (u, Figure 3A top),

with respect to the normal position (n, Figure 3A

middle) or down (d, Figure 3A bottom).

Surprisingly, upon applying a higher force by the

AFM tip, the tails appeared to be slightly distorted in

the high-resolution AFM images, as seen by compar-

ing Figure 3B with Figure 2A. Thus, this tail distortion

can clearly be assigned as an influence of the force ex-

erted by the AFM tip. In that context, the tail distortion

is most significant when the dolphin origami is oriented

perpendicular to the scanning direction of the AFM tip

(Figure 3B, dolphin 1) as compared to the other dol-

phins aligned along the scanning direction (Figure 3B,

dolphins 2 and 3).

Next we investigated the effect of inserting cross-

over points in the tail region (Figure 4A, 4B, mod-

els) on the overall assembled structure. The tail

angle was determined by using three reference

points on the dolphin DNA structure: the nose, the

middle of the body below the right angle of the back

fin, and the middle of the tail fin. The experimen-

tally determined angle was in good agreement with

the theoretical angle of 145°. For the dolphin

origami without crossovers in the tail, a broad distri-

bution of tail angles was observed with only 42% of

the structures being within �10° of the theoretical

value (Figure 4A, histogram). Analyzing the dolphin

structure with 10 crossovers in the tail showed that
61% of the dolphins had a tail angle within �10° of
the theoretical value (Figure 4B, histogram). By fit-
ting a Gaussian curve to the two histograms, we
found a Gaussian variance of �15° for the unstable
tail and a Gaussian variance of �11° for the stabi-
lized tail. The same level of stability and variance was
observed when adding 18 crossovers in the tail, sug-
gesting that the data are statistically significant (data
not shown). The observed difference might be ex-
plained by the potential sliding of helix ends when
no crossovers are present. We conclude that the tail re-
gion can be stabilized (while maintaining some flexibil-
ity) by the amount of seam crossovers.

Dimer Interaction Stabilizes Tail Conformation. One of the vi-
sions within the emerging area of nanotechnology is to
form self-assembled structures with incorporated macro-
scopic function, and to fulfill this goal, the DNA origami
structures must be placed by specific interconnections at
well-defined and known positions. The higher-order as-
sembly of DNA origami structures is a key for future DNA
nanotechnology applications. We therefore tried to stick
two dolphin structures together by intermolecular base
pairing to create a dolphin dimer. This was accomplished
by the independent assembly of two structurally distinct
dolphins—one with sticky ends and receptor sites on the
abdomen and another with sticky ends and receptor
sites on the back (Figure 5A, 2C) that will stick together
by proper annealing to form a dolphin dimer (Figure 5C).

Figure 4. Characterization of tail flexibility. (A) The molecular model of the DNA origami dolphin is shown with the seam in blue and
with indication of the positions of crossover points in red. The histogram to the right shows the distribution of tail angles measured in
AFM images. (B) Model of DNA origami dolphin with 10 seam crossovers inserted in the tail region and the corresponding histogram to
the right.
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After the assembly process, the two
dolphin origami structures were puri-
fied from excess oligos that may com-
pete with the interaction. The dol-
phins were mixed with 1:1 molar ratio
and allowed to dimerize in the assem-
bly buffer for 30 min at 37 °C.

AFM imaging revealed that we
predominantly observe the forma-
tion of the dolphin dimers. Neverthe-
less, trimers could also be formed as
seen in Figure 5D, where a monomer
unintentionally sticks to a prede-
signed dolphin dimer. A more statis-
tical investigation of the yield, num-
ber, and strength of contacts of
dolphin dimers versus monomers
and/or other larger assemblies is cur-
rently in progress. Most of the paired
dolphins were interacting at the
three designed sites (Figure 5C) and
maintained their orientation on the
surface as observed by an equal
amount of face-up and face-down
species (Figure 5E, 5F). The tail inter-
action of the two dolphins constrains
both tails in the correct conformation with an angle
close to the theoretical value of 145° (Figure 5E, 5F). In
some cases, the dolphin dimers do not interact at the
tail site, and as a result, the tails are observed to be flex-
ible (Figure 5G). The specific interaction also allows the
annotation of otherwise identical dolphin structures in
the AFM images (Figure 5E�G).

The DNA dolphin dimer structure presented here is
the first DNA origami to be assembled from nonidenti-
cal parts, and more interestingly, it presents a unique
structural recognition motif that stabilizes the flexible
tail feature. These results reveal a new and important
route for the construction of more sophisticated nan-
odevices composed of DNA origami structures.

CONCLUSION
A new software package for the design and construc-

tion of DNA origami structures is presented, and it is ap-
plied to the construction of DNA dolphin-like origami
structures. This dolphin shape has specific features that
made it interesting for a thorough investigation of the

flexibility of the narrow tail region. The flexibility was

shown to be dependent on the amount of seam cross-

over strands within the tail region, and its movement

could be controlled with the flexible design and AFM

probe tip. Furthermore, we have demonstrated that spe-

cific docking of DNA origami structures can constrain flex-

ible regions and provide a functional tool for the assem-

bly of larger, higher-order structures. The flexibility is an

interesting property that might be exploited in future

DNA origami designs to form structures with small flex-

ible extensions that can be used as nanorobotic arms or

nanocantilevers. As shown here, the nanorobotic arms

can be moved top-down by the AFM cantilever or be de-

signed to have intrinsic flexibility. Alternative ways to

move nanorobotic arms by hybridization topology have

been designed by Ding et al.22 The nanorobotic arms

could potentially be used to execute particular opera-

tions at the nanoscale and be moved by molecular mo-

tors. Flexible DNA origami structures may thus provide

the basis for creating new controllable dynamic nano-

structures for future interesting applications.

METHODS
Software Development. Several programs were developed to fa-

cilitate the DNA origami design process and made available as a
program package for the semiautomated scientific data editor
called SARSE.17 The design process proceeds by the following
steps: (1) a bitmap file is imported, and the shape can be further
modified in the SARSE editor; (2) a program is activated that auto-
matically finds a folding path through the shape and adds staple
strands with crossovers in the plane of the figure; (3) the SARSE edi-

tor is used to make changes to the origami design by the editing
of different symbols for the scaffold strand and the staple strands;
(4) a program is triggered that generates the 3D atomic model
which subsequently can be inspected in molecular viewers such
as PyMol18 or QuteMol;23 (5) finally, a program is started that in-
serts a given sequence in the design, annotates the staple strands,
and creates as an output a list of oligos for ordering (programs are
described in more detail in the Supporting Information). The SARSE
editor facilitates the design process by its ability to iteratively ex-

Figure 5. Specific recognition between two dolphin structures. (A) Dolphin 1 with back pro-
tected with T-extensions (blue) and the abdomen with sticky ends (red, yellow, green). (B) Dol-
phin 2 with sticky ends on the back (red, yellow, green) and T-extensions on the abdomen (blue).
(C) Dolphins 1 and 2 interacting via sticky-end interactions at three interaction points (red, yel-
low, green). (D) AFM image showing the sample where dolphins 1 and 2 were allowed to dimer-
ize for 30 min at 37 °C prior to imaging. Single dolphins are also observed. (E�G) Three differ-
ent dimeric dolphins are shown with red, yellow, and green arrows indicating the three
interaction sites. Dolphins 1 and 2 are annotated.
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ecute programs to modify the data. The process is overviewed in
a window that allows interactive navigation of the large DNA
origami design. By tracking the history of the design process, it is
possible to jump back if undesired results are obtained. The SARSE
editor was extended to allow new modes for data processing to
be defined by the user with specific menus and tool icons. The soft-
ware for DNA origami design is available at http://www.cdna.dk/
origami. The Java editor and origami program package are free
software distributed under the GNU General Public License ver-
sion 3 (GPLv3).

Preparation of M13 DNA. The M13mp18 DNA (from New England
Biolabs) was introduced into the bacterial strain XL-1 Blue (Strat-
agene) by heat shock transformation. The transformed bacteria
were plated in soft topagar on LB plates and incubated at 37 °C
overnight. M13 plaques are visible as clear spots on the otherwise
turbid bacteria lawn. One of the plaques was used to infect a large
250 mL culture of XL-1 Blue bacteria and allowed to grow over-
night. The culture was centrifuged at 4000g for 15 min at 4 °C. The
supernatant containing the M13 phages was transferred to a bea-
ker glass, and 10 g of polyethylene glycol (PEG-8000) and 7.5 g NaCl
were added. The solution was stirred for 30 min followed by cen-
trifugation for 20 min at 10 000g at 4 °C. The pellet was suspended
in 10 mL of 10 mM Tris-Cl, pH 8.0. Then 0.1% SDS was added to de-
nature proteins, and the solution was subjected to several rounds
of phenol extraction to remove all traces of protein.

Self-Assembly Reactions. The oligos were retrieved in 96-well
plates at 100 �M from DNA technology A/S. Several different dol-
phin structures were assembled: (1) unstable tail, (2) semistable tail,
(3) stable tail, (4) “up” dolphin with sticky end abdomen and stable
tail, and (5) “bottom” dolphin with sticky end back and stable tail
(see Supporting Information for the oligo sets used in each struc-
ture). The assembly reactions were performed in Tris-acetate-EDTA
buffer with 12.5 mM MgAc (TAEM) and 1.6 nM M13 and 100-fold
excess of each oligo. The samples were heated to 95 °C and cooled
to 20 °C in steps of 0.1 °C/6 s. Dolphins 1 and 2 were self-assembled
with a 4-fold excess of primer to M13 ssDNA. The assembly reac-
tions were purified on columns (Microcon) with repeated washing
to remove excess primers, and the concentration was calculated as
devised by Ke et al.11 The two dolphins were mixed 1:1 in TAEM
buffer and allowed to dimerize for 30 min at 37 °C.

AFM Imaging. After the self-assembly reaction was completed,
the dolphin-like origami structure was incubated at room temper-
ature for 1 h prior to AFM imaging. The sample (5 �L) was depos-
ited onto a freshly cleaved mica surface (Ted Pella, Inc.) and left to
adsorb for 5 min. Buffer (TAEM, 200 �L) was added to the liquid cell,
and the sample was scanned in a tapping mode using either an Ag-
ilent AFM series 5500 (Agilent Technologies, USA) or Nanoscope
IV MultiMode SPM (Veeco Instruments, Santa Barbara, CA) with 0.4
nN/nm force constant cantilever of an oxide-sharpened (triangu-
lar, NP-S, Veeco Instruments, Santa Barbara, CA) and a vertical en-
gage E-scanner. After engagement, the tapping amplitude set
point was typically 0.5 V and the scan rates ranged from 1 to 2 Hz.
During the liquid AFM imaging, the highest resolution was in most
cases obtained with minimal loading forces applied and opti-
mized feedback parameters. Several AFM images, all 512 � 512 pix-
els, were obtained from separate locations across the mica sur-
faces to ensure reproducibility of the results. All the images were
analyzed by using the commercial Scanning Probe Image Proces-
sor (SPIP) software (Image Metrology ApS, version 4.2, Lyngby, Den-
mark).24

AFM images of 2 � 2 �m recorded with low force were used
for measuring the tail angle. The tail angles were measured in the
SPIP program by using three reference points on the dolphin DNA
structure: the nose, the middle of the body below the right angle of
the back fin, and the middle of the tail fin. On the theoretical model,
this corresponds to an angle of 145°. The measured angles were
used to calculate the deviation from the theoretical value.
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Summary and discussion

With the emergence of the many two-dimensional structures created using
DNA origami [38, 41, 43], the next course of structural development was
to create three-dimensional structures. To pursue this goal, I was part a
project with the objective of creating a three-dimensional tetrahedron with
faces comprised of a DNA-origami type architecture. This was during my
stay at Arizona State University in the laboratory of professor Hao Yan. In
the original DNA-origami pattern, the scaffold strand turns 180◦ every time
it reaches an edge. With the tetrahedron, the scaffold strand can actually
just continue on the neighboring surface as seen in Figure 1, page 66. The
vertices were designed to have single stranded flexible linkers. To get an
idea of the size scale of these containers, I have placed a pdb file of the
80S ribosome from yeast [150] inside the pdb model of the tetrahedron, and
removed one of the faces of the tetrahedron. As can be seen from Figure
4.1, the ribosome just fits inside the structure.

Figure 4.1: Size comparison of the crystal structure of the 80S ribsome from yeast and
a full pdb model of the Tetrahedron.

My contribution to the report was the DLS measurement and the calcu-
lation of theoretical hydrodynamic radius of the tetrahedron. The AFM and
TEM images provide very good and convincing images of individual parti-
cles. However, to evaluate the particles as an ensemble, DLS is a valuable
tool along with the gel-electrophoresis measurements. A gel electrophoresis
image of the tetrahedron is seen in Figure 4.2, taken from the supporting
information of the article in Nano Letters.

The theoretical calculations for the hydrodynamic radius are performed
with the hydropro software [151], that takes a pdb input file and buffer
conditions and calculates a theoretical Stokes Radius. To make the pdb file
of the tetrahedron the SARSE software package, discussed in the previous
chapter, was used [43]. The process for making the full pdb file is seen in
Figure 4.3.
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Figure 4.2: Agarose gel image of DNA tetrahedron migrating faster than the single
stranded scaffold, due to the tetrahedron being more compact.

A) B)

C) D)

Figure 4.3: Workflow for creating full pdb model of the DNA origami tetrahe-
dron. A) A bitmap image of the side is created, here a triangle. B) The image is imported
in SARSE and the scaffold strand’s path, and staple strand positions are created. C) The
SARSE program gives a pdb output of one of the sides. D) Pymol is used to geometrically
transform the faces so they create a full atomic model of the DNA Origami tetrahedron.
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The experimental hydrodynamic diameter proved to be 41,2 nm ± 11
nm, in good agreement with the predicted value of 49,2 nm. Both with the
tetrahedron presented in this chapter and the DNA box presented in the
next chapter an important point to make is the potential for modification
as a result of the addressability of the sides of the structures. On each
face there are numerous staple strands that serve as site-specific addressable
handles for attaching molecules of choice.
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ABSTRACT

We describe a strategy of scaffolded DNA origami to design and construct 3D molecular cages of tetrahedron geometry with inside volume
closed by triangular faces. Each edge of the triangular face is ∼54 nm in dimension. The estimated total external volume and the internal
cavity of the triangular pyramid are about 1.8 × 10-23 and 1.5 × 10-23 m3, respectively. Correct formation of the tetrahedron DNA cage was
verified by gel electrophoresis, atomic force microscopy, transmission electron microscopy, and dynamic light scattering techniques.

DNA has been considered an ideal material for building
nanostructures at nanometer to micrometer scale because of
its well-characterized double helical model and highly
specific Watson-Crick base pairing. In recent years, a variety
of one-dimensional (1D) and two-dimensional (2D) DNA
nanostructures have been developed and utilized as templates
for directed assembly of other materials.1 To date, a few
examples of polyhedral three-dimensional (3D) DNA con-
structs2 have been demonstrated through either one-step or
hierarchical assembly approach, further proving that DNA
nanoassembly is highly programmable. Nevertheless, these
polyhedral structures are wire framed in geometry that share
a common feature that rigid DNA duplex(es) serve as
polyhedral wire edges and flexible branch point(s) serve as
vertexes. As a result, each face of the 3D objects is open. A
more sequence addressable, closed-face molecular cage is
highly desirable as nanometer-sized containers to encapsulate
other materials. Inspired by the recent exciting development
of scaffolded DNA origami for 2D nanopatterning,3 we here
describe a strategy to design and construct 3D molecular
containers of tetrahedron geometry with inside volume closed
by triangular faces.

The design of the tetrahedron DNA container is achieved
by modifying the strategy used in the 2D DNA origami
(Figure 1). In the 2D DNA origami, the single-stranded M13
DNA scaffold is designed to turn, and go the opposite
direction, when it comes to the end point. Because this is a
3D structure, there is no end point to the surface. As
illustrated in Figure 1c, when the M13 strand (red-colored

strand) comes to the bottom right (where the number 1 is),
it continues at the bottom left at the number 1. This means
that the scaffold strand runs through the entire structure
without turning with the exception of the hairpin loops at
the top right and bottom left of Figure 1b,c. This also
eliminates any seams that would arise from making 2D
segments, which are subsequently bridged by staple strands.

The following design features of the tetrahedron container
can also be seen in Figure 1b,c: for all the rows with even
numbers at the edges, the 5′ to 3′ direction of the M13
strand is running toward the left, and in all the rows with
odd numbers at the edges the 5′ to 3′ direction of the M13
strand is running toward the right (the tracing of the M13
scaffold can also be seen in the Supporting Information).
This makes adjacent rows antiparallel. The helices in the
rows are segmented in a fashion so that they display a planar
triangular face. The staple strands will fold the M13 scaffold
strand into a closed tetrahedron container as illustrated in
Figure 1a,d. Note that to allow the adjacent triangles to close
up to form the tetrahedron geometry, a single nucleotide
flexibility was used during the design, as illustrated as small
single-stranded spacing between the edges of neighboring
triangles. Two nucleotide’s flexible spacing was used be-
tween the leftmost and the rightmost triangle faces shown
in Figure 1c. Another important feature in this design is that
there are two kinds of edges of the triangle faces, edges
formed between parallel helices (i.e., edges connecting the
top and bottom helices) and edges formed between continued
helices (i.e., the other edges shown in Figure 1b,c). In our
construction, we deliberately designed this to allow the same
type of edges to meet to close up and form the tetrahedron
cage.
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In our design, the M13 single-stranded scaffold DNA,
consisting of 7429 base pairs, is held together by 248 short
single-stranded DNA oligos (see Supporting Information,
Table S1) to form the tetrahedron container. Each edge of
the triangular face is ∼ 54 nm in dimension. The estimated
total external volume and the internal cavity of the triangular
pyramid are about 1.8 × 10-23 and 1.5 × 10-23 m3,
respectively (see Supporting Information for detailed calcula-
tion of dimension and volume).

The DNA triangular pyramid was assembled through a
single step synthesis process. All staples and the M13
scaffold were mixed together and slowly annealed from 90
to 4 °C (see Supporting Information for materials and
methods). Nondenaturing agarose gel electrophoresis (Sup-
porting Information, Figure S1) showed a distinct band that
suggests homogeneous DNA structures were formed after
the annealing process. AFM was further used to verify the
discrete objects (Figure 2). The x-y dimension revealed that
all the structures have consistent size. The dimension appears
to be larger than the expected ∼54 nm size of the tetradedron
edge due to the lower lateral resolution of AFM imaging
and possible distortion of the structure by AFM cantilever

that caused the structure to collapse. Nevertheless, zooming
in on some of the less distorted structures shows a triangular-
shaped geometry in the x-y dimension, indicating the correct
formation of the structure. However, because of the nano-
structures being distorted by the AFM tip the evidence of
the triangular structure from AFM on the assembled particles
is not definitive. The measurement of the z direction shows
a height of ∼4-5 nm, corresponding to the height of a
collapsed tetrahedron cage to form a two-layered DNA
structure. Although the structures are distorted during tip
scanning across the surface, AFM imaging combined with
gel shift assays clearly shows that discrete objects of
monodisperse sizes were formed when applying the designed
strategy. In addition, AFM images of the partial structure of
the DNA tetrahedron formed by removal of the staple strands
for two entire faces shows a single layer parallelogram
formation, which further proves the folding strategy of the
designed structure (Supporting Information,Figure S4).

To further reveal the structural conformation of the
tetrahedron cage, transmission electron microscopy (TEM),
a less destructive imaging technique for 3D DNA structures,
was used to characterize the sample. The sample solution
was dropped on a carbon-coated grid and negatively stained
with uranyl formate. Individual DNA particles are clearly
visible in the images (Figure 3) and high-resolution TEM
revealed that nearly 40% of those particles adopt the designed
tetrahedron shape. There are also particles showing distorted
or broken shapes. This is likely due to the damage caused
by the staining process. The edges of those tetrahedron-like
particles show different contrast, as a result of the higher
density of DNA at the edges. Additional high-resolution
TEM images are shown in the Supporting Information
(Figures S2 and S3).

We further performed a DLS experiment to assess the
distribution of particle sizes in solution (Figure 4). The
measurements were done in 300 µL at a 2 nM concentration
in three runs. As can be seen, the size distribution of each
run looks very reproducible. From the three runs, we obtained
a value for the peak of the curve of 41.4 ( 2.1 nm and a

Figure 1. (a) A 3D model of a DNA tetrahedron with closed triangular faces. (b,c) A 2D model and a schematic drawing of the tetrahedron
cage opened along the edges to illustrate the strand tracing. Staples (green) and circular scaffold (red) hybridize and form four triangular
structures that are connected together by the consecutive scaffold. The numbers on the two sides (1 to 16) indicate the continuous connections
of the scaffold. (d) A 3D schematic drawing shows the scaffold arrangement in the DNA tetrahedron.

Figure 2. AFM images. The tetrahedron DNA cages collapse on
mica surface, forming two-layered structures with 4-5 nm heights.

2446 Nano Lett., Vol. 9, No. 6, 2009
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value for the width of the curves of 11.7 ( 0.3 nm. This
value fits well compared to the theoretical value for the
hydrodynamic radius of the DNA tetrahedron container of
24.6 nm which gives a diameter of 49.2 nm.

It is noted that the tetrahedron container structure is likely
to be a mixture of two different isomers, one presenting one

face of the origami to the outside and one presenting a
different face. Further studies such as cryo-EM imaging could
be used to characterize such properties as well as the 3D
conformation of the structures. It would also be interesting
to design additional features such as protruding hairpin loops
on selective side of the triangular faces to induce the folding
of the origami structure into DNA tetrahedrons of a chosen
chirality.

In summary, we have successfully designed, assembled,
and characterized a closed DNA tetrahedron with an inside
cavity, much resembling the icosahedral structure of many
virus particles. In principle, the same design strategy could
be used to construct other DNA-based molecular cages as
well. The next obvious challenge is to encapsulate cargos
(e.g., proteins, metallic nanoparticles, virus genes, and
capsids) inside the DNA cage. Such cargo-vector assembly
could be used for nanoparticle site-specific functionalization
or target-specific delivery in which the DNA structure is
labeled with target recognition tags outside it. This could be
done because each of the 248 staple strands represent an
addressable point of the surface, which can be modified with
various chemistries to have different properties. One could
also envision protecting an enzyme from proteases with the
container, and at the same time allowing the encapsulated
protein to be active, since small substrate/product molecules
can access the container through the small holes in the DNA
mesh.
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Figure 3. TEM images. Top: zoom-out images. Bottom: zoom-in
images and images superimposed with the tetrahedron geometry.
The edges of the DNA tetrahedron cages (∼54 nm) are clearly
visible.

Figure 4. Diameter size distribution of the DNA tetrahedron cages
from DLS measurements. The three different colored (red, green,
and blue) lines represent the three runs.
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Summary and discussion

The DNA Box has proven to be one of the milestones in the DNA nanotech-
nology field, showing the construction of a three-dimensional structure that
reacts with the surrounding environment. Contrary to the DNA Origami
tetrahedron design, where the scaffold went continuously from face to face,
the DNA box design has the scaffold going through each face one at a time
(Figure 1, page 73).

My part of the project, along with Ebbe S. Andersen, was the devel-
opment, design and execution of functional experiments showing that the
lid of the box opens upon addition of an external signal. The opening is
carried out by placing a “lock” comprised of complementary strands with
one attached to the lid and the other to one of the faces. This lock has a
toehold that makes opening by toehold-mediated strand-displacement pos-
sible with a set of fully complementary “keys” (Figure 5.1). The choice for
a suitable assay to monitor box opening fell on FRET studies. With the
addressability of DNA-origami, placing fluorophores at desired positions is
somewhat straightforward by finding staple strands at the intended posi-
tions and attaching the correct fluorescent group during synthesis. A Cy5
group was placed on the lid and a Cy3 group on the face the lid attaches to.

Figure 5.1: Design of lock system for the DNA box. The displacement mechanism is
accelerated by the toeholds on the locks

Initial Experiments

In the first experiments with the goal of showing the ability to open and
close the DNA Box with key-oligonucleotides, we used the same setup as
in the Nature article by looking at the emission spectra of the FRET pair
with Cy3 excitation at 532nm. In the preliminary experiments, the samples
were unpurified, and the results were not convincing at all. However, a very
slight difference in the fluorescence signal was seen after addition of key
oligonucleotides in the area where the Cy5 emission was expected (arrow in
Figure 5.2 - top). A signal-peak so weak that we nearly overlooked it.
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Figure 5.2: Initial DNA Box FRET experiments: Top - Fluorescence intensity
vs. wavelength for non-purified box sample. Arrow is pointing to the hint of a FRET
signal. Middle - Purification of DNA strands from surplus cy3 background. Bottom -
Fluorescence intensity vs. wavelength of box sample for microcon purified sample.
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The peak at 650 nm in the ”minus keys” curve in figure 5.2-top might
be a raman peak from water usually located there. However, since the peak
disappears upon key addition, it might also originate from a FRET peak.
We hypothesized that the low signal could be the result of one, or a com-
bination of the following problems; i) A low FRET efficiency. ii) Poorly
formed structures. iii) High background from non-incorporated Cy3 oligos.
The Cy3 and Cy5 emission signals should be separated in the spectra, so
the signals should not interfere with each other. However, as noted in the
introduction chapter on fluorescence spectroscopy (page 33), the emission
spectra of fluorophores are broad, which is a result of excited electrons re-
turning to vibrational states above the ground state. This gives the emission
spectrum a “tail” towards higher wavelengths (lower energy). The Cy3 tail
in this experimental setup could conceal the Cy5 signal. From the cryo
electron microscopy data we had at the time, we were convinced that the
structures were correctly formed, so there should be a Cy5 signal. The
most straightforward next step was to purify the DNA origami assembly to
remove background signal (Figure 5.2 - middle).

The first attempted purification method applied the Microcon filtration
columns used in Ke et al. (2008) [55], which are a type of spin filtration
columns used to filter excess staple strands away after assembly. The re-
sults were promising showing a larger FRET peak, which disappeared upon
addition of the keys indicating an opening of the box (Figure 5.2 - bottom).
Adding control set of “keys” with a non-specific sequence showed no effect
on the FRET peak, verifying that the opening is a result of the specific
sequence of the “key” oligonucleotides.

We saw this as a step in the correct direction. HPLC purification with
a size exclusion column followed to improve purification, resulting in the
clear results shown in the manuscript (Figure 4d, page 75). My part in
the manuscript was, as mentioned, design and execution of the fluorescent
experiments. Furthermore, I have performed initial cell transfection exper-
iments with the DNA box, which are described in the section following the
manuscript.
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Self-assembly of a nanoscale DNA box with a
controllable lid
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The unique structural motifs and self-recognition properties of
DNA can be exploited to generate self-assembling DNA nano-
structures of specific shapes using a ‘bottom-up’ approach1. Several
assembly strategies have been developed for building complex three-
dimensional (3D) DNA nanostructures2–8. Recently, the DNA
‘origami’ method was used to build two-dimensional addressable
DNA structures of arbitrary shape9 that can be used as platforms to
arrange nanomaterials with high precision and specificity9–13. A long-
term goal of this field has been to construct fully addressable 3D
DNA nanostructures14,15. Here we extend the DNA origami method
into three dimensions by creating an addressable DNA box
42 3 36 3 36 nm3 in size that can be opened in the presence of
externally supplied DNA ‘keys’. We thoroughly characterize the
structure of this DNA box using cryogenic transmission electron
microscopy, small-angle X-ray scattering and atomic force micro-
scopy, and use fluorescence resonance energy transfer to optically
monitor the opening of the lid. Controlled access to the interior
compartment of this DNA nanocontainer could yield several
interesting applications, for example as a logic sensor for multiple-
sequence signals or for the controlled release of nanocargos.

We designed the DNA box by using a recently developed software
package16 to fold six DNA origami sheets along the circular, single-
stranded DNA genome of the M13 bacteriophage (faces indicated
with the letters A–F, Fig. 1a). The software built atomic models of the
six interconnected sheets (Fig. 1b), which were subsequently

arranged to form a 3D box (Fig. 1c). We then constructed the staple
strands that fold the box by bridging the edges, resulting in a ‘cuboid’
structure of external size 42 3 36 3 36 nm3 (design details in
Supplementary Notes 1–3). This particular design was chosen for
several reasons: to use the entire M13 sequence, to ensure a circular
folding path through the faces and to introduce faces that have the
characteristics of lids with ‘hinges’ composed of scaffold linkers.
Finally, the lid was functionalized with a lock–key system to control
its opening (Supplementary Fig. 1).

The designed DNA structure formed by self-assembly after we heat
annealed the 220 staple strands onto the single-stranded M13 DNA,
resulting in highly homogenous structures migrating as one distinct
band in native gel electrophoresis (Supplementary Fig. 2). Initially, a
sample without the edge-linking staple strands was imaged in liquid
using atomic force microscopy (AFM), revealing that the six DNA
sheets formed efficiently and, in most instances, aligned in two parallel
rows (Fig. 2a), which is compatible with helical stacking interactions
between the edges of the DNA sheets9 (Supplementary Fig. 3a).

In a second assembly reaction, we used 59 staple strands, connect-
ing the edges, to form the box shape, and subsequent AFM imaging
revealed box-like particle structures (Fig. 2b). Analysis of the high-
resolution AFM images of individual particles revealed x and y
dimensions that were in good agreement with the shape and dimen-
sions of the designed DNA box. However, the measured heights of
these particles varied between 4 and 12 nm (Supplementary Fig. 3b),
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Figure 1 | Design of a DNA origami box. a, Sequence map of the circular,
single-stranded DNA genome of the M13 bacteriophage with regions used to
fold the six DNA sheets shown as coloured arrows (A–F). Base numbering
starts from a 44-nucleotide spacer region between sheets A and B that

contains a stable hairpin structure9. Spacers of 33 nucleotides are positioned
between each face. b, c, Molecular models of the six DNA sheets in a flat and
cubic higher-order structure, respectively. The six DNA sheets are colour-
coded as in a.
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which is most likely caused by distortion of the hollow, soft DNA box
by the force exerted by the AFM tip. In support of this argument, we
observed that prolonged scanning of individual 3D DNA structures
results in their collapse into flat structures one or two DNA sheets in
height (Supplementary Fig. 4a).

To further investigate the predictability of the 3D folding, we
assembled an open DNA box in which the staple strands closing lid D
were omitted. AFM images revealed flat particles two DNA sheets in
height with a one-sheet extension of dimensions similar to lid D
(Fig. 2c), which probably corresponds to a sideway collapse of the
structure (Supplementary Fig. 4b). In conclusion, the AFM images
obtained before and after addition of the staple strands connecting
the edges of the DNA box strongly indicate the formation of box-shaped
structures.

To gain stronger evidence for the formation of the DNA box, we
performed cryogenic transmission electron microscopy (cryo-EM) on

a sample of the assembly. Individual DNA boxes showed prominent
edges (Fig. 3a) resulting from the increased density of the lateral faces
oriented more or less parallel to the incident electron beam. Nearly all
of the individual particles (90–95%) seen in the cryo-EM images had
an overall box-like shape. A total of 8,987 defocus-corrected box
images were subjected to single-particle image processing, and class
averages with ,10–30 members on average showed the main structural
features of the DNA box (Fig. 3c). For 337 class averages, electron-
dense edges could be used to measure the short and long side lengths of
the box, yielding dimensions of 44.6 6 3.7 nm by 36.8 6 3.2 nm
(Supplementary Fig. 5). For 3D reconstruction, class averages were
selected using the 3D error as selection criterion (Fig. 3b). The shape
of the 3D cryo-EM map of the DNA box was consistent with the class
averages and the corresponding two-dimensional re-projections
(Fig. 3c, d). Overall, the 3D cryo-EM map revealed a hollow box-like
structure with slightly convex bending of the small faces and slightly

a b c
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400 nm 400 nm

- 15 nm
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Figure 2 | AFM imaging of two- and three-dimensional DNA origami
structures. a, AFM image of a sample in which the six DNA sheets were
folded along the M13 backbone. Inset, magnified view of a preferred
arrangement of the six sheets. b, AFM image of a sample in which the edges
of the DNA sheets were linked to form a box. Inset, magnified view of a box-

like particle. c, AFM image of a sample in which one lid of the DNA box was
left open. Inset, magnified view of a structure in which the lid is protruding
from the body of the box. The colour scale shows the height above the surface
in the range 0–15 nm.
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Figure 3 | Characterization of DNA origami box by cryo-EM and small-
angle X-ray scattering (SAXS). a, Single-particle cryo-EM images of box-
shaped assemblies. b, Single-particle reconstruction of the DNA box
applying D2 symmetry. Left, theoretical model. Middle, surface
representation of the cryo-EM map. Right, cut-open view showing the
interior cavity of the cryo-EM map. c, d, Comparison of the class averages of
the DNA boxes (c) with the corresponding two-dimensional re-projections
of the 3D cryo-EM map (d). e, Experimental SAXS data (circles) with

corresponding fits from different approaches: red dashed curve, fit using the
theoretical atomic coordinates for the box; blue dotted curve, typical Debye
background25 for modelling the excess oligonucleotides; dash–dot curve, fit
using the theoretical atomic coordinates for the box with the Debye
background added; solid curve, fit using a semi-analytical model for a box
with three different side lengths with the Debye background added. I(q),
SAXS intensity; q, momentum transfer modulus (Methods). Inset, semi-
analytical box model with the estimated side lengths and wall thickness.
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concave bending of the large faces (Fig. 3b; see Supplementary Fig. 6 for
additional views of the 3D map). We suggest that the convex and
concave bending of the faces may reflect the difference in design of
the small and large faces. The dimensions of the 3D reconstruction are
compatible with 82% of the measured class averages, whereas the
theoretical model is compatible with 61% of them (Supplementary
Fig. 5). We conclude that the main fraction of the self-assembled
structures had a hollow box-like shape that is very similar to the
intended 3D design.

To analyse the native DNA origami box in solution and without a
potentially disruptive sample fixation, we used dynamic light scatter-
ing and SAXS, which probe a large ensemble and can therefore deter-
mine whether or not the box is the major product of the self-assembly
reaction. Analysis by dynamic light scattering showed there to be a
contribution with a hydrodynamic radius Rh 5 24 6 4 nm, which
matches the calculated value of 25.2 nm from the atomic model,
and a contribution with Rh 5 2.1 nm, corresponding to non-
annealed DNA oligonucleotides (Supplementary Fig. 7). The SAXS
analysis yielded a characteristic profile of a well-defined particle and
Fourier transformation analysis gave a single-particle self-correlation
function characteristic of a hollow structure (data not shown). The
scattering data was in good agreement with the atomic model of the
DNA box structure (Fig. 3e). We also compared the experimental
data with a theoretical model of a box with dimensions 2a, 2b and 2c
and wall thickness t (Methods and Supplementary Fig. 8). This model
can satisfactorily describe the scattering data and gave overall dimen-
sions of 46 6 2 nm by 38 6 1 nm by 30 6 1 nm and a wall thickness of
2.5 6 1 nm, which is close to the expected size and is consistent with
the dimensions observed using cryo-EM. In conclusion, the SAXS
data showed that the scattering derives mainly from box-shaped
structures, providing further evidence of the successful self-assembly
of 3D hollow boxes of well-defined dimensions in solution.

Previous studies have shown that DNA nanostructures can be
dynamically manipulated by external DNA sequence signals7,17,18.
Here we functionalized lid D of the DNA box with a dual lock–key

system composed of DNA duplexes with sticky-end extensions to
provide a ‘toehold’19 for the displacement by externally added ‘key’
oligonucleotides (Supplementary Fig. 1). To detect the opening pro-
cess of the DNA box lid, we inserted two fluorescent dyes, Cy3 and
Cy5, into faces B and D, respectively (Fig. 4a and Supplementary
Note 4). Efficient fluorescence resonance energy transfer (FRET)
between the two fluorophores corresponds to a closed state in which
the dyes are in close proximity (Fig. 4b, left). The addition of key
oligonucleotides results in the opening of the lid, resulting in a
decrease in the FRET efficiency as the distance between the two dyes
increases (Fig. 4b, right).

The functionalized DNA box was assembled, purified and sub-
jected to ensemble FRET measurements. We first studied the six faces
without edge links and found emission only from primary excited
Cy3, and only a dilution effect was observed upon addition of key
oligonucleotides (Fig. 4c). By contrast, emission from the closed box
sample had a Cy5 fluorescence peak at a wavelength of 665 nm that is
consistent with a FRET signal with an estimated efficiency of ,0.22
(Fig. 4d). The addition of both keys led to a decreased Cy5 signal and
an increased Cy3 signal (Fig. 4d), and the FRET efficiency decreased
by 90%, to ,0.02. The difference in response of the Cy5 and Cy3
signals may be caused by the difference in local environment of the
two fluorophores. Cy5 was positioned on the side of a DNA helix,
whereas Cy3 was positioned at the end of a DNA helix, where base-
stacking interactions20 may partly quench the fluorophore.

We measured the kinetics of the opening process (Fig. 4e) and found
the FRET signal to decrease biexponentially, with an initial (fast) decay
time of ,40 s upon key addition. The effect was specific, as no signifi-
cant reduction was observed upon addition of an unrelated oligonu-
cleotide (Fig. 4e). Order-of-addition experiments showed that both
keys are required for full decrease of the FRET signal (Supplementary
Fig. 9). This indicates that a closed box can be programmed to open in
response to at least two external signals (representing an AND gate).
The box lid could potentially be designed to close again in the presence
of specific signals (representing a NOT gate), and because the DNA box
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Figure 4 | Programmed opening of the box lid. a, b, Illustrations of the
unlinked faces of the box (a) and the controlled opening of the box lid
(b). The emission from the Cy5 and Cy3 fluorophores are marked with red
and green stars, respectively. Loss of emission from Cy5 is denoted by a red
circle and the independent lock–key systems are indicated in blue and
orange. c, Ensemble FRET measurements of the unlinked faces before (black

curve) and 12 min (red curve) after the addition of keys. d, Ensemble FRET
measurements of the closed box before (black curve) and 35 min after (red
curve) the addition of keys. e, Kinetic study of change in emission of Cy5.
Black arrow, time of addition of key oligonucleotides (red curve) or an
unrelated oligonucleotide (black curve). Initial fluorescence was normalized
to one. a.u., arbitrary units.
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has two similar lids, D and F, they may be programmed individually
(representing an OR gate). Thus, the lids of the DNA box have the
potential to be uniquely programmed to respond to complex combina-
tions of oligonucleotide sequences, for example cellular messenger
RNAs or micro RNAs.

We have designed, synthesized and thoroughly characterized a
megadalton-sized DNA box with a cavity that is large enough to
contain, for example, a ribosome or a poliovirus. Furthermore, we
have demonstrated dynamic control and programmability of the box
lid. In an earlier study, we demonstrated that DNA origami structures
can be designed that have tunable flexible properties16, and here we
further show that dynamic changes can be induced by sensing
external signals in the environment. The application of such a ‘nano-
robotic’ device could be to restrict the transport of material in or out
of the box in a controlled fashion. Importantly, the opening mech-
anism of the DNA box operates under native conditions, which
allows biologically active components like enzymes to be packaged
to provide control of access to their relevant substrates. We note that
the DNA box presented here has the potential to both sense and act,
for example by combining a diagnostic sensor of complex signals
with the controlled release of, or access to, a payload.

METHODS SUMMARY
Software. The software package used for the box design consists of a sequence

editor and an extendable algorithm toolbox16. We developed a program for

creating realistic 3D models, which facilitated the design of the 3D edge-to-edge

staple strand crossovers. The software package is distributed as free software under

the GNU General Public License version 3 (GPLv3) and documentation and

tutorials are available at www.cdna.dk/origami. A specific tutorial for designing

the DNA box is available (see Nature Protocols doi:10.1038/nprot.2009.75).

AFM. We deposited the samples on a mica surface and performed the AFM

imaging in a buffer solution. The best AFM images of the DNA box were

obtained when applying minimal loading forces and using optimized feedback

parameters.

Cryo-EM. The sample was adsorbed on carbon film and plunge-frozen in liquid

ethane. We made low-dose images under cryogenic conditions using a 4k 3 4k

charge-coupled-device detector at 0.245 nm per pixel (ref. 21), and a total of

8,987 single-particle images were selected manually and analysed in the context

of IMAGIC-5 (ref. 22).

SAXS. We collected data using a high-resolution set-up of a laboratory-based

SAXS instrument23. The scattering data was analysed on the basis of a theoretical

model for a rectangular box using home-written software, and with an atomic-

coordinate-based model applying the program CRYSOL24.

FRET. To detect the opening process, we functionalized the box with Cy3 and

Cy5 fluorophores and a lock–key system. Purified samples were investigated

using ensemble FRET spectroscopy measurements. The opening of the box

was directly monitored in fluorescence kinetic experiments, where DNA key

oligonucleotides were added to the closed-box sample.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Sample preparation. We prepared the m13mp18 DNA as described previ-

ously16. The assembly reactions were performed in Tris-acetate-EDTA buffer

with 12.5 mM MgAc (TAEM), 1.6 nM M13 and fivefold excess of each oligonu-

cleotide. The samples were heated to 95 uC and cooled to 20 uC in steps of 0.1 uC
every 6 s.

AFM. The sample (5ml) was deposited on a freshly cleaved mica surface (Ted

Pella) and left to adsorb for 5 min. Then 200 ml TAEM buffer was added to the

liquid cell and the sample was scanned in tapping-mode using either an Agilent

AFM series 5500 (Agilent Technologies) or a MultiMode SPM with a Nanoscope
IV controller (Veeco Instruments) under ambient conditions. We used oxide-

sharpened triangular cantilevers (NP-S, Veeco Instruments) with a spring con-

stant of 0.4 N m21 and a normal tip radius of 10 nm. After engagement, the

tapping-amplitude set point was typically 0.5 V and the scan rates ranged from

1 to 2 Hz. During the liquid AFM imaging, the highest resolution was in most

cases obtained with minimal loading forces applied and using optimized feed-

back parameters. We obtained several AFM images, all 512 3 512 pixels, from

separate locations across the mica surfaces to ensure reproducibility of the

results. All the AFM images were analysed using Scanning Probe Image

Processor (SPIP) software (Image Metrology ApS, version 4.7.4).

Sample preparation for cryo-EM. For cryo-EM, we supplemented the DNA box

sample with 1 mM spermidine. For adsorption of the particles, a thin carbon film

was used that was prepared by evaporating carbon on a piece of freshly cleaved

mica. About 25ml of the sample were filled into a well in an ice-cooled block, and

particles were adsorbed on a carbon film for between 30 min and 12 h.

Subsequently, the floating carbon film was picked out from the particle solution

by placing a copper EM grid covered with a perforated carbon film on top of the

floating carbon film. After adding 5 ml of the particle solution on one side of the
EM grid, we mounted the grid in a home-made freeze-plunging device, blotted

and immediately plunge-froze it in liquid ethane. The EM grids were stored in

liquid nitrogen until image acquisition.

Electron cryomicroscopy. Specimen grids were transferred to the electron cryo-

microscope (CM200 FEG electron microscope, Philips/FEI) under cryogenic

conditions using a cryoholder (Gatan). The electron microscope was operated

at an acceleration voltage of 160 kV in low-dose mode. Images were taken on a

4k 3 4k CCD (charge-coupled-device) camera (TemCam-F415, TVIPS) with

twofold binning of the pixels and 3122,000 magnification (ref. 21). A total of

4,160 CCD camera exposures were collected.

Image processing. Image processing was performed in the framework of the

IMAGIC-5 software package22. We manually selected 8,987 single-particle

images of the DNA boxes, and corrected them for the contrast transfer function

as described previously26. For image processing, the images were coarsened to a

pixel size of 4.9 Å at the specimen level. Images were subjected to three iterative

rounds of multireference alignment using resampling to polar coordinates27 and

multivariate statistical analysis. Aligned images were classified using hierarchical

ascendant classification with moving-element refinement, resulting in class
averages with ,10–30 class members on average. The 3D reconstruction was

iteratively refined in three rounds of projection matching (pixel size, 9.8 Å),

starting with 337 class averages that showed well-defined structural features.

The 3D error was used to select the best class averages for 3D calculation.

Thereby, the number of selected class averages was reduced to 250 and finally

to 36.

Determination of dimensions. For a graphical and statistical description of the

size distribution of the DNA boxes (given as average plus/minus standard devi-

ation), the long and short side lengths were measured for 337 experimental class

averages that showed well-defined edges. These values were colour-coded accord-

ing to their abundance and plotted graphically. The theoretical box model and the

experimental 3D structure were re-projected into 1,654 two-dimensional, equally

spaced re-projections that were measured to define the respective size distributions.

Dynamic light scattering. The experiments were performed at a scattering angle

of 90u on an ALV instrument with a CGS-8F goniometer system equipped with

an ALV-6010/EPP multi-tau digital correlator and a helium–neon diode laser

(JDS Uniphase). ALV software was used to derive the hydrodynamic radius

using cumulant analysis and inverse Laplace transforms. The samples were the
same as used in the SAXS experiments, but measured at 23 uC.

SAXS. The experiments were performed in the laboratory-based SAXS instru-

ment at the Department of Chemistry, Aarhus University23. The SAXS intensity

was displayed as a function of the momentum transfer modulus q (q 5 4psin(h)/

l, where l is the radiation wavelength and 2h is the scattering angle). Pure water

was used as primary standard for absolute scale normalization. The sample

concentration was very low (,0.1 mg ml21) and the data was collected in the

high-resolution set-up covering 0.004 Å21 , q , 0.21 Å21. The samples were

injected into carefully rinsed quartz capillaries and placed in a thermostated

block (4 uC) in the vacuum chamber of the instrument.

The modelling of the scattering data was performed using the expression

I(q)~SC1
PBOX(q)zSC2

PDEB(q)zBack

where SCi
are the scale factors for the scattering components and Back is a

constant background that might correct imperfect data reduction or the contri-

bution from electron density fluctuations in the sample. PBOX(q) is the scattering

intensity of a rectangular box with sides 2a, 2b and 2c and wall thickness t, given

by

PBOX(q)~
2

p

ðp=2

0

ðp=2

0

(AREC(q,a,b,c){AREC(q,a{t ,b{t ,c{t))2 sin a da db

where a and b are polar angles of integration and AREC(q, a, b, c) is the scattering

amplitude of a rectangular box with sides 2a, 2b and 2c (Supplementary Fig. 8),

given by

AREC~8abc
sin (qa sin a sin b)

qa sin a sin b

sin (qb sin a cos b)

qb sin a cos b

sin (qc cos a)

qc cos a

PDEB(q) is the scattering intensity of a Gaussian chain with a radius of gyration Rg

(ref. 25):

PDEB(q)~
2( exp ({q2R2

g ){1zq2R2
g )

(q2R2
g )2

Because the sample had free oligonucleotides in the solution (also detected by

dynamic light scattering measurements), it was necessary to add this intensity to

take into account their contribution to the scattering.

The measured intensity is smeared by instrumental effects. To account for this,

we use a resolution function28. The observed experimental intensity, ~II(Æqæ), is

thus fitted by

~II(hqi)~
ð

R(hqi,q)I(q) dq ð1Þ

where R(Æqæ, q) is the resolution function that describes the distribution of q

values probed for the scattering vector setting, Æqæ. The parameters entering the

resolution function are estimated from the width of the direct beam at the

detector. Equation (1) is used to fit the experimental data using a nonlinear

least-squares procedure29.

FRET. Samples were purified on HPLC (Agilent Technologies 1200 series) using

a BioSep-2000 column (Phenomenex) with an elution buffer containing 20 mM

Tris-HCl, pH 8.0, 100 mM KCl and 10 mM MgCl2. Ensemble FRET experiments

were carried out in a JY-Horiba Fluoromax-3 spectrofluorimeter using a 60-ml

quartz cuvette (Hellma UK). Aliquots of 0.2ml of 200mM key or an unrelated

oligonucleotide were directly added to the box sample and mixed by pipetting.

Fluorescence spectra for each sample were recorded at 25 uC with both Cy3

excitation at 530 nm and Cy5 excitation at 600 nm, and corrected for back-

ground fluorescence and instrument response. The kinetic studies were per-

formed with a 10-nm slit centred at 665 nm, and recorded each 30 s with high

shutter speeds to minimize bleaching. The FRET efficiency was estimated by the

RatioA method30.

26. Sander, B., Golas, M. M. & Stark, H. Automatic CTF correction for single particles
based upon multivariate statistical analysis of individual power spectra. J. Struct.
Biol. 142, 392–401 (2003).

27. Sander, B., Golas, M. M. & Stark, H. Corrim-based alignment for improved speed
in single-particle image processing. J. Struct. Biol. 143, 219–228 (2003).

28. Pedersen, J. S., Posselt, D. & Mortensen, K. Analytical treatment of the resolution
function for small-angle scattering. J. Appl. Crystallogr. 23, 321–333 (1990).

29. Pedersen, J. S. Analysis of small-angle scattering data from colloids and polymer
solutions: modeling and least-squares fitting. Adv. Colloid Interface Sci. 70,
171–210 (1997).

30. Clegg, R. M. et al. Fluorescence resonance energy transfer analysis of the
structure of the four-way DNA junction. Methods Enzymol. 211, 353–388 (1992).

doi:10.1038/nature07971
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Further Results

Cell experiments

One of the long-term goals in our research group is to develop drug delivery
vehicles, where the DNA box could possibly carry out this function. A set
of initial experiments was conducted to see if the box could be transfected
into cells. A number of different transfection reagents were attempted with
H1299 cells, and best results were attained with calcium phosphate trans-
fection. Other methods attempted were with lipofectamine and without
transfection reagent. The boxes that were transfected into the cells were
the same HPLC purified boxes used for the FRET experiments, meaning
they are Cy3 and Cy5 labeled. It can be seen from the microscopy images
that the boxes are in the cells with a cytoplasmic localization, and most
of the Cy3 and Cy5 seem to co-localize. This might just be the result of
fluorescent oligos being in the same cellular compartments (e.g. endosomes)
(Figure 5.3).

Figure 5.3: Microscopy of cells transfected with fluorescently labeled DNA
boxes. A) Cy5 channel. B) Cy3 Channel. C) Overlay with brightfield image, Cy3 and
Cy5. D) Cy3 and Cy5 overlay. The nucleus of the cells are DAPI (4’,6-diamidino-2-
phenylindole) stained and therefore seen in blue in all of the images.

To further asses the integrity of the DNA boxes after transfection, the
experiment was repeated, and the slides were viewed under a fluorescent
microscope with the possibility to examine possible FRET effects. The same
general pattern could be seen as in the normal fluorescence measurements
in Figure 5.4A. Several bright spots could be seen from the cells indicating
possible endosomal uptake. Furthermore, the Cy5 and Cy3 fluorescence
seemed to have a very good overlay indicating co-localization. Afterwards,
FRET experiments were performed to evaluate if the boxes still are intact,
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B

A

Figure 5.4: Fluorescent images of H1299 cells transfected with fluorescent
DNA boxes A) Top left; Cy3 - Top right; brightfield - Bottom left; Cy5 - Bottom right;
overlay. B) FRET signal from same slide. Signal was very low.
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examining if the fluorophores not only co-localize to the resolution of a light
microscope (≈200 nm), but to a distance of a few nm.

To measure if there was a FRET effect, we altered the microscopy filter
settings to look for Cy5 emission upon Cy3 excitation. A low signal was
seen (blue signal in Figure 5.4B). We then wished to evaluate if the signal
was an actual FRET signal and not just the tail of the Cy3 emission. This
is possible by altering the emission filter settings to look at the signal from
several emission wavelength intervals simultaneously upon Cy3 excitation.
The images from the wavelength intervals are seen in Figure 5.5. The signal
intensity appears higher near the Cy3 wavelengths, indicating that not much
signal originates from a FRET effect. However, the signal intensity is far
too low to be certain.

Figure 5.5: Fluorescence of box-transfected cells with 532nm excitation and different
emission filters

To conclude on the cell experiments, it was possible to transfect the
boxes into cells with calcium phosphate transfection, but due to low signal
intensity in the FRET measurements it was difficult to deduce if the box
was still intact inside the cells. We still wish to pursue the cell experiments
to examine if the box can sense the cellular environment, but we need to
know if the box is intact after transfection. Towards this end it would be
desirable with a design, where the FRET effect was higher compared to the
0.22 in the Nature article. Furthermore, a positive control giving a strong
FRET signal to evaluate the FRET signal from the box against would be
needed. If a low FRET signal is seen compared to a positive control, then
we have stronger evidence that the box is not intact in the cell.
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FRET efficiency

The question is then: Why the FRET is efficiency so low? To gain more
information, single molecule FRET studies have been performed to deter-
mine if the low FRET efficiency is a result of a low general effect, or a
polydisperse FRET effect that would indicate a heterogeneous DNA box
population. The single molecule experiments described have been carried
out by Mette Jepsen and Victoria Birkedal.
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Figure 5.6: Single molecule measurements on the DNA box, after immobilization on
a glass coverslip. The left measurements are for the closed box on 49 molecules. The
right measurements are on the open box, with 23 molecules. E : Energy transfer, S :
Stoichiometric factor. A value around 0.6 corresponds to one donor and one acceptor.

The single molecule measurements (Figure 5.6) show a homogeneous
population in both open and closed state, with the energy transfer (E ) being
higher in the closed box compared to the open box as expected. Thus it is a
consistent low energy transfer for all closed boxes. The factors determining
FRET efficiency (E ) here are described in equation 1.2, page 33, and also
listed below.

E =
1

1 +

(
r

r0

)6

r60 = 8, 8 · 10−28 · ΦD · κ2 · n−4 · J(λ)

r : distance between the two dipoles
J(λ) : Spectral overlap of the emission spectrum of the donor and the

absorption spectrum of the acceptor
ΦD : The fluorescence quantum yield of the donor

κ : An orientation term of the dipoles.
n : Refractive index of the medium
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With the spectral overlap (J(λ)), the fluorescence quantum yield (ΦD)
and the refractive index of the medium (n) being constant, the only fac-
tors that can contribute to an improved FRET efficiency are the distance
between the fluorophores (r) or the orientation term of the dipoles (κ). Re-
garding the distance term, the locks are positioned approximately 8nm on
each side of the fluorophores. This might lead to the lid bulging open near
the fluorophores due to electrostatic repulsion of the lid from the rest of
the box. We are presently trying to alter the lock design to see if this has
an effect. Regarding the orientation term, usually the fluorophores have a
free rotation giving a value of κ2 = 2

3 . However, NMR studies of Cy3 fluo-
rophores situated at the end of a double stranded DNA helix, as is the case
for the Cy3 oligo in the box design, show stacking of the fluorophore at the
end of the helix (Figure 5.7) [152, 153]. This may inhibit the rotation and
possibly lower the orientation contribution to the energy transfer.

Figure 5.7: Model of Cy3 (red) and Cy5 (blue) stacking on the ends of a DNA double
helixbased on NMR data [153]

Discussion and Future Experiments

The DNA box presented represents a considerable advance in the DNA nano-
technology field, because it is a large complex structure with the ability to
sense and react to the surrounding chemical environment. The capability to
sense and interact, although simple in this case, is a step towards fabricat-
ing systems that are able to sense more complex chemical surroundings, as
found in the human body. There is a long way to go in securing a stable,
robust drug delivery system. Towards this end, the following areas need to
be adressed.

Biostability: If the box or other DNA origami structures are to be used in
biological systems they must be stable in cellular and extracellular environ-
ments. Here, functionalization of the origami to provide a greater biological
stability would be an interesting path to look at. We have attempted this
and it is discussed further in chapter 7.
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Cargo release: So far, we have only shown the capability to open the
box. The end goal is to use it as a container. For this, we need to be
able to bring the molecule we wish to contain inside the box. This can be
done by attaching the molecule to a staple strand on a cleavable linker, so
the origami assembly positions the molecule of choice inside the box. If
the molecule is not stable at the high temperatures used in the annealing
process, post-annealing encapsulation could be used. The positioning could
be carried out with known interactions such as biotin-streptavidin. A fur-
ther concern is that the DNA origami walls actually are permeable between
crossovers. Unless the encapsulated molecule is too big to escape, this will
be an obstacle. One solution could be to chemically modify the DNA box
with a functionality that covers the holes. Much like when putting paper
maché on a wire frame.

New lock designs: The DNA box is opened by strand displacement -
breaking the bond between the lid and the box. The lid is still tethered
at the other end, but nothing is actively holding the lid open (Figure 5.1,
page 70). It is purely electrostatic repulsion that is responsible for the lid
opening. We have also tried closing the lid once again by removing the “key”
strands by toehold-mediated strand displacement with very limited success.

Therefore, a new type of lock was envisioned, resembling the molecular
beacon described by Tyagi et al. [154], with a single DNA strand attached
to both the lid and box that forms a hairpin structure (Figure 5.8). When
a strand, fully complementary to the lock including the hairpin loop, is
added (red strand), the hairpin unfolds creating a double-stranded spacer
that holds the box open. To remove the key a toehold is placed at the
end of the key, making it possible to remove the key by toehold-mediated
strand displacement (with the green strand), closing the box again. We
have furthermore been designing locks that should position the fluorophores
closer to each other, by keeping the lid from bulging at this position.

Toehold

Figure 5.8: Design of new reversible lock system for the DNA box
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Materials and Methods

Sample preparation for the fluorescent boxes: Boxes were prepared
in the same way, and ensemble measurements performed as described in the
Nature article. For cell studies the HPLC purification was also performed
as for the ensemble FRET measurements in the manuscript.

Microcon purification: Microcon YM-100 spin colums were used. Sam-
ples were spun at 500g for 12 min. Subsequently the samples were washed
once in the annealing buffer and spun again at 500g for 12 min.

Preparation of cell wells: Wells are prepared using a sterile-coverslip on
the bottom of each well that will be used on a 12-well plate. Wells are coated
with with poly-L-lysine(0,01%). The H1299 cells are seeded so that the sur-
face area is about 50% confluent to start. For the experiments cells are
grown in Gibco RPMI media with Fetal Bovine Serum(10%) and pen/strep
antibiotics(1%). Cells are allowed 24h to attach to the surface.

Preparation of transfection samples: DNA box (1 µg) is suspended in
CaCl2(50µL, 0.25M). The solution is added dropwise to a 2xHeBS buffer,
while vortexing. HEPES-buffered saline (HeBS) solution recipe: NaCl (0.28
M final), 11.9 g HEPES (N-2hydroxyethylpiperazine-N’-2-ethanesulfonic acid
(0.05 M final), Na2HPO4 (1.5 mM final), pH adjusted to 7.05 with NaOH(5
M ). Solution is filter sterilized through a nitrocellulose filter(0.45µm)

Transfection of boxes into cells: The morning of the transfection, cul-
ture media is exchanged to RPMI medium + FBS(10% ) + Pen-strep(1%
). Just prior to transfection, growth media is exchanged to serum-free opti-
mem, first by washing the cells gently with opti-mem, and then adding 1
mL of Opti-mem (again gently). Transfection mixtures are added drop-
wise to the cell culture media, and plates are rocked back and forth a few
times. Cells are incubated for 3-4h at 37◦C, where after they are washed
in PBS and fixated with p-formaldehyde(4%), before imaging. Mounting
media with DAPI stain is used, to mount coverslips on objective glass. Cells
are imaged using a Zeiss Axiovert 200m Microscope.

Single molecule fluorescent experiments The glass is etched in HF (1%)
for 1min. Afterwards BSA-Biotin(0.1µg/mL) is immobilised on the surface.
There is a subsequent wash in washing buffer A (Tris-HCl (20mM), pH
(7.5), KCl(100mM), MgCl2(10mM)). Biotin modified DNA box (0.1µg/mL)
is immobilized for 5 min,, followed by a final wash step with an anti-
bleaching buffer ((Tris-HCl (20mM), pH 7.5), KCl(100mM), MgCl2(10mM),
Trolox(1mM), glucose oxidase(0.92mg/mL), catalase(0.04mg/mL), beta-d-
(+)glucose(4.5mg/mL).)
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Summary and discussion

The images of the three-dimensional DNA origami are truly amazing. It is
fascinating that we now posses the technological capability to create struc-
tures that are so well-defined on such a small size scale. Now that the
structural elements are in place to create a wide variety of three-dimensional
frameworks, there is a need for more accessible modification of the structures
to take advantage of the adressability of the DNA origami.

Regular DNA synthesis is becoming much less expensive, causing the
DNA-nanotechnology field to be much more accessible. Nevertheless, order-
ing modified DNA strands is still quite expensive and time-consuming, tak-
ing much longer time to produce and deliver1. With the fast pace at which
the field is moving, the capability of high-throughput functionalization will
yield a considerable advantage. With the enzymatic method described in the
ensuing article, it is possible to attain a much faster workflow from getting
the idea of a functionalized origami, to characterization, and finally reiter-
ation of the design. This opens up the possibility to carry out larger scale
functionality studies and pinpoint more precisely which functional design is
preferable.

Our strategy is to enzymatically modify the DNA staple strands at the
3’ position with the enzyme DNA nucleotidylexotransferase (terminal trans-
ferase), which catalyzes the addition of modified nucleotide triphosphates
to the DNA strands. Terminal transferase catalyzes the condensation of
deoxyribonucleotides on 3’hydroxyl ends of DNA strands in a template-
independent manner[155]. The biological role of the enzyme is to con-
tribute to the diversification of antigen receptors by adding nucleotides,
called N-regions, to gene segment junctions during the process of V(D)J
recombination[155, 156].

The terminal transferase enzyme has previously been used for staining
cells that have undergone programmed cell death with a technique called
TUNEL2 [157]. Cells undergoing programmed cell death are associated with
DNA fragmentation, leaving many ends available for enzymatic modification
compared to normal cells. By attaching fluorescent nucleotides predomi-
nantly to cells that have undergone programmed cell death, the apoptotic
areas may be visualized.

Our use of the enzyme is for labeling a large amount of selected staple
strands in parallel. We utilize dideoxynucleotide-triphosphates instead of
deoxynucleotide triphosphates to make sure only one modified nucleotide
is attached, since the newly attached dideoxynucleotides lack the free 3’
hydroxyl for further modification. Modifications that may be attached in-
clude biotin, amine, fluorophores, etc. - as long as there is a commercially

1With our suppliers, delivery of modified DNA strands is typically an extra week
compared to non-modified.

2Terminal deoxynucleotidyl transferase dUTP nick end labeling.
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available modified nucleotide triphosphate. This leads to the possibility of
attaching streptavidin conjugated proteins to biotinylated oligonucleotides,
performing chemistry on the amine to incorporate a desired functionality,
or enzymatically adding a fluorophore to the origami to visualize them in
cells.

My part of the project was full involvement in most experimental aspects
of the project including; gel-shift assays on ezymatically modified staple
strands, AFM on biotin- and digoxigenin-modified DNA origami after ad-
dition of corresponding ligands, quantification of fluorescently labeled DNA
origami on agarose gels and optimization of enzymatic reaction conditions.
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’ INTRODUCTION

The field of designed artificial molecular self-assembly was
revolutionized in 2006 by the invention of DNA origami,1 a
technique where a long, single-stranded DNA scaffold is folded
into well-defined structures by a large number of smaller
synthetic DNA oligonucleotides—so-called staple strands. Since
then, the development and application of the DNA origami has
evolved rapidly, resulting in a number of different two- and three-
dimensional DNA structures with enormous potential.2�7 In this
process, it has also been demonstrated that DNA origami can
function as a molecular pegboard, where the large number of
uniquely positioned staple strands not only hold the origami
together, but also function as handles for modifying the origami
at specific positions. By chemically modifying specific staple
strands, it is possible to functionalize the origami in well-defined
positions with nanometer precision.8�11 However, this process
has so far required individual synthesis of the chemically mod-
ified staple strands for each of the selected positions on the
origami.

We describe here an inexpensive enzymatic technique to label
ensembles of unmodified stable strands that can direct the
insertion of functional groups at selected locations of the DNA
origami (Figure 1A). The technique relies on DNA nucleotidy-
lexotransferase (terminal transferase) to attach modified dideox-
ynucleotide triphosphates to the 30-end of an arbitrary subset of
oligonucleotides to be incorporated at specific positions in
the DNA origami. The use of dideoxynucleotides ensures that
only a single modified nucleotide is attached. The method was
applied to a rectangular origami comprising a 7-kilobase-long
M13mp18 phage single-stranded DNA and 222 synthetic DNA

oligonucleotides. The potential of the approach is demonstrated
by attaching biotin-, amine-, digoxigenin-, and fluorescent groups
to selected sites of the origami (Figure 1B). Hence, the technique
provides a practical route for generating a large number of
differentmodification patterns from just one set of staple-strands.
Compared to the traditional method, where origami modifica-
tions are introduced by phosphoamidite chemistry in the in-
dividual staple strands, this method provides a rapid, efficient,
and cost-effective protocol for functionalizing DNA origami.

’EXPERIMENTAL PROCEDURES

Materials. Terminal transferase, antidigoxigenin monoclonal
antibodies, biotin ddUTP, and DIG (digoxigenin)ddUTP were
purchased from Roche Applied Science. The propargylamino
ddUTP was purchased from Jena Bioscience. The Texas Red
ddATP was purchased from Perkin-Elmer. THTA (tris-(1-[3-
hydroxypropyl]triazolyl-4-methyl)amine) was synthesized ac-
cording to the literature procedure.8 All DNA oligonucleotides
are purchased from DNA Technology A/S, Aarhus, Denmark.
M13mp18 was purchased from New England Biolabs. Strepta-
vidin was purchased from Sigma Aldrich. Water was purified
using a Millipore Milli-Q purification system. SYBR Gold and
SYBR Safe were both purchased from Invitrogen.
Terminal Transferase Reaction. Under standard conditions,

100 pmol oligonucleotide in total and 1 nmol of modified
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ABSTRACT: We demonstrate here a rapid and cost-effective
technique for nanoscale patterning of functional molecules on
the surface of a DNA origami. The pattern is created enzyma-
tically by transferring a functionalized dideoxynucleotide to the
30-end of an arbitrary selected set of synthetic DNA oligonu-
cleotides positioned approximately 6 nm apart in a 70 �
100 nm2 rectangular DNA origami. The modifications, which
are performed in a single-tube reaction, provide an origami
surface modified with a variety of functional groups including chemical handles, fluorescent dyes, or ligands for subsequent binding
of proteins. Efficient labeling and patterning was demonstrated by gel electrophoresis shift assays, reverse-phase HPLC, mass
spectrometry, atomic force microscopy (AFM) analysis, and fluorescence measurements. The results show a very high yield of
oligonucleotide labeling and incorporation in the DNA origami. This method expands the toolbox for constructing several different
modified DNA origami from the same set of staple strands.
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ddNTP were mixed in 20 μL with reaction buffer (1�), CoCl2
(5 mM), and incubated with terminal transferase (20 U/μL) for
15 min at 37 �C. The reaction is stopped by adding EDTA
(20 mM final concentration). Strands used for subsequent
origami formation were precipitated with NaOAc (0.3 M, pH =
5.2) and 2.5 volumes of EtOH (�20 �C, 96%) for 15 min on dry
ice, followed by centrifugation for 30 min at 20 000 g. The pellet
was washed once with EtOH (�20 �C, 70%). Depending on the
length of the oligonucleotides, up to 90% yield was obtained
(see Supporting Information for details). Further purification
considerations can also be seen in the Supporting Information.
RP-HPLC Analysis. The analysis was performed using a

Hewlett-Packard Agilent 1100 Series and Phenomenex Clarity
3 μm Oligo-RP 4.6 � 50 mm columns. The standard gradient
used was acetonitrile (MeCN)/TEAA (triethylammonium acet-
ate, 0.1 M, pH = 7) with a 10�20% gradient over 15 min. Yields
were determined by comparing integrals with a reference.
MALDI-TOFMSAnalysis.Mass spectra were recorded using a

Bruker Daltonics Autoflex MALDI�TOF MS spectrometer
using AnchorChip as target plates using a mixture consisting of
90% 3-hydroxypicolinic acid (50 mg/mL) in H2O/MeCN (1:1)
and 10% diammonium citrate (50 mg/mL) in water as matrix.
Gel Shift Assay. A mixture of the selected staple strands for

the DNA origami were labeled, precipitated, and purified as
mentioned above. The 17 selected strands are given in Support-
ing Information, and the pattern is schematically indicated in
Figure 1. The binding assay was performed with 5 pmol

oligonucleotide and a 3� excess of ligand in buffer A
(150 mM NaCl, 3 mM MgCl2, 100 mM Tris-HCl, pH = 7.4).
Glycerol loading buffer was added to 7% glycerol and the samples
were analyzed in a 6% native PAGE gel, run at 4 �C. The DNA was
stained with SYBR gold and scanned with a Typhoon Trio scanner
fromGEHealthcare at the following settings: laser, 488 nm; emission
filter, 555 BP 20; photomultiplier, 450 V; sensitivity, normal.
To assay the modification efficiency, the reaction mixture was

denatured by adding formamide/EDTA buffer (final concentra-
tion of 80% formamide, 8mMEDTA) to the terminal transferase
reaction and then heated to 95 �C. The samples were analyzed on
a 16% denaturing polyacrylamide gel, with 5 pmol substrate in
each lane. Following gel electrophoresis, the gel was stained with
SYBR Gold for 15 min and scanned with a Typhoon scanner at
the following settings: laser, 488 nm; emission filter, 555 BP 20;
photomultiplier, 450 V; sensitivity, normal.
DNA Origami Assembly. For modified DNA origami, 17 of

the staple strands were mixed, labeled, and purified prior to DNA
assembly (Supporting Information). DNA origami assembly was
performed by mixing 5 nM M13 ssDNA with 10� excess of
staple strands in 50 μL TAE/Mg2þ buffer B (40 mM
Tris�acetate, 1 mM EDTA, 12.5 mM Mg2þ, pH = 8.3). The
assembly reaction was performed by incubating the samples at
95 �C for 5 min, followed by a temperature decrease of�0.1 �C/
second until 60 �C, and afterward a decrease of�0.1 �C/minute
until 20 �C. If “click” reactions were to be performed on the
origami, the buffer was substituted with 50 μL HEPES/Mg2þ

Figure 1. (A) Schematic representation of the DNA origami labeling process. The strands intended for modification are mixed and labeled by terminal
transferase in a single reaction. After purification, the modified strands are annealed with the remaining origami components to create the patterned
DNA origami. (B) Overview of the chemical structures of the modified dideoxynucleotide triphosphates applied in this study.
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buffer C (20 mM HEPES, 12.5 mM Mg2þ, pH = 7.4) to avoid
problems associated with TAE.12 Furthermore, the annealing
ramp was altered to 65 �Cf4 �C overnight.
Fluorescence Measurements. The selected staple strands

were labeled according to the general procedure (2, 4, or 8 staples
per batch) with a 5-fold excess of ddUTP-Texas Red and a 2-fold
reduction in terminal transferase concentration. The product was
purified by RP-HPLC with a MeCN/TEAA gradient of 10% f
40%. The labeled and purified staple strands were combined with
the rest of the origami components and annealed. The samples
were analyzed in a 1% agarose gel run at 60 V at 5 �C for three
hours in Buffer D (50 mM Tris, 45 mM boric acid, 0.5 mM
EDTA, 5 mMMg(OAc)2, pH = 8.3). Texas Red fluorescence in
the origami was quantified using a Typhoon Trio scanner with
the following settings: laser, 532 nm; emission filter, 610 BP 30;
photomultiplier, 600 V; sensitivity, normal. The gel was subse-
quently stained with SYBR Safe, and imaged again at following
settings: laser, 488 nm; emission filter, 520 BP 20; photomulti-
plier, 600 V; sensitivity, normal. Controls were performed to
ensure there was no “bleedthrough” of the fluorophores.
Alkyne Formation. The mixture of 17 staple strands (100

pmol of each) was labeled using a 20-fold reduced amount (2 U/
μL final) of terminal transferase as compared to the recommen-
dation by the company. The reaction mixture was lyophilized,
redissolved, reactedwith theNHS-ester of 4-pentynoic acid, precipitated,
redissolved, and purified by preparativeHPLC.The exact conditions and
durations for each step are given in the Supporting Information.
“Click” Reaction. Origami containing alkyne-modified staple

strands were purified using aMicrocon centrifugal filter (100 000
Da, MWCO, 300 g speed, 15 min) followed by washing twice
with HEPES/Mg2þ buffer C. Twenty microliters of the purified
origami solution was mixed with a prepared coupling solution
(20 μL) containing CuSO4 (0.1 mM), THTA (0.5 mM), sodium
ascorbate (2.5 mM), and azide functionalized biotin (2 mM).8

After incubation for 30 min, the solution was filtered using a
Microcon centrifugal filter (100 000 Da, MWCO, 300 g speed,
15 min) followed by washing twice with HEPES/Mg2þ buffer C.
AFM Imaging. The sample (3�5 μL) was deposited on

freshly cleaved mica and left to adsorb for a few minutes. The
liquid cell was washed twice with a TAE/Mg2þ buffer B to
remove excess staple strands. When imaging the alkyne-modified
origami, the buffer was exchanged to HEPES/Mg2þ buffer C. To
image the streptavidin or antibody pattern, a 100-fold excess of
the protein was added and left to absorb for 10 min. The sample
was subsequently washed to remove excess protein. The AFM
used was an Agilent AFM series 5500 (Agilent Technologies,
USA) with 0.08 N/m force constant silicon nitride cantilevers
with sharpened pyramidal tip (OMCL-TR400PSA, Olympus,
Atomic Force F&E GmbH, Mannheim, Germany). After en-
gagement, the tapping amplitude setpoint was typically 2.0 V and
the scan rates ranged from 1 to 2 Hz. During the liquid AFM
imaging, the highest resolution was usually obtained with mini-
mal loading forces applied and optimized feedback parameters.
Several 512 � 512 pixel AFM images were recorded from
separate locations across the mica surfaces to ensure reproduci-
bility of the results. All the images were analyzed using Gwyddion
2.21 software.

’RESULTS AND DISCUSSION

DNA origami is typically self-assembled by mixing the DNA
staple strands and phage ssDNA before annealing. To create a

specific functionalized pattern on the origami, the terminal
transferase enzyme was used to add a single modified nucleotide
to a subset of the staple strands prior to the self-assembly
reaction. To analyze the efficiency of the reaction, we selected
17 staple strands that are arranged in a pattern resembling the
letter “L” on a rectangular origami (Figure 1A) and labeled them
with either biotin-modified ddUTP or digoxigenin (DIG)-mod-
ified ddUTP. Effective modification was demonstrated by elec-
trophoretic mobility shift assay before and after adding the
corresponding ligand (streptavidin for biotin and anti-DIG anti-
body for DIG; Figure 2). Multiple bands were observed for both
for the untreated and dideoxynucleotide-modified strands, prob-
ably due to the sequence and length variation of the oligonucleo-
tides. The dideoxynucleotide-modified strands migrate slightly
more slowly owing to the extra nucleotide. Upon addition of the
corresponding protein ligand, a large shift was seen for both the
DIG-modified and the biotin-modified staple strands, indicating
that the correct modification had been attached. No gel shift was
observed if streptavidin is added to the DIG-modified DNA and
vice versa, confirming the specificity of ligand binding.

The integrity of the modifications after self-assembly of the
origami was analyzed by AFM. However, in previous AFM
studies it has been noted that rectangular DNA origami have a
tendency to adsorb on the mica with the 30 ends pointing toward
the mica surface.9 To ensure better accessibility, we altered the
origami design to expose the 30 ends at the opposite side of the
origami (Supporting Information Figure S1). AFM analysis of
the origami decorated with either streptavidin or antibody clearly
resembled the designed pattern. Furthermore, nearly all origami
displayed a right-turned L suggesting that the 30ends are pre-
ferably facing upward as intended (Figure 3A,B; Supporting
Information Figures S2 and S3). The short distance between the
modifications and the multivalent binding nature of the protein
used enables the proteins to bind more than one ligand; there-
fore, a 1:1 binding is not expected.

Although biotin and DIG labeling provides a variety of
interesting possibilities, even more applications become achiev-
able if a reactive chemical moiety, such as primary amines, are
incorporated, demonstrated here by incorporating propargyla-
mino-ddUTP. After the enzymatic incorporation by terminal
transferase, the primary amine was reacted with activated esters
of small organic molecules containing either alkynes or azides
(see Supporting Information for more details) routinely used in
the Huisgen-Meldal-Sharpless cycloaddition reaction (click
reaction).13,14 This reaction is widely used in bioconjugation
because of is chemoselectivity and high yields. To test the
efficiency of the combined enzymatic and chemical reactions,

Figure 2. Gel mobility shift assay of the 17 non- (-), biotin- (B), or DIG-
modified (D) staple strandsbound to streptavidin (S) orDIG�antibody (A).
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the origami was assembled from staple strands containing the
same set of L-pattern-forming modified strands as above, but
now labeled with propargylamino ddUTP followed by a treat-
ment with the alkyne-tethered NHS-activated ester. After assem-
bly of the DNA origami, the alkyne-modified staple strands were
reacted with an azide-biotin followed by streptavidin addition
(Supporting Information Figure S4). AFM images revealed
L-patterns on the assembled origami structures. (Figure 3C;
Supporting Information Figure S5).
Fluorescence Measurements. To quantify the relative de-

gree of incorporation of modified oligoes into the DNA origami
more accurately, we used the terminal transferase technique to
attach a fluorescent (Texas Red) ddATP to different staple
strands within a previously published three-dimensional DNA
Box origami3 (staple strands are listed in Supporting In-
formation). A selected set of staple strands were fluorescently
labeled, combined with the remaining origami components, and
annealed. DNA boxes containing 0, 2, 4, or 8 fluorescently
labeled staple strands were prepared and analyzed by agarose
gel electrophoresis. The fluorescence in the band corresponding
to the box was quantified by fluorescence scanning. The gel was
subsequently stained with SYBR Safe and rescanned with

different optical settings to quantify the amount of origami
present (Figure 4A). The yield of Texas Red incorporation,
normalized to the SYBR Safe signal, indicated a linear relation-
ship between the fluorescence and number of labeled staple
strands confirming that the efficiency of modified strand incor-
poration occurred independently of the other modifications in
the DNA origami (Figure 4B).
Optimization. The cost of the modified nucleotide and the

transferase enzyme are the limiting factors for scaleup of our
method. To optimize the reaction conditions for larger quantities
of modified DNA origami, we investigated the effect of lowering
the concentration of the ddNTPs and the enzyme from the
conditions suggested by the supplier. Denaturing PAGE was
employed to assay the labeling efficiency at various conditions. In
an experimental setup, where biotin-ddUTP was added in 0.5, 1, 2,
5, and 10 equiv to 5 μM DNA substrate, 5 equiv appears to be
sufficient to obtain near complete incorporation (Figure 5A). Low-
ering the concentration to 2 equiv showed a decline in efficiency.
Next, we examined the possibility of lowering the enzyme

concentration from the standard 20 U/μL in the presence of a
5� excess of the modified ddNTP (Figure 5B). The result
indicated that the enzyme concentration can be reduced 27-fold

Figure 3. AFM image of a rectangular DNAorigamimodified with differentmodifications. (A)DNAorigami with streptavidin attached to the patterned
biotin modification. (B) DIG modification pattern imaged after DIG antibody addition. (C) Alkyne-modified DNA origami, which is subsequently
reacted with azide-biotin compound and imaged after streptavidin addition. The expected letter “L” pattern is seen at all origami. The white scale bar is
200 nm.

Figure 4. Fluorometric quantification of relative functionalization efficiency. (A) Fluorescent scan of an agarose gel containingDNA box origamis with a
variable amount of fluorophore labeled staple strands. Scans shown in the upper and lower panels are performedwith settings to detect exclusively TxRed
fluorophore and SYBR safe stain, respectively. The positions of the DNA box origami and excess staple strands are marked. (B) A graph showing the
TxRed fluorescence intensity of the origami bands, normalized to the intensity of the SYBR safe signal as a function of the number of labeled staple
strands.
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without compromising the efficiency to a detectable level.
However, at higher substrate concentration (40μM) the reaction
is only completed with the standard amount of enzyme (20
U/μL). These results show that the standard protocol can be
varied to limit the use of modified nucleotide and enzyme.
However, it is possible that the labeling efficiency depends on
the type of modified nucleotide used. We therefore recommend
that similar labeling tests be performed when developing the
method for a new ddNTP or enzyme batch, before scaling up the
synthesis of modified DNA origami.
In summary, we have demonstrated a fast and robust method

for modifying DNA origami in a desired pattern. It is a highly
attractive alternative to the application of individually chemically
labeled staple strands in terms of labor, cost, and processing time.
The initial labeling reaction is quantitative as shown by gel
mobility shift assays, and the AFM analysis revealed that the
modifications are incorporated at the intended positions, creat-
ing the desired pattern on a DNA origami. In particular, the
amine-modified staple strands hold great promise for a large
variety of possible subsequent modifications. With all the appli-
cations of DNA origami yet to be unveiled, this method will
clearly facilitate this process and make the field of modified DNA
origami more accessible to the general user.

’ASSOCIATED CONTENT

bS Supporting Information. Figures S1�S5 and protocol
notes as described in the text along with DNA sequence lists.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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Introduction

One of the envisioned goals for DNA origami and DNA-nanotechnology is to
interface created structures with biology as potential targeted drug delivery
vehicles. If this is to be the case, then the structures need stability in blood
serum, so they may survive long enough to deliver their payload correctly.
The focus of this chapter is to evaluate this stability in closer detail, and
see if it can be improved with modified structures. It has recently been
shown that DNA origami retain their structural integrity in cell lysate at
25◦C [158], so it would be interesting to evaluate and hopefully improve the
stability of DNA origami in serum.

This requirement of serum stability is a general goal in the modern phar-
maceutical industry. Often drug compounds have a short half-life due to
enzymatic degradation, renal filtration and immunogenic response. Much
research has been performed in the field of extending the lifetimes of pep-
tides and proteins [92] as well as short nucleic acids [159]. The DNA-based
technology should try to transfer the findings made in these areas and adapt
them to the specific needs of DNA nanostructures. In the field of drug de-
livery, PEG (Polyethylene glycol) is one of the central modifications used
for proteins[160, 161], nanoparticles[162] and liposomes[163, 164]. This is
due to PEG’s ability to increase the half-life of drugs in serum by shield-
ing the drug from the immune system, which otherwise would lead to rapid
clearance from the body [165]. PEG has proven to have a low toxicity and
low immunogenicity and antigenicity, and for this reason PEG has been ap-
proved for internal administration by the US Food and Drug Administration
(FDA) [166]. Our goal is to transfer the advantageous properties of PEG to
our systems to gain the same advantages.

Due to the unique staple strands being positioned across the entire
origami, they serve as perfect attachment points for modifications such as
PEG. With the newly developed enzymatic modification technique presented
in the previous chapter we now have the possibility to heavily modify a DNA
origami in a variety of patterns. The modification with most promise is the
amine modification that truly opens up the entire toolbox that chemists
have to offer. It is also the amine modification which is used as a handle in
an attempt to PEG-modify DNA origami, and in this way improve serum
stability. My role in the project has been full involvement in all experimental
aspects.
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Experiments

Coupling of DNA and PEG

To conjugate our staple strands to the PEG molecule, we chose to use NHS-
amine chemistry (Figure 7.1). The terminal transferase technique was used
to attach an amine group to the 3’ end of the staple strands. NHS-PEG
is commercially available. We used a 5000 Da PEG for the experiments
described in this chapter.
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3’	 NH2	 labeled	 oligo NHS-PEG	 PEGylated	 oligo

DMF	 	 (75%	 )
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Figure 7.1: Reaction between the amine modified staple strands and the com-
mercially available NHS-PEG: The reaction is performed in DMF(75%), N(Et)3 (1%)
and with a surplus of DIC(N,N’-diisopropylcarbodiimid.)

A denaturing PAGE gel was run to verify the coupling by observing the
slower migrating PEG-DNA conjugate. As is seen in Figure 7.2-left, the
reaction efficiency is approximately 50% for the two-step reaction. The cou-
pling protocol is in the materials and methods section of this chapter. The
yield of the reaction was deemed reasonable to continue with. Nevertheless,
purification of the strands is necessary to prevent unmodified strands from
attaching to the DNA origami. HPLC purification proved difficult, due to
the coupled and non-coupled product having very similar retention times.
The two populations are separable on a PAGE gel, so gel purification was
selected as the method of choice.

Due to the large number of strands used in DNA origami assembly,
the concentration of the individual strands needs to be high in the original
solutions as they are diluted when mixing the origami. The solution attained
after shaking the product out a the gel piece is too dilute, necessitating
concentration of the solution

The first path attempted to concentrate the modified oligonucleotides
was to precipitate the gel-purified oligos. As is seen in figure 7.2-left, this
failed. No PEG-conjugated DNA was precipitated. PEG in solution is
actually used to precipitate DNA [167, 168]. But some reports also note that
PEG only helps precipitate large DNA strands [169]. In any case, with the
PEG attached to the DNA, the lack of precipitation is not a surprise as PEG
may inhibit the interactions required to precipitate the DNA. Concentration
with amicon centrifugal filter unit columns was attempted instead. This
worked well, as is seen in figure 7.2-right. In both gels the amount loaded in
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the purified sample corresponds to twice the amount of the non-purified lanes
if no sample is lost during purification1. With the PEG-DNA conjugates
purified, we were ready to incorporate them into DNA origami.
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Figure 7.2: Purification of DNA-PEG conjugates: Left : Gel of precipitated
purified product. No DNA seems to be precipitated. Right - Gel of column-concentrated
gel-purified product. A clear band is seen.

Origami Design

In the original two-dimensional DNA origami design, all ends of staple
strands are on the same face of the DNA-origami. Since the modifications
we are making with terminal transferase and subsequent PEGylation are on
the 3’ end of the staple strands, the modifications will all be pointing out
from one face with this design. We created a new design with the opportu-
nity for modifications pointing out of the other face. The two designs are
dubbed “SS” and “ZZ” 2 and the designs are seen in appendix B, page 135,
along with the full list of staple strands used in the two designs. One design
has the ends pointing out of one face and the other design has the ends
pointing out of the other face. Due to the staple strands being arranged in
columns it is possible to assign each column one of the two designs. Column
7 and 8 must, however, be from the same design, since the seam is at these
positions, leading to the columns not being independently interchangeable
between the two designs. There are fourteen of these columns in total.

1Meaning that if there is a 50% recovery yield, the bands should have equal intensity.
2The names derive from the staple strands making an S or Z shape
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AFM studies

With a robust method for synthesizing pure PEG-modified staple strands,
it had to be determined if the modified staple strands are incorporated
properly in the DNA origami. One could imagine the PEG would create
topological problems in the assembly process. To asses whether the struc-
tures were being formed, AFM studies were performed on a tall rectangular
DNA origami samples with the SS-design throughout the structure where
either one column (column 2) or three columns (columns 2,4 and 6) of the
staple strands are PEG modified.
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Figure 7.3: AFM studies of PEGylated DNA origami. The DNA origami in
the top row have one modified column. The DNA origami in the bottom row have three
modified columns. The left images are topography maps, the right images are phase maps.
Size scale bars are missing, due to poor calibration of the microscope at the time.
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The AFM images are seen in figure 7.3, where the topography images
indicate a lower height at the modified columns. The topography decrease is
wider in the sample with 3 modified columns compared to the sample with
one modified column.

There does not seem to be the same differences on the phase images as
with the topography. The topography dip could be an effect of different
tip/sample interactions with the DNA and the PEG. If the tip interaction
with the PEG is lower, the topography map will simply show a lower height.
The uniform phase signal from the DNA origami indicates that the entire
origami has somewhat the same effect on the phase of the tip oscillation.
In total the AFM data are inconclusive as the dip on the topological map
could indicate either the presence or absence of PEGylated staple strands.
Attempts were also made to see more heavily PEGylated DNA origami with
AFM, but these structures did not bind to the surface, as could be expected
from polyethylene glycol’s property of reducing binding interactions.

Electron Microscopy

For further structural characterization of the PEGylated DNA origami we
used Transmission Electron Microscopy (TEM). A tall rectangle structure
with all staple strands PEG-modified was assembled3. On the agarose gel on
the left side of figure 7.4 both the modified and the control (non-modified)
form one discrete band on an agarose gel indicating one product from the
assembly reactions. The PEGylated staple strands also migrate much slower,
although there seems to have been a slight degradation of the PEGylated
staple strands during the annealing process. This is seen in the gel-lane for
the fully PEGylated sample, where there is a slight band corresponding to
non-modified staple strands.

As is seen in the corresponding TEM images from the same samples
(Figure 7.4-right)4, the fully PEGylated DNA origami assemble to well-
formed rectangles, even showing a lower tendancy to stack and fold up on
themselves compared to the non-modified. This would be expected, since the
PEG inhibits many of the interactions that would cause these events. One
could have feared the PEGylated origami to assemble malformed origami,
due to steric hindrances, and the PEG corresponding to approximately 1

4 the
weight of a DNA origami5. Since the fully modified origami could be seen
to make the correct structure, then semi-modified structures should also be
correctly folded, as the fully modified DNA origami should be more difficult
to assemble. With the structural evidence from the TEM we could move

3The design used was the “D”-design in figure 7.5, page 100
4TEM experiments were carried out by Karen Thomsen
5The 5 kDa PEG correspond to half the weight of the staple strands, which each weigh

≈ 10 kDa. As the staple strands represent half of the total weight of the origami (one side
of the helix). The PEG must correspond to 1

4
of the total origami weight.
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forward with complete confidence that the structures were forming correctly
despite having the PEG modifications.
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Figure 7.4: TEM studies of PEGylated DNA origami: Left - Agarose gel of
the PEGylated and non-PEGylated DNA origami. Right - TEM images of the same two
DNA origami samples as in the gel.

Specific designs and Serum Stability Assays

The next step was to evaluate the serum stability of many different designs.
The first set of designs selected are seen on the top of figure 7.5 with various
combinations of “SS” and “ZZ” columns and PEG coverage. The illustra-
tions show a rectangular DNA origami seen from the plane of the DNA
origami perpendicular to the direction of the helices. As mentioned, due to
the way the staple strands are organized in independent colums (appendix
B, 135), each column can be selected to be entirely “SS” or “ZZ”. At the
bottom of figure 7.5 is an agarose gel of the different designs after assembly
to asses the extent of and effect of PEG incorporation into the origami. As
a control we have samples with the PEGylated rows omitted denoted with
a star (*).
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Figure 7.5: PEGylation design and gels assay of assembled designs: The top
graphic shows the different designs, illustrating the staple strand columns seen from the
plane of the origami. The curved lines on the columns represent a PEGylation of the
entire column. The agarose gel shows how the various designs migrate after assembly.
The (*) denotes that all PEGylated staples in the design are omitted.
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There is good evidence of PEG incorporation. PEGylated origami mi-
grate slower than non-PEGylated indicating a larger structure. However,
so do most of the controls where the PEGylated rows are omitted, proba-
bly due to the origami not forming correctly when every second column is
missing. The difference between C and C* clearly indicates the distinction.
The strands omitted in the C* design are on one half side of the origami,
so the other half probably folds fine, creating a compact structure capable
of migrating far through the gel. When the PEGylated strands are added
in sample C the migration is much slower, indicating the inclusion of the
PEGylated strands in the origami. From the TEM data, we are convinced
that the PEGylated DNA origami are forming correct structures, and from
the discrete bands in the gel assays of the various designs we are convinced
that the population of formed DNA origami is homogenous.
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Serum Stability Assays

The initial serum stability assays were agarose gel-based assays performed
by adding Fetal Bovine Serum (5%) at room temperature to see the effect
of the different PEGylation patterns on the DNA origami. The samples
were incubated and the migration of the DNA origami band was evaluated
subsequently on an agarose gel.

min	 in	 serum	 	 	 	 	 	 0	 	 	 	 	 0	 	 	 	 	 	 5	 	 	 	 	 	 40	 	 	 	 	 0	 	 	 	 	 	 	 5	 	 	 	 	 40	 	 	 	 	 	 0	 	 	 	 	 	 5	 	 	 	 	 40

min	 in	 serum	 	 	 	 	 	 0	 	 	 	 	 	 0	 	 	 	 	 	 	 5	 	 	 	 	 40	 	 	 	 	 0	 	 	 	 	 	 	 5	 	 	 	 	 40	 	 	 	 	 	 0	 	 	 	 	 	 5	 	 	 	 	 	 40
M13

M13

Figure 7.6: Initial serum stability assays. Top gel: DNA Origami with six PEG-
modified columns are shown, with a non-modified origami as a control. The samples are
incubated in Fetal Bovine Serum (5%) for different time periods. Bottom gel: Fully
modified origami are shown, again with a non modified control. The fully PEGylated
origami seem not to be affected by the serum incubation in contrast to the non-modified
and the semi-modified. In all cases the effect of the serum seems to be a shift upwards,
indicating the binding of serum elements.
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The gels can be seen in figure 7.6, and the following information may be
withdrawn from the data.

• In general, it seems as if the higher the degree of PEGylation, the
lower the effect of the serum - This is very promising.

• When there is a shift of the origami band, it seems to be shifted
upwards, indicating binding of serum elements to the origami and not
necessarily degradation

• It would be a difficult task to determine what is binding, or if the
origami is intact when shifted upwards. Removal of the serum proteins
prior to loading on a gel might help in this regards.

Following the encouraging first serum experiments, we raised the serum
concentration to see if the same effect was seen at up to 40% serum at
37◦C compared to 5% serum at 25◦C. A gel shift assay corresponding to the
previous one is seen in figure 7.7. The samples (the “D” design, page 100)
were incubated in serum for 90 minutes prior to the gel assay.

It appears that the harsher conditions have the same effect on both the
fully PEGylated and non-modified DNA origami with the serum interaction
seen as a shift upwards in the gel. For the 5 kDa PEG used, this indicates
that the protection is not as profound at a higher serum concentration.
As mentioned before, the gel-based assays yield no information on what is
actually happening to the samples upon binding to the serum elements. In
an attempt to shed light on this we pursued removing the serum proteins
from the DNA origami by phenol extraction and by digestion of the proteins
with proteinase K.

!"####$!"###%!"!"####$!"###%!" !"###$!"###%!"
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Figure 7.7: Serum stability assays at higher serum concentration: The PEGy-
lated and non-PEGylated origami have the same shift upwards in the gel at higher serum
concentrations
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Purification of DNA Origmai from Serum Proteins

Phenol Extraction: As mentioned, it is difficult to determine if the
origami are intact and just bind proteins, or if they are being degraded.
To resolve the problem, we need to remove the proteins that are binding
the origami. This was first attempted by phenol extraction of the serum-
incubated samples, as the proteins should shift to the phenol phase. The
DNA-origami (either fully PEGylated in the ZZ design or non-PEGylated)
were incubated in 50% Fetal Bovine Serum (1 hour, 37◦C), and the samples
were afterwards phenol extracted to remove protein.

	 	 Treatment	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 None	 	 	 	 	 	 	 	 	 Phenol/Chloroform	 	 	 

PEGylation	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 -	 	 	 	 +	 	 	 	 -	 	 	 	 	 +	 	 	 	 	 	 -	 	 	 	 	 +	 	 	 	 -	 	 	 	 +	 	 	 	 	 
Serum	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 -	 	 	 	 -	 	 	 	 +	 	 	 	 	 +	 	 	 	 	 -	 	 	 	 	 -	 	 	 	 	 +	 	 	 	 +	 	 	 	 	 	 	 	 

Figure 7.8: Phenol extraction of proteins from serum incubated samples It is
seen that the PEGylated samples are lost during the phenol extraction process. Serum
incubation is done in 50% Fetal Bovine Serum (1 hour, 37◦C)

As is seen in figure 7.8, it seems as if the PEGylated samples are lost in
to the phenol phase. Looking at lane 7 (serum-incubated, non-PEGylated,
phenol extracted sample) it is seen that a serum incubation does lead to
some form of degradation.

Protein Removal by Proteinase K: Another effort to release the serum
proteins from the DNA origami was attempted using proteinase K (Figure
7.9). Proteinase K is a protease with specificity for peptide bonds adjacent
to the carboxylic acid group of aliphatic and aromatic amino acids[170]. The
control lanes without serum and with proteinase K show that the enzyme
does not disrupt the DNA origami structure. In the lanes with serum and
proteinase K a band is seen migrating faster than the standard DNA origami
bands in both modified and non-modified samples. The fast migrating band
could be the result a more compact origami folding around the small posi-
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tively charged peptides from the protelytic cleavage of serum proteins. The
band could also represent a degradation product. However, not knowing
what the bands actually represent, we must conclude that the proteinase K
assay also is inconclusive. The gel based-assays in general have shown an
effect of adding serum to the origami, though difficult subsequent purifica-
tion of the origami makes a gel-based assessment of the precise effect of the
serum difficult.

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 Non	 PEGylated	 	 	 	 	 	 	 	 	 	 PEGylated

Proteinase	 K	 	 	 	 	 	 	 	 	 	 	 	 	 -	 	 	 	 +	 	 	 	 -	 	 	 	 	 +	 	 	 	 -	 	 	 	 +	 	 	 	 -	 	 	 	 +	 	 	 	 	 
Serum	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 -	 	 	 	 	 -	 	 	 	 +	 	 	 	 +	 	 	 	 -	 	 	 	 -	 	 	 	 +	 	 	 	 +	 	 	 	 	 	 	 

Figure 7.9: Proteinase K digestion of proteins from serum incubated samples
Serum incubation is done in 50% Fetal Bovine Serum (1 hour, 37◦C).

qPCR assay of scaffold integrity

To assay the degradation of the DNA origami in a non-gel-based assay we
attempted to look at the degradation of the M13mp18 scaffold with qPCR.
Primers were designed to look at the integrity of different areas on the tall
rectangle DNA origami. The amplicon size6 was approximately 80-100 bases
for all primer sets.

To see if the assay could be used to determine concentration of the
backbone, a titration experiment was first carried out on the DNA origami
with the four primer sets using M13mp18 without staple strands as a control.
The titration curves are seen in the appendix, figure C.1, page 152. The
Ct values7 are plotted against the amount of DNA in the solutions. For
all primers a linear relationship was seen between the Ct value and the
logarithm to the concentration indicating that the primersets were adequate
for the experiment.

6The length between the primers in a PCR reaction.
7As mentioned in the introduction, the Ct value indicates the PCR round at which

SYBR Green fluorescence passes a set threshold value.
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A qPCR experiment was then performed to examine the effect of DNA
origami PEGylation on the integrity of the scaffold strand after serum in-
cubation. As a control for the effect of serum itself on the qPCR reaction,
a control was used, where the serum was added immediately prior to the
qPCR. We named this control “Late Serum”. The Ct values are graphed in
figure 7.10. As mentioned in the introduction, a higher Ct corresponds to
less intact scaffold. The experiments were run in triplicate on all samples.

Figure 7.10: Ct values for qPCR experiments to asses serum stability of the
scaffold in DNA origami:

Taking a look at the data, no significant effect is seen. In fact, often the
Ct values are counterintuitively higher for the samples that have not been
incubated in serum. One possible explanation of the lack of difference might
be that the amplicons are targeting with are PCR primers are too short. As
previously mentioned, looking at the degradation pattern after proteins are
extracted in lane 7 of figure 7.8, large fragments are still seen, even though
there is degreadation. These fragments might still give rise to amplification.
To circumvent this problem, a solution might be having a larger distance
between the PCR primers.

Discussion and Future Experiments

We have synthesized PEG modified staple strands, which incorporate the
PEG modification in DNA origami in a variety of designs. The correct
structure of the assembled PEGylated structures was confirmed with elec-
tron microscopy. The designs were subsequently evaluated for stability in
fetal bovine serum, and results showed that a higher degree of PEGylation
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gives some protection to the DNA origami at low serum concentrations (5%).
Both PEGylated and non-PEGylated DNA origami migrate differently at
higher concentrations of serum. Attempts to remove serum elements that
were binding to the origami were inconclusive as the PEG modified struc-
tures move to the organic phase during phenol extraction, and faster migrat-
ing bands are seen upon degradation of serum proteins with proteinase K.
As proteinase K simply cleaves the proteins to smaller peptides, the faster
migrating band might correspond to these peptides binding to the DNA
origami.

qPCR experiments were also performed. A titration experiment proved
the technique valid for determining scaffold concentration. When evaluating
scaffold integrity upon serum incubation, no substantial difference was seen
between ± serum and ± PEG. This might be due to the short size of the
amplicons chosen, as some form of scaffold degradation would be expected
upon incubation in serum.

With the promising results for the 5 kDa PEGylation at 5% serum, the
modification shows promise. To fully understand the effect of serum incuba-
tion and develop a modification type capable of withstanding higher serum
concentration the following future experiments we would be interesting:

• Using larger PEG groups or branched PEG groups to increase stability.

• Using larger amplicons for the qPCR experiments.

• in vivo experiments in animal models to see if there is increased cir-
culation upon PEG modifaction of DNA origami.

• Looking at any structural-based difference in the effect of PEGylation
eg. between a flat two-dimensional structure compared to hollow or
solid three-dimensional structures.

• Using staple strands with several internal amine modifications, leading
to a higher degree of PEG coverage.

• Combining the PEGylation with LNA modified strands, which also
should give a greater biostability.

Materials and Methods

Materials: DNA oligonucleotides are from IDT. The M13mp18 ssDNA is
purchased from New England Biolabs.The propargylamino ddUTP was pur-
chased from Jena Bioscience. NHS-PEG 5K is purchased from Iris Biotech,
Germany. Proteinase K is purchased form Fermentas. The saturated phe-
nol (pH=7,9) is purchased from Amresco, USA. The Terminal Transferase
Enzyme is purchased from Roche Applied Sciences. The Amicon centrifu-
gal filter units are purchased from Millipore. Invitrogen supplied qPCR
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reagents.

Terminal Transferase amine modification The amine modification of
the staple strands is performed with terminal transferase (20 U/µL) with
oligonucleotides(40µM total), amine modified ddUTP (200µM), CoCL2 (5mM)
and reaction buffer (1x). The reaction is run at 37◦C for 1 hour and stopped
with EDTA (20mM final), purified by precipitation, and redissolved in H2O.

NHS - amine coupling reaction The amine NHS-PEG coupling is per-
formed on the enzymatically modified strands in DMF(75%) (Dimethylfor-
mamide), with a 200-fold molar excess of NHS-PEG compared to the amine
modified strands, and a 2000-fold excess of DIC (N’N’-diisopropyl carbodi-
imide) and N(CH3CH2)3 (1%). The reaction is run for 3 hours at 25◦C

Gel purifiaction: The reaction product is mixed with at least 1 vol. of
formamide, and heated to 90◦C for 5 minutes. The mixture is loaded on a
denaturing PAGE (10%) gel, and run at 15W for approximately 45 minutes.
Bands are visualized with UV shadowing and the top band, corresponding
to PEG-DNA conjugate, is cut out and shaken out overnight in TBE (1x,
1mL) at 4◦C. Concentration is carried out with Millipore Amicon 3K spin
columns to approximately 20µL

Precipitation: The attempted unsuccessful precipitations are all performed
in NaOAc (0,3M, 300µL, pH=6.6) and EtOH(96%, 750µL) on dry ice for 15
min and subsequently centrifuged (12.000g, 4◦C) for 15 min. The pellet is
washed in cold EtOH (70%, 200µL) and redissolved.

DNA Origami assembly: M13mp18 (10nM), the desired combination of
PEGylated/non-PEGylated staple strands (10 fold excess), TAE (1X) and
Mg(OAc)2 (12.5mM) are mixed and annealed overnight.

AFM: AFM Imaging. The sample (3,5µL) was deposited on freshly cleaved
mica and left to adsorb for a few minutes. The AFM used was an Agilent
AFM series 5500 (Agilent Technologies, USA) with 0.08 N/m force constant
silicon nitride cantilevers with sharpened pyramidal tip (OMCL-TR400PSA,
Olympus, Atomic Force F&E GmbH, Mannheim, Germany). After engage-
ment, the tapping amplitude setpoint was typically 2.0 V and the scan rates
ranged from 1 to 2 Hz. During the liquid AFM imaging, the highest resolu-
tion was usually obtained with minimal loading forces applied and optimized
feedback parameters. Several 512x512 pixel AFM images were recorded from
separate locations across the mica surfaces to ensure reproducibility of the
results. All the images were analyzed using Gwyddion 2.21 software.
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Agarose gel based serum stability assays: Mg2+ was added to the
FBS(Fetal Bovine Serum) (12,5mM), so the magnesium concentration stayed
constant. Serum is added at a variety of concentrations dependent on the
experiment. Agarose gel assays are performed in 1% agarose gels with cast
in 1xTBE with 1mM MgOAc added to offset the EDTA in the TBE. The
gels are run at 60V for 2-3 hours, stained in SYBR Gold (15 µL in 300mL
1xTBE) for 30 min, and scanned with a Typhoon Scanner. Setting are -
Excitation:488nm, Emission:555(bp20), PMT:530

qPCR serum stability assays: To reduce the effect of the staple strands
the samples were diluted 1:50 before qPCR reagents and primers were added.
As a control for the effect of serum on the qPCR reaction, a control where
the serum was added immediately before the qPCR was used. The fol-
lowing was mixed in the qPCR reactions : Platinum SYBR Green qPCR
SuperMix-UDG (25 µL), primers(1 µL, 10 µM each), ROX reference dye
(0,1 µL), template (1 µL diluted sample), nuclease free water to 50 µL. The
qPCR reactions were run on a Stratagene Mx3000, with the following tem-
perature profile: 300 sec at 95◦ followed by 40 cycles of 95◦ for 60 sec, 60◦

for 20 sec, 72◦ for 30 sec.

qPCR primers:
Primer set 1: 5’ gtcttgcggattggattt, 5’ atgaaaatcataggtctgagagac
Primer set 2: 5’ agcgacgatttacagaagc, 5’ acaaaattaattacatttaacaatttcat
Primer set 3: 5’ agcgacgatttacagaagc, 5’ tacaaaatcgcgcagag
Primer set 4: 5’ gttgttagtgctcctaaagatattttt, 5’ tgaacctcaaatatcaaaccc

Purification from serum by phenol/chloroform extraction: 70 µL
of FBS(50%) treated samples are diluted to 200µL with a TAEM (TAE
+ Mg2+(12,5mM)) buffer. The samples are mixed with 1 Volume phenol
(pH=7,9) and vortexed. After centrifugation the aqueous phase is removed
and mixed with 1 Volume phenol/chloroform and vortexed. After yet a
centrifugation the aqueous phase is removed and mixed with 1 Volume chlo-
roform and vortexed. After a final centrifugation the aqueous phase is then
ready for analysis.

Purification from serum by proteinase K digestion After serum in-
cubation (50% 1h), proteinase K (3µL) was added, and the samples were
incubated at 37◦C for 1h.
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Chapter 8

Conclusion and Perspectives

In summary, this thesis presents significant advances to the field of DNA nan-
otechnology both on the structural and functional side. Looking at develop-
ment of function, the RNA labeling work shows the capability of how DNA-
nanotechnology may be used to modify specific positions on biomolecules,
reminiscent of what enzymes are able to in biology. Here, the basepair-
ing gives control over the nanometer precision with which the chemistry is
performed.

Structurally, the development of SARSE, design and characterization
of the dolphin, tetrahedron and box structures have made an important
contribution to the field showing the structural diversity attainable with the
DNA-origami technique. The programmable opening of the DNA box is
especially interesting. The possibility to have these nanostructures detect
outside circumstances and react in a programmable fashion opens up for
both in vitro and in vivo detection possibilities.

Finally, the terminal transferase labeling method developed will with-
out a doubt open up for much easier modification of DNA origami and
DNA nanostructures in general. The terminal transferase technique does
not enable any new experiments. However, it opens up the field by reducing
the cost and difficulties associated with massive functionalization of a DNA
origami, and this, in itself, has great value. The potential for modifica-
tion was exemplified by the PEGylation studies performed, where we have
had the ability to test the biological stability of a variety of modification
patterns.

Future direction

There are great opportunities to utilize the tools and capabilities available
in the DNA nanotechnology field. Both for gaining knowledge at a ba-
sic research level and furthermore through technological applications, both
taking advantage of what DNA-nanotechnology has to offer in controlled
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self-assembly.

There are, however, still general needs for the field. Technical areas that
need improvement for the field to be able to move from an academic practice
of creating beautiful structures out of DNA, to really be able to create
applications that benefit the broader community. Structurally, I cannot see
that there is much more to be done. With the work presented in our own
laboratories at Aarhus University and in many other laboratories, there is
no doubt that if you have a scaffold strand with the correct length and can
create a path through the intended structure, then it can be constructed with
the right staple strand design. The last structural push could come from
sequence-designed scaffolds [171]. Decreasing prices of DNA gene synthesis
will also allow for the development of scaffolds with a designed sequence
[172]. If there are thermodynamic or topological hindrances to an assembly,
sequence design may aid in this regard.

One of the areas that does need improvement is concerning a more easily
accessible chemistry toolbox for attaching any desired functionality to the
DNA nanostructure. The terminal transferase method described will defi-
nitely be a part of this toolbox. The attachment of an amine, that serves as
a chemospecific target, is a good start. Nevertheless, there are further needs.
In the community, there is a strong need for a more standard coupling proce-
dure between nucleic acids and proteins. Just like the easy-to-use restriction
enzymes and DNA ligases have opened up the field of recombinant gene tech-
nology. There are many chemical coupling methods available but none of
them are universal for any given protein, and this is clearly one of the main
bottlenecks for further development of DNA-nanotechnology. Other general
bottlenecks include the need for more high-throughput imaging techniques
and assessment techniques.

These are general considerations on the future of the field. To be more
specific with the future directions of the field, I feel the areas where DNA
nanotechnology will make a difference are: In the interface with biology,
sensing and detection applications and in interfacing with the top-down
technologies.

Interfacing with Biology

One of the areas previously mentioned where the self-assembling properties
of DNA may contribute is the field of targeted drug delivery. Here, doc-
tors and scientists have the goal of modifying drugs or creating nanometer
sized vesicles for drugs that target only diseased cells in need of treatment.
Targeted drug delivery is especially essential in diseases such as cancer. At
present, the maximal chemotherapy doses are limited by the side effects. If
the drugs could be better targeted to a tumor, a much higher local concen-
tration could be attained leading to a more aggressive treatment.
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Learn from Viruses An obvious place to look for inspiration for con-
struction of a targeted drug delivery device is by looking at viruses. They
actually accomplish the goal of penetrating specific cells and delivering their
cargo. They even go a step further and have a self-replication mechanism,
all made possible by a very limited genome coding for a small number of
proteins and peptides. So, what are the basic mechanisms used by viruses,
and could some of these mechanisms be transferred to DNA-nanoscience?
Some of the structures presented in the DNA-nanotechnology community so
far actually resemble virus capsids. A look a Mao and co-workers structure
design [37], built up symmetrically from several smaller subunits, is precisely
the way viruses are constructed (Figure 8.1).

Figure 8.1: Left: Buckyball structure presented by He et al. [37]. Right: Model
of Satellite Tobacco Necrosis Virus comprised of 60 identical subunits in a symmetrical
icosahedral structure [40]

DNA nanoscience even has a small edge compared to viruses. A virus
capsid is normally built up of only one or two types of building blocks to
keep the information needed to build the capsid to a minimum. This leads
to a somewhat homogeneous buildup of the capsid. With DNA-origami,
there is full addressability. Due to the many unique DNA strands a DNA
origami is comprised of, we can place a variety of functionalities at distinct
locations on them. One could imagine covering one of the three-dimensional
structures presented in this thesis with PEG, target ligands and so forth.
The present state of the studies on the three dimensional structures is far
from being at a stage where they could be used for drug delivery but the
potential is clear.

An important lesson to learn from structural studies of viruses is that
there is no “correct” structure for a delivery device. Most virus capsids are
spherical but there exist spider-like structures such as T4 bacteriophages
[173]. All have found a way to function. More attention needs to be paid
to other characteristics such as stability, recognition and delivery of cargo.
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Biostability Most experimentation with DNA nanoscience has so far been
performed in the blissful sterile environment of buffer-regulated DNase-
free eppendorf tubes. What happens when the environment starts to get
harsher? From our initial experiments we have seen that DNA origami are
not stable in serum. One approach to solve this problem is through chemical
modification of the ends of the staple strands, using their addressability to
position entities on the surface that give the nanostructures a longer half-life
as described in chapter 7. Another solution could be the use of nucleic acid
analogs such as LNA. Extensive research has been performed on the effect of
using non-natural nucleotides such as LNA and O-Methyl RNA to increase
the effectiveness of siRNA [17, 21]. The incorporation of these nucleic acid
analogs in the staple strands would be a rational approach to increase DNA
origami stability. The drawback of these nucleic acid analogs are that they
are expensive, and that their property rights are protected.

Thermal Stability Proteins from thermophilic organisms have over time
evolved various characteristics for increasing stability 1. The high ther-
mostability of LNA duplexes could be used in the same way to keep struc-
tures intact when others are denatured. One could most certainly imagine
situations where a thermal control over the DNA-nanostructures would be
beneficial, just like the thermal control of enzymes such as Taq have bene-
fitted the PCR technique.

Self replication and evolution As mentioned, viruses self-replicate.
Would it be possible to make DNA nanostructures self-replicate? There
have actually already been some reports of replication of simple ssDNA
nanostructures in cells [175, 176]. This can only be done because the struc-
tures are single-stranded DNA, and the replications were performed with the
help of bacteriophage invasion of bacteria, giving a single stranded output.
But it does open some interesting doors. Imagine performing evolutionary
selection rounds on which structure best penetrates the cell, or lasts longest
in the cell, and afterwards having the cell carry out the amplification pro-
cess. Just because there is no perfect structure does not mean that some are
not better than others. The cell based replication systems of course cannot
bring along eventual chemical modifications, but might help in finding suit-
able structures for cell transfection.

1Examples are ; more salt bridges, more covalent disulfide bonds, shortening of loops,
increased polar surface area and a greater hydrophobic core [174]
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Molecular Detection

Due to single DNA origami molecules being observable with AFM and
single-molecule fluorescence spectroscopy, we can already now perform sin-
gle molecule detection as mentioned in the introduction. This does not mean
that one molecule in an entire eppendorf tube is detectable, but that indi-
vidual binding events are observable. This makes DNA origami a potential
platform for single molecule detection.

Multiple sensing DNA origami serves as the perfect platform for looking
at multivalent binding occurrences, where the distance is important. Stud-
ies have previously been performed on the distance dependence of aptamer-
thrombin binding with two aptamers (Figure 8.2) [177]. Many intracellular
interactions are based on multiple ligand recognition as well. Investigation
of optimal target placement could be done with a DNA origami platform
and yield valuable information to basic research.

Figure 8.2: Illustration of DNA tile positioning of Thrombin aptamers to examine the
dependance of distance between the aptamers [177].

Modeling of Biological Systems Complex biological systems have previ-
ously been assembled for microscopy studies using only chemical couplings.
A prime example of this was shown in the observation of the stepwise ro-
tation of the F1-ATPase. One side of the ATP-ase was attached to a glass
coverslip and an actin filament was attached to the other side of the ATPase
to observe the rotation upon ATP addition. The coupling to the cover-
slip was with a NTA - Ni2+- Histag coupling. The actin filament and the
ATPase were both biotinylated on free cysteines2. A streptavidin molecule
was then used to link the enzyme to the actin filaments [178]. This this
shows that biological model system assembly can be done chemically, but it
is very difficult. For each coupling there is a need for orthogonal chemose-
lective chemistries. The advantage with DNA-templated assemblies is that

2The ATPase was genetically modified to have only one free cysteine at the correct
position
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the same chemistry may be used for all of the couplings to DNA in parallel
reactions, followed by base-pair mediated assembly and subsequent obser-
vation

Detection readout A good sensor needs to be a swift, efficient and have re-
producible way of evaluating the signal. Presently, Atomic Force Microscopy
is not at this point. The information gained from AFM studies is truly mag-
nificent, but experiments are seldom 100% reproducible due to the fact that
you are sensing the sample with a new tip every time. And the workflow
is tedious. In a clinical context, an optical based readout is much easier to
use, and would be preferable

Interface with the macroworld The now very well developed photolitho-
graphic techniques are able to print smaller and smaller structures. This
should not be seen as competition for DNA-nanotechnology but as an op-
portunity. DNA-nanotechnology will, without a doubt, still have a role to
play, especially in positioning a complex array of materials that are not
usually compatible with these lithographic techniques. A real example of
top-down meets bottom up. I firmly believe that a better grasp on inter-
facing the softer biological molecules with electronic circuits and patterned
surfaces will lead to completely new devices unlocking much of the potential
that exists with nanotechnology.

To round off, I have great expectations for the future of DNA-nanotechnology.
Many new marvelous structures, discoveries and applications are constantly
coming forth in the field. And most importantly, the beautiful results pre-
sented by the past and present pioneers of the field are drawing in more and
more new scientists. This will build the foundation for great new technolo-
gies.
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Figure A.1: Left: Amino-modified DNA with the chemical structure of the amino-
modified thymine base represented. Right: Simplified structure of the amino-modified
DNA and its reaction with DSP yielding the donor-DNA.
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Figure A.2: Chemical synthesis of the prolonged linker for the RNA labeling
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Figure B.1: SS Tall rectangular design
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Figure B.2: ZZ Tall rectangular design
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Staple Strands for SS Design (5’→3’)

CACCACCCTCATTTTCCGTAACACTGAGTTTCAAAGGAAC
ACCGCCACCCTCAGAAACAACGCCTGTAGCATAACTTTCA
TACTCAGGAGGTTTAGATAGTTAGCGTAACGAAAATGAAT
ACCAGGCGGATAAGTGGGGGTCAGTGCCTTGACAGTCTCT
GAAGGATTAGGATTAGAAACAGTTAATGCCCCATAAATCC
TTTTTGAAAGTATTAAGAGGCTATTATTCTGAAACATTTTGTCAGACG
CCATGTACAGGGATAGCAAGCCCA
TACAAACTCCGCCACCCTCAGAGC
CAGCCCTCTACCGCCACCCTCAGA
TTTGTCGTGATACAGGAGTGTACTATACATGG
GTTTTAACCCGTCGAGAGGGTTGA
GCCCGTATCGGGGTTTTGCTCAGT
TTCGGAACCTGAGACTCCTCAAGA
AACTAAAGATCTCCAAAAAAAAGGCTTTTGCG
ACAGTTTCTAATTGTATCGGTTTAGGTCGCTG
TTTCTGTAGTGAATTTCTTAAACAACAACCAT
CTTTTGATCTTTCCAGACGTTAGTTCTAAAGT
GAATTTACCCCTCAGAGCCACCACTCTTTTCA
TCATTAAAAGAACCACCACCAGAGTTCGGTCA
ATTGGCCTCAGGAGGTTGAGGCAGTTTTGCGTCAGA
CGTTGAAAGAATTGCGAATAATAATTTTATAGGAAC
GGAGCCTTAGCGGAGTGAGAATAGGTCACCAG
CTTTCGAGTGGGATTTTGCTAAACTCCACAGA
CCGATAGTCTCCCTCAGAGCCGCCCCACCACC
AACCGCCACGTTCCAGTAAGCGTCGGTAATAA
CCGCCACCGCCAGAATGGAAAGCGGTAACAGT
AGCATTGATGATATTCACAAACAACTGCCTAT
GGATCGTCGGGTAGCAACGGCTACAAGTACAA
AGGCTTGCAAAGACTTTTTCATGATGACCCCC
CGCCCACGCGGGTAAAATACGTAAGAGGCAAA
GGAACCGCTGCGCCGACAATGACAGCTTGATA
TAATCAAATAGCAAGGCCGGAAACTAAAGGTG
TAGCCCCCTCGATAGCAGCACCGTAGGGAAGG
CTGTAGCGATCAAGTTTGCCTTTATTTTAGACAAAA
CGGAACGAACCCTCAGCAGCGAAATTTTTTTTTTCA
TGAGGACTAGGGAGTTAAAGGCCGCTCCAAAA
CCATTAAACATAACCGATATATTCTCAGCTTG
CGAAGGCAGCCAGCAAAATCACCACCATTTGG
ATTACCATATCACCGGAACCAGAGACCCTCAG
TGAAACCATTATTAGCGTTTGCCACCTCAGAG
GCGACAGACGTTTTCATCGGCATTCCGCCGCC
CGGAGATTCGCGACCTGCTCCATGACGTAACA
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AGCGATTAAGGCGCAGACGGTCAATGACAAGA
AGAATACACTGACCAACTTTGAAAATAGGCTG
GAATTAGACCAACCTAAAACGAAATGCCACTA
AATTATCATAAAAGAAACGCAAAGAAGAACTG
TAAATATTTTATTTTGTCACAATCCCGAGGAA
GGGCGACAGGTTTACCAGCGCCAATTTTGCAGATAG
TCGAAATCTGTATCATCGCCTGATTTTTGACAGCAT
CCGGAACGTACCAAGCGCGAAACAAGAGGCTT
GAACCGAACTAAAACACTCATCTTGGAAGTTT
ATGAACGGGTAGAAAATACATACACAGTATGT
GCAACATACCGTCACCGACTTGAGGTAGCACC
GAATAAGTGACGGAAATTATTCATGTCACCAA
ATTCATATTTCAACCGATTGAGGGAATCAGTA
AAGCTGCTACACCAGAACGAGTAGATCAGTTG
ACCGGATATGGTTTAATTTCAACTACGGAACA
GCTGACCTACCTTATGCGATTTTAGGAAGAAA
TAGCAAACTGTACAGACCAGGCGCGAGGACAG
GCATGATTTGAGTTAAGCCCAATAGACGGGAG
ACGCAATAATGAAATAGCAATAGCAGAGAATA
CCGAACAATTTTTAAGAAAAGTAATTTTAACGTCAA
GACGAGAACATTCAGTGAATAAGGTTTTAAATTGTG
GCTTGAGATTCATTACCCAAATCATTACTTAG
TGTGAATTTCATCAAGAGTAATCTTCATAAGG
CTCATTATGCGCTAATATCAGAGAGTCAGAGG
ACAAGAATAAGACTCCTTATTACGTAAAGGTG
AAGAAACAATAACGGAATACCCAAACACCACG
CGAAGCCCAGTTACCAGAAGGAAAAATAGAAA
AGATTTAGCGCCAAAAGGAATTACCATTGAAT
ACATTATTAACACTATCATAACCCGCGTCCAA
AATCTACGGATAAAAACCAAAATAAGGGGGTA
GTAATTGAACCAGTCAGGACGTTGAGAACTGG
AATTAACTTTCCAGAGCCTAATTTAAGCCTTA
ACATAAAAACAGCCATATTATTTATTAGCGAA
AAATGAAAAAACGATTTTTTGTTTTTTTGCTTATCC
ATACATAAGAATACCACATTCAACTTTTCTTGCCCT
GTAAGAGCACAGGTAGAAAGATTCTAAATTGG
CAGACGACTTAATAAAACGAACTATTAATCAT
CTTTTGCAATCCTGAATCTTACCAACCCAGCT
GAGCGTCTGAACACCCTGAACAAAGATAACCC
CAAAATAAACAGGGAAGCGCATTAATAAGAGC
CAAATAAGATAGCAGCCTTTACAGTATCTTAC
CCCCCTCACCATAAATCAAAAATCATTGCTCC
TACTGCGGTATTATAGTCAGAAGCCTCCAACA
ATAGTAAAAAAAGATTAAGAGGAACGAGCTTC
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ACAATTTTAAAGAAGTTTTGCCAGGCGAGAGG
AATCAAGAATCGAGAACAAGCAAGCGAGCATG
CCTCCCGACGTAGGAATCATTACCGAACAAGA
GGTATTCTAAATCAGATATAGAAGTTTTACGCGCCT
GAGAATGAAATGCTTTAAACAGTTTTTTTAATGCAG
ACCCTGACAATCGTCATAAATATTGAGGCATA
TTGCATCAATGTTTAGACTGGATATCGTTTAC
GACTTCAACAAGAACGGGTATTAATCTTTCCT
CCGCACTCTTAGTTGCTATTTTGCACGCTAAC
ATTTTCATCTTGCGGGAGGTTTTGGCCAGTTA
TAGCAAGCAAGAACGCGAGGCGTTTCCCAATC
TTTTGATAATTGCTGAATATAATGGGGGCGCG
GGTCAGGATTTAAATATGCAACTAGGTCAATA
AAAGCGAAAGTTTCATTCCATATATTTAGTTT
TATCATTCATATCGCGTTTTAATTGCCCGAAA
TAGAAACCAGAGAATATAAAGTACCAGTAGGG
AAAATAATAATTCTGTCCAGACGACAAATTCT
GTTTATCAGTTCAGCTAATGCAGATTTTGAAAAAGC
AGAGCTTAAGAGGTCATTTTTGCGTTTTCAGAAAAC
CAACATGTTTAGAGAGTACCTTTAAGGTCTTT
TGTCTGGACCAGACCGGAAGCAAAAAAGCGGA
TTCCCAATATTTAGGCAGAGGCATACAACGCC
CAGTAATAAATCAATAATCGGCTGACCAAGTA
GGTAAAGTATCCCATCCTAATTTACCGTTTTT
AACAACATACAATAGATAAGTCCTGCGCCCAA
AGCTGAAATTAACATCCAATAAATAAATGCAA
ACCTGTTTAGAATTAGCAAAATTAGGATAAAA
GACCATTAAGCATAAAGCTAAATCCTTTTGCG
AACATGTATCTGCGAACGAGTAGAACAGTTGA
CTTAATTGCTAAATTTAATGGTTTTGCTGATG
TACCAGTAGATAAATAAGGCGTTAGGCTTAGG
CTGTTTAGGGAATCATAATTACTATTTTCATAGGTC
TAGTAGCAAGGTGGCATCAATTCTTTTTGATGGCTT
CAAGGCAAAGCTATATTTTCATTTCTGTAGCT
AGCCTCAGGATACATTTCGCAAATAAGTACGG
CAAAAACACAAATATATTTTAGTTCGCGAGAA
CTTCTGACAGAATCGCCATATTTATTTCGAGC
GACCGTGTTAAAGCCAACGCTCAACGACAAAA
TAAACACCTATCATATGCGTTATACGACAATA
TGCCTGAGAAGGCCGGAGACAGTCTCATATGT
ATTTTTAGGATATTCAACCGTTCTGATGAACG
GGAGAAGCCCGGAGAGGGTAGCTATTGCCTGA
AACTTTTTTTATGACCCTGTAATAGGTTGTAC
CAAATCCATTTTCCCTTAGAATCCCCTTTTTT
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TTGGGTTAAGCTTAGATTAAGACGATTAATTA
TGAGAGACGTGAATTTATCAAAATTTTTGAAGATGA
GGGTGAGATAATGTGTAGGTAAAGTTTTACTAATAG
ATCAATATAACCCTCATATATTTTCATACAGG
AATTAATGCTTTATTTCAACGCAAAGCAATAA
AGATCTACCCTTGCTTCTGTAAATATATGTGA
TTAATTAAATCGCAAGACAAAGAAAATTTCAT
ATAGCGATTATAACTATATGTAAAGAAATACC
AGTCAATATACCTTTTTAACCTCCAATAAGAA
ACCCCGGTTTGTATAAGCAAATATGATTCTCC
GTAATCGTAATATTTTGTTAAAATAACATTAA
GAGTCTGGTTAAATCAGCTCATTTCGCGTCTG
GTGAATAAAAAGGCTATCAGGTCATTTTTGAG
AATGGAAACGGATTCGCCTGATTGAAAGAAAT
CATTTAACACAAAATCGCGCAGAGATATCAAA
TGAAACAAAATTACCTGAGCAAAATTTTACTTCTGA
CAGGAAGATGATAATCAGAAAAGCTTTTATTCAAAA
TAAACGTTAAAACTAGCATGTCAAAAATCACC
AATTTTTGAGCAAACAAGAGAATCAGCTGATA
ATAGGAACAACAGTACCTTTTACACAGATGAA
AACAATAACAGTACATAAATCAATCGTCGCTA
ACCAAGTTAATTTCATTTGAATTATTGAAAAC
TTCATTTCACATCAAGAAAACAAACTGAGAAG
GTGGGAACCGTTGGTGTAGATGGGGTGCGGGC
ATGTGAGCATCTGCCAGTTTGAGGTCAGGCTG
GCCTTCCTGGCCTCAGGAAGATCGTGCCGGAA
TATACAGTGCCATCAAAAATAATTTTTAACCA
TGCGTAGAAGAAGGAGCGGAATTACGTATTAA
ATTATTTGTATCAGATGATGGCAAAAGTATTA
ATAATGGATGATTGTTTGGATTATTTTTGCCGTCAA
ATAGGTCAAAACGGCGGATTGACCTTTTCCCAAAAA
AACCGTGCGAGTAACAACCCGTCGTTAAATTG
ACAGTATCGTAGCCAGCTTTCATCTCGCATTA
CCAGCTTTACATTATCATTTTGCGTTTAAAAG
AAACCACCTTTTCAGGTTTAACGTTCGGGAGA
TTCCTGATCACGTAAAACAGAAATCTTTGAAT
TATAATCCAGGGTTAGAACCTACCGCGAATTA
CTCTTCGCGCAAGGCGATTAAGTTTTCCACAC
CGCAACTGTTCCCAGTCACGACGTGTTTCCTG
ACCAGGCAGTGCCAAGCTTGCATGCCGAGCTC
TTTGAGTACCGGCACCGCTTCTGGCACTCCAG
ATCCTTTGGTTGGCAAATCAACAGGAGAGCCA
GACTTTACAAGGTTATCTAAAATAAGTATTAA
TAGATAATCAACTAATAGATTAGATTTTCCAGCAGA
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GATGTGCTTATTACGCCAGCTGGCTTTTGTAATGGG
CCAGGGTTTTGGGAAGGGCGATCGCGCATCGT
GACGGCCAAAGCGCCATTCGCCATGGACGACG
TCGACTCTCAAATATCAAACCCTCTCACCTTG
TCTGGTCACCCGAACGTTATTAATGAACAAAG
AATTGAGGAAACAATTCGACAACTTCATCATA
AGCACTAAACATTTGAGGATTTAGTTCATCAA
AACATACGCCTAATGAGTGAGCTAGCCCTTCA
TGTGAAATTTGCGCTCACTGCCCGCTTTTCAC
GAATTCGTCCTGTCGTGCCAGCTGCGGTTTGC
CTGAACCTAGAGGATCCCCGGGTACCTGCAGG
GCAGCAAAATATTTTTGAATGGCTACCAGTAA
CACCGCCTCGAACTGATAGCCCTATTATTTAC
AGATAAAAAATACCGAACGAACCATTTTCTACATTT
CTGGGGTGAGCCGGAAGCATAAAGTTTTGAAAGGGG
TAATTGCGTGTTATCCGCTCACAAGGGTAACG
TCGGGAAAAATCATGGTCATAGCTTGTAAAAC
AATCGGCCACCTGAAAGCGTAAGAAGATAGAA
CACAGACATGAAAAATCTAAAGCAAATCAATA
TTAATGCGGCAACAGTGCCACGCTTTGAAAGG
CCATTAAACAGAGGTGAGGCGGTCTCTTTAGG
CCGCCTGGGGTTTGCCCCAGCAGGCGATGGCC
CAGTGAGATGGTGGTTCCGAAATCAACGTCAA
GTATTGGGAATCAAAAGAATAGCCACAAGAGT
CCCTTCTGAACGCGCGGGGAGAGGCATTAATG
TAAAAGGGCAAACTATCGGCCTTGGTCTGTCC
ATTGGCAGCAATATTACCGCCAGCTTTTATAA
TGACGCTCACGCTCATGGAAATACTTTTCAGGAACG
TCCACGCTCCCTGAGAGAGTTGCATTTTTGTAAAGC
CTGTTTGACGGGCAACAGCTGATTACTCACAT
CCCTTATACGCCAGGGTGGTTTTTCTTTCCAG
GGTTGAGTGTAATAACATCACTTGAATACTTC
GAAGAACTACATTCTGGCCAACAGATACGTGG
ATCCAGAAATTCACCAGTCACACGATTAGTCT
CAGGAAAAAATCGTCTGAAATGGAAAACATCG
CACTACGTGAGGTGCCGTAAAGCA
AGGGCGAAAAGGGAGCCCCCGATT
CCACTATTAAGCCGGCGAACGTGG
TTTGATTAGTTGTTCCAGTTTGGACGAGATAG
ATCACGCATTGACGAGCACGTATA
TCAGTGAGAGAATCAGAGCGGGAG
GTACGCCATTAAAGGGATTTTAGA
TTTTCAAGTTTTTTGGGGTCGAACCATCACCCAAATTTTTGCAAGCGG
CTAAATCGGAACCCTAAAACCGTCTATCAGGGCGAAAATC
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TAGAGCTTGACGGGGAAAAGAACGTGGACTCCGGCAAAAT
GCGTACTATGGTTGCTAATTAACCGTTGTAGCCCTGAGTA
ACGTGCTTTCCTCGTTGCCACCGAGTAAAAGACTGGTAAT
CTAAACAGGAGGCCGAGAATCCTGAGAAGTGTCATTGCAA
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Staple Strands for ZZ Design (5’→3’)

CACCACCCTCATTTTCCGTAACAC
ACCGCCACCCTCAGAAACAACGCC
TACTCAGGAGGTTTAGATAGTTAG
TATAAGTATAGCCCGGAATAGGTGTATCACCG
ACCAGGCGGATAAGTGGGGGTCAG
GAAGGATTAGGATTAGAAACAGTT
TTTTTGAAAGTATTAAGAGGCTATTATT
TGAGTTTCAAAGGAACAACTAAAGATCTCCAA
TGTAGCATAACTTTCAACAGTTTCTAATTGTA
CGTAACGAAAATGAATTTTCTGTAGTGAATTT
AGTGTACTATACATGGCTTTTGATCTTTCCAG
TGCCTTGACAGTCTCTGAATTTACCCCTCAGA
AATGCCCCATAAATCCTCATTAAAAGAACCAC
CTGAAACATTTTGTCAGACGATTGGCCTCAGGAGGT
AATAATAATTTTATAGGAACCCATGTACAGGGATAGCAAGCCCA
GAGAATAGGTCACCAGTACAAACTCCGCCACCCTCAGAGC
TGCTAAACTCCACAGACAGCCCTCTACCGCCACCCTCAGA
ACGTTAGTTCTAAAGTTTTGTCGTGATACAGG
TAAGCGTCGGTAATAAGTTTTAACCCGTCGAGAGGGTTGA
GGAAAGCGGTAACAGTGCCCGTATCGGGGTTTTGCTCAGT
ACAAACAACTGCCTATTTCGGAACCTGAGACTCCTCAAGA
AAAAAAGGCTTTTGCGGGATCGTCGGGTAGCA
TCGGTTTAGGTCGCTGAGGCTTGCAAAGACTT
CTTAAACAACAACCATCGCCCACGCGGGTAAA
GAGCCGCCCCACCACCGGAACCGCTGCGCCGA
GCCACCACTCTTTTCATAATCAAATAGCAAGG
CACCAGAGTTCGGTCATAGCCCCCTCGATAGC
TGAGGCAGTTTTGCGTCAGACTGTAGCGATCAAGTT
CAGCGAAATTTTTTTTTTCACGTTGAAAGAATTGCG
AAAGGCCGCTCCAAAAGGAGCCTTAGCGGAGT
ATATATTCTCAGCTTGCTTTCGAGTGGGATTT
CAATGACAGCTTGATACCGATAGTCTCCCTCA
AACCAGAGACCCTCAGAACCGCCACGTTCCAG
GTTTGCCACCTCAGAGCCGCCACCGCCAGAAT
TCGGCATTCCGCCGCCAGCATTGATGATATTC
ACGGCTACAAGTACAACGGAGATTCGCGACCT
TTTCATGATGACCCCCAGCGATTAAGGCGCAG
ATACGTAAGAGGCAAAAGAATACACTGACCAA
AATCACCACCATTTGGGAATTAGACCAACCTA
CCGGAAACTAAAGGTGAATTATCATAAAAGAA
AGCACCGTAGGGAAGGTAAATATTTTATTTTG
TGCCTTTATTTTAGACAAAAGGGCGACAGGTTTACC
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CGCCTGATTTTTGACAGCATCGGAACGAACCCTCAG
GCGAAACAAGAGGCTTTGAGGACTAGGGAGTT
CTCATCTTGGAAGTTTCCATTAAACATAACCG
AAACGAAATGCCACTACGAAGGCAGCCAGCAA
GACTTGAGGTAGCACCATTACCATATCACCGG
TTATTCATGTCACCAATGAAACCATTATTAGC
ATTGAGGGAATCAGTAGCGACAGACGTTTTCA
GCTCCATGACGTAACAAAGCTGCTACACCAGA
ACGGTCAATGACAAGAACCGGATATGGTTTAA
CTTTGAAAATAGGCTGGCTGACCTACCTTATG
TACATACACAGTATGTTAGCAAACTGTACAGA
ACGCAAAGAAGAACTGGCATGATTTGAGTTAA
TCACAATCCCGAGGAAACGCAATAATGAAATA
AGCGCCAATTTTGCAGATAGCCGAACAATTTTTAAG
GAATAAGGTTTTAAATTGTGTCGAAATCTGTATCAT
CCAAATCATTACTTAGCCGGAACGTACCAAGC
AGTAATCTTCATAAGGGAACCGAACTAAAACA
CCAGGCGCGAGGACAGATGAACGGGTAGAAAA
TTATTACGTAAAGGTGGCAACATACCGTCACC
ATACCCAAACACCACGGAATAAGTGACGGAAA
GAAGGAAAAATAGAAAATTCATATTTCAACCG
ACGAGTAGATCAGTTGAGATTTAGCGCCAAAA
TTTCAACTACGGAACAACATTATTAACACTAT
CGATTTTAGGAAGAAAAATCTACGGATAAAAA
ATCAGAGAGTCAGAGGGTAATTGAACCAGTCA
GCCCAATAGACGGGAGAATTAACTTTCCAGAG
GCAATAGCAGAGAATAACATAAAAACAGCCAT
AAAAGTAATTTTAACGTCAAAAATGAAAAAACGATT
CATTCAACTTTTCTTGCCCTGACGAGAACATTCAGT
AAAGATTCTAAATTGGGCTTGAGATTCATTAC
ACGAACTATTAATCATTGTGAATTTCATCAAG
GGACGTTGAGAACTGGCTCATTATGCGCTAAT
TGAACAAAGATAACCCACAAGAATAAGACTCC
GCGCATTAATAAGAGCAAGAAACAATAACGGA
CTTTACAGTATCTTACCGAAGCCCAGTTACCA
GGAATTACCATTGAATCCCCCTCACCATAAAT
CATAACCCGCGTCCAATACTGCGGTATTATAG
CCAAAATAAGGGGGTAATAGTAAAAAAAGATT
TCTTACCAACCCAGCTACAATTTTAAAGAAGT
CCTAATTTAAGCCTTAAATCAAGAATCGAGAA
ATTATTTATTAGCGAACCTCCCGACGTAGGAA
TTTTGTTTTTTTGCTTATCCGGTATTCTAAATCAGA
AAACAGTTTTTTTAATGCAGATACATAAGAATACCA
TAAATATTGAGGCATAGTAAGAGCACAGGTAG
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ACTGGATATCGTTTACCAGACGACTTAATAAA
TTTGCCAGGCGAGAGGCTTTTGCAATCCTGAA
TATTTTGCACGCTAACGAGCGTCTGAACACCC
AGGTTTTGGCCAGTTACAAAATAAACAGGGAA
GAGGCGTTTCCCAATCCAAATAAGATAGCAGC
CAAAAATCATTGCTCCTTTTGATAATTGCTGA
TCAGAAGCCTCCAACAGGTCAGGATTTAAATA
AAGAGGAACGAGCTTCAAAGCGAAAGTTTCAT
GGTATTAATCTTTCCTTATCATTCATATCGCG
CAAGCAAGCGAGCATGTAGAAACCAGAGAATA
TCATTACCGAACAAGAAAAATAATAATTCTGT
TATAGAAGTTTTACGCGCCTGTTTATCAGTTCAGCT
TTTTTGCGTTTTCAGAAAACGAGAATGAAATGCTTT
TACCTTTAAGGTCTTTACCCTGACAATCGTCA
GAAGCAAAAAAGCGGATTGCATCAATGTTTAG
TTTTAATTGCCCGAAAGACTTCAACAAGAACG
ATCGGCTGACCAAGTACCGCACTCTTAGTTGC
CTAATTTACCGTTTTTATTTTCATCTTGCGGG
TAAGTCCTGCGCCCAATAGCAAGCAAGAACGC
ATATAATGGGGGCGCGAGCTGAAATTAACATC
TGCAACTAGGTCAATAACCTGTTTAGAATTAG
TCCATATATTTAGTTTGACCATTAAGCATAAA
AGAGGCATACAACGCCAACATGTATCTGCGAA
TAAAGTACCAGTAGGGCTTAATTGCTAAATTT
CCAGACGACAAATTCTTACCAGTAGATAAATA
AATGCAGATTTTGAAAAAGCCTGTTTAGGGAATCAT
TCAATTCTTTTTGATGGCTTAGAGCTTAAGAGGTCA
TTTCATTTCTGTAGCTCAACATGTTTAGAGAG
TCGCAAATAAGTACGGTGTCTGGACCAGACCG
CGAGTAGAACAGTTGATTCCCAATATTTAGGC
CATATTTATTTCGAGCCAGTAATAAATCAATA
ACGCTCAACGACAAAAGGTAAAGTATCCCATC
GCGTTATACGACAATAAACAACATACAATAGA
CAATAAATAAATGCAATGCCTGAGAAGGCCGG
CAAAATTAGGATAAAAATTTTTAGGATATTCA
GCTAAATCCTTTTGCGGGAGAAGCCCGGAGAG
TTTTAGTTCGCGAGAAAACTTTTTTTATGACC
AATGGTTTTGCTGATGCAAATCCATTTTCCCT
AGGCGTTAGGCTTAGGTTGGGTTAAGCTTAGA
AATTACTATTTTCATAGGTCTGAGAGACGTGAATTT
AGGTAAAGTTTTACTAATAGTAGTAGCAAGGTGGCA
TATATTTTCATACAGGCAAGGCAAAGCTATAT
CAACGCAAAGCAATAAAGCCTCAGGATACATT
CTGTAATAGGTTGTACCAAAAACACAAATATA
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ACAAAGAAAATTTCATCTTCTGACAGAATCGC
TATGTAAAGAAATACCGACCGTGTTAAAGCCA
TAACCTCCAATAAGAATAAACACCTATCATAT
AGACAGTCTCATATGTACCCCGGTTTGTATAA
ACCGTTCTGATGAACGGTAATCGTAATATTTT
GGTAGCTATTGCCTGAGAGTCTGGTTAAATCA
CTGTAAATATATGTGAGTGAATAAAAAGGCTA
TAGAATCCCCTTTTTTAATGGAAACGGATTCG
TTAAGACGATTAATTACATTTAACACAAAATC
ATCAAAATTTTTGAAGATGATGAAACAAAATTACCT
AGAAAAGCTTTTATTCAAAAGGGTGAGATAATGTGT
CATGTCAAAAATCACCATCAATATAACCCTCA
AGAGAATCAGCTGATAAATTAATGCTTTATTT
TCAGGTCATTTTTGAGAGATCTACCCTTGCTT
AAATCAATCGTCGCTATTAATTAAATCGCAAG
TTGAATTATTGAAAACATAGCGATTATAACTA
AAAACAAACTGAGAAGAGTCAATATACCTTTT
GCAAATATGATTCTCCGTGGGAACCGTTGGTG
GTTAAAATAACATTAAATGTGAGCATCTGCCA
GCTCATTTCGCGTCTGGCCTTCCTGGCCTCAG
CTTTTACACAGATGAATATACAGTGCCATCAA
CCTGATTGAAAGAAATTGCGTAGAAGAAGGAG
GCGCAGAGATATCAAAATTATTTGTATCAGAT
GAGCAAAATTTTACTTCTGAATAATGGATGATTGTT
GATTGACCTTTTCCCAAAAACAGGAAGATGATAATC
ACCCGTCGTTAAATTGTAAACGTTAAAACTAG
CTTTCATCTCGCATTAAATTTTTGAGCAAACA
AAATAATTTTTAACCAATAGGAACAACAGTAC
TTTAACGTTCGGGAGAAACAATAACAGTACAT
ACAGAAATCTTTGAATACCAAGTTAATTTCAT
AACCTACCGCGAATTATTCATTTCACATCAAG
TAGATGGGGTGCGGGCCTCTTCGCGCAAGGCG
GTTTGAGGTCAGGCTGCGCAACTGTTCCCAGT
GAAGATCGTGCCGGAAACCAGGCAGTGCCAAG
ATTTTGCGTTTAAAAGTTTGAGTACCGGCACC
CGGAATTACGTATTAAATCCTTTGGTTGGCAA
GATGGCAAAAGTATTAGACTTTACAAGGTTAT
TGGATTATTTTTGCCGTCAATAGATAATCAACTAAT
CAGCTGGCTTTTGTAATGGGATAGGTCAAAACGGCG
GGCGATCGCGCATCGTAACCGTGCGAGTAACA
TTCGCCATGGACGACGACAGTATCGTAGCCAG
GCTTCTGGCACTCCAGCCAGCTTTACATTATC
TTATTAATGAACAAAGAAACCACCTTTTCAGG
CGACAACTTCATCATATTCCTGATCACGTAAA



148 Advances in structural and functional properties of DNA-nanotechnology

GGATTTAGTTCATCAATATAATCCAGGGTTAG
ATTAAGTTTTCCACACAACATACGCCTAATGA
CACGACGTGTTTCCTGTGTGAAATTTGCGCTC
CTTGCATGCCGAGCTCGAATTCGTCCTGTCGT
AAACCCTCTCACCTTGCTGAACCTAGAGGATC
ATCAACAGGAGAGCCAGCAGCAAAATATTTTT
CTAAAATAAGTATTAACACCGCCTCGAACTGA
AGATTAGATTTTCCAGCAGAAGATAAAAAATACCGA
GCATAAAGTTTTGAAAGGGGGATGTGCTTATTACGC
GCTCACAAGGGTAACGCCAGGGTTTTGGGAAG
TCATAGCTTGTAAAACGACGGCCAAAGCGCCA
CCCGGGTACCTGCAGGTCGACTCTCAAATATC
CTAAAGCAAATCAATATCTGGTCACCCGAACG
GCCACGCTTTGAAAGGAATTGAGGAAACAATT
AGGCGGTCTCTTTAGGAGCACTAAACATTTGA
GTGAGCTAGCCCTTCACCGCCTGGGGTTTGCC
ACTGCCCGCTTTTCACCAGTGAGATGGTGGTT
GCCAGCTGCGGTTTGCGTATTGGGAATCAAAA
GCGTAAGAAGATAGAACCCTTCTGAACGCGCG
GAATGGCTACCAGTAATAAAAGGGCAAACTAT
TAGCCCTATTATTTACATTGGCAGCAATATTA
ACGAACCATTTTCTACATTTTGACGCTCACGCTCAT
GAGTTGCATTTTTGTAAAGCCTGGGGTGAGCCGGAA
AGCTGATTACTCACATTAATTGCGTGTTATCC
TGGTTTTTCTTTCCAGTCGGGAAAAATCATGG
GGGAGAGGCATTAATGAATCGGCCACCTGAAA
GCCAACAGATACGTGGCACAGACATGAAAAAT
GTCACACGATTAGTCTTTAATGCGGCAACAGT
GAAATGGAAAACATCGCCATTAAACAGAGGTG
CCAGCAGGCGATGGCCCACTACGTGAGGTGCCGTAAAGCA
CCGAAATCAACGTCAAAGGGCGAAAAGGGAGCCCCCGATT
GAATAGCCACAAGAGTCCACTATTAAGCCGGCGAACGTGG
ATCACTTGAATACTTCTTTGATTAGTTGTTCC
CGGCCTTGGTCTGTCCATCACGCATTGACGAGCACGTATA
CCGCCAGCTTTTATAATCAGTGAGAGAATCAGAGCGGGAG
GGAAATACTTTTCAGGAACGGTACGCCATTAAAGGGATTTTAGA
ACCCAAATTTTTGCAAGCGGTCCACGCTCCCTGAGA
TATCAGGGCGAAAATCCTGTTTGACGGGCAAC
TGGACTCCGGCAAAATCCCTTATACGCCAGGG
AGTTTGGACGAGATAGGGTTGAGTGTAATAAC
GTTGTAGCCCTGAGTAGAAGAACTACATTCTG
GTAAAAGACTGGTAATATCCAGAAATTCACCA
AGAAGTGTCATTGCAACAGGAAAAAATCGTCT
TTTTCAAGTTTTTTGGGGTCGAACCATC
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CTAAATCGGAACCCTAAAACCGTC
TAGAGCTTGACGGGGAAAAGAACG
CGAGAAAGGAAGGGAATGCGCCGCTACAGGGC
GCGTACTATGGTTGCTAATTAACC
ACGTGCTTTCCTCGTTGCCACCGA
CTAAACAGGAGGCCGAGAATCCTG
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Figure C.1: Titration curves for the Ct values for qPCR or DNA origami with different
primer sets


