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The past decade has witnessed significant improvement in the techniques for as-
sembling nucleic acid molecules into desired nanostructures. Today, structural
DNA nanotechnology is seen as an attractive field by many multidisciplinary
researchers who are impressed on the ability to position and control molecules
with nanometer-level accuracy. The rationally designed DNA structures possess
a tremendous potential in many bionanotechnological applications, and therefore
the complexity of the designed structures is constantly increasing. To follow this
trend and to enable straightforward design of such structures, powerful and ver-
satile computer-aided design software and simulation tools are urgently needed.

In this thesis various design software for creating nucleic acid nanostructures
are assessed against predefined criteria. Using these software, exemplary DNA
designs are created, and the features of the software are described. The aim of
this comparison is to give a comprehensive overview of the currently available
software and help a reader to decide which software to use for each particular
purpose.

In addition, a specific plugin for the most commonly used software caDNAno is
created. By using this plugin, a hybrid RNA-DNA nanostructure is designed.
Along with this and the simulation of the structure, the functionality of the
plugin is evaluated. This simple plugin is created in order to speed up the design
process of such structures, and here, it is used to produce sequences of the DNA
strands that are needed for the abovementioned structure. Moreover, the plugin
demonstrates the possibility to extend the available software and their features,
and it serves as an example for any user to create their own custom plugins and
to integrate them to the software.
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Tekniikat nukleiinihappoihin perustuvien nanorakenteiden valmistuksessa ovat
kehittyneet merkittävästi viimeisen vuosikymmenen aikana. Tällä hetkellä ra-
kenteellinen DNA-nanoteknologia nähdään yleisesti kiinnostavana tieteenalana,
sillä se mahdollistaa molekyylien järjestämisen ja asemoinnin nanometrin mitta-
kaavassa. Ohjelmoiduilla DNA-rakenteilla on mahdollista toteuttaa monia poten-
tiaalisia sovelluksia lähitulevaisuudessa, ja niinpä suunnitellut nanorakenteet ovat
muodostuneet koko ajan monimutkaisemmiksi. Jotta tutkijat voisivat jatkossakin
tehdä kompleksisia rakenteita sovelluksia varten, tarvitsevat he yhä tehokkaam-
pia ja monipuolisempia tietokoneavusteisia ohjelmia rakenteiden suunnitteluun
ja simulointiin.

Tässä diplomityössä erilaisia käytössä olevia suunnitteluohjelmia verrataan kes-
kenään tiettyjen arviointikriteerien perusteella. Kyseisiä ohjelmia käytetään myös
DNA-pohjaisten esimerkkirakenteiden suunnitteluun, ja prosessin perusteella lis-
tataan ohjelmien ominaisuuksia. Työn tavoitteena on antaa saatavilla olevista
ohjelmista ja niiden ominaisuuksista kattava yleiskuva, jotta lukija voisi valita
itselleen sopivan ohjelman halutun nanorakenteen suunnitteluun.

Lisäksi tässä työssä kehitetään lisäosa caDNAno-sovellukseen, joka on yk-
si käytetyimmistä ohjelmista nukeliinihapporakenteiden suunnittelussa. Tätä
lisäosaa käyttäen työssä suunnitellaan RNA-DNA–hybridinanorakenne. Suunnit-
teluprosessin ja simulaation avulla varmistetaan lisäosan toimivuus. Yksinkertai-
nen lisäosa nopeuttaa kyseisten rakenteiden suunnittelua ja tässä työssä lisäosan
avulla määritetään tarvittavien DNA-juosteiden sekvenssit. Lisäosan suunnittelu
toimii myös esimerkkinä sovellusten laajennettavuusmahdollisuuksista, ja kysei-
nen esimerkki voi auttaa käyttäjiä omien kustomoitujen lisäosien suunnittelussa
ja integroimisessa sovellukseen.

Asiasanat: nukleiniihapot, DNA-nanoteknologia, DNA-origami, CAD

Kieli: Englanti
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Abbreviations and acronyms

A-DNA one of the major forms of dsDNA
AFM atomic force microscopy
B-DNA one of the major forms of dsDNA, the ‘standard’ form
bp base pair
CAD computer-aided design
cryo-EM cryo-electron microscopy
CSV comma-separated values
DX double-crossover
DNA deoxyribonucleic acid
dsDNA double-stranded DNA
dsRNA double-stranded RNA
HB helix bundle
IC integrated circuit
Incl inclination angle
NMR nuclear magnetic resonance
nt nucleotide
P-Tw propeller twist
PEG polyethylene glycol
PLY polygon file format
RNA ribonucleic acid
siRNA small interfering RNA or silencing RNA
ssDNA single-stranded DNA
TEM transmission electron micropscopy
x-Dis x-displacement
Z-DNA one of the major forms of dsDNA
60HB 60-helix bundle
64HB 64-helix bundle
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Chapter 1

Introduction

The main purpose of DNA and RNA nanotechnology is to create artificial
rationally designed nucleic acid nanostructures for diverse applications in
biology, chemistry and physics. DNA and RNA are well-known for their
essential roles in all living systems: DNA serves as the carrier of genetic in-
formation, whereas RNA molecules can have several tasks including decoding
the genetic information and catalyzing reactions. However, in the field of na-
notechnology, DNA molecules can be utilized as a high-capacity information
storage [14, 32, 111], and interestingly, both DNA and RNA molecules can be
used as construction material to assemble accurate, biocompatible and func-
tional nanostructures [36, 41, 62, 84]. At present, an ever-increasing number
of research groups are exploiting programmable self-assembly properties of
nucleic acids in creating rationally designed nanoshapes and nanomachines
for many different uses. [1, 41] In this thesis the main focus is on DNA nanos-
tructures, since DNA is more rigid, stable and easily controllable molecule
than RNA, and therefore it is more common choice when custom nucleic
acid nanostructures are fabricated. However, most of the design principles
presented here for DNA can be equally used for RNA-based nanostructures.

DNA nanotechnology, or more specifically ‘structural DNA nanotechno-
logy’, has grown rapidly over the past 30 years. Along with the growth
and increasing complexity of the nanostructures the need for versatile design
software has arisen. Nowadays there exist several user-friendly solutions to
design and predict different conformations of nucleic acid nanostructures.
The purpose of this thesis is to give a comprehensive overview of the available
software for designing such structures. In this thesis, pros and cons of each
program are listed, and the software are compared against each other. The
specific features of each program are introduced, and in the end, the aim
is that a reader have gained a good understanding on which software to
choose for designing a desired nucleic acid nanoshape. In addition, a simple
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CHAPTER 1. INTRODUCTION 9

plugin for the most used DNA software called caDNAno [21] is created. The
purpose of the plugin is to show how the program can be extended, and on
the other hand, the plugin can be used to simplify the design process for
example hybrid RNA-DNA nanostructures that require different rules than
simple DNA-DNA structures.

In Chapter 2 some essential background is given in order to understand
the nature of nucleic acids and their properties that are exploited in assem-
bling nanostructures. Moreover, the brief history of DNA nanotechnology
is covered and the already existing and imminent applications are shortly
discussed. In Chapter 3 the overall design process and the design principles
of DNA nanostructures are explained in detail, and the rationale to design
software is given. Chapter 4 is the most important one including short in-
troductions to the currently available programs, designs of exemplary struc-
tures using each program, and finally, a result section with summary and
comparison of the programs. In Chapter 5 a specific plugin for caDNAno is
implemented, and in Chapter 6 the created plugin is evaluated by designing
a 2D and 3D RNA-DNA nanostructures with it. Finally, in Chapter 7 the
main results are analyzed and discussed.

This thesis project is carried out in Mauri Kostiainen’s research group,
which has a strong background in the field of experimental DNA nanotech-
nology. Their very recent work includes for example the technique to con-
trollably form DNA nanostructures using external signals [26], implemen-
tations for positioning DNA origamis on different substrates [48, 67, 92],
and metallization of various DNA origami shapes [25, 93]. This part of the
research deals with materials science, and the results could be used in devel-
oping DNA-based nanoelectronics [68] and DNA-templated nanoplasmonics
[94]. Currently, the group is using DNA origamis as cell-delivery vehicles
[47, 71, 73], and along these lines, they are aiming toward DNA-based medi-
cal devices [66] and fully biocompatible nanoreactors/sensors [63, 65]. There-
fore, this thesis could serve as a guide for the group’s new students who would
need to select the suitable design software when creating novel DNA/RNA
nanostructures for the above-mentioned applications. Moreover, the exten-
sion plugin designed in this work (and other similar plugins) could be readily
included into the caDNAno design software if needed.



Chapter 2

Background

There are four characteristic building blocks (bases) in deoxyribonucleic acid
(DNA) molecules: adenine, guanine, cytosine and thymine. In DNA nano-
technology, DNA molecules are assembled via specific Watson-Crick base
pairing [100] into pre-defined and programmed structures. In general, the
dimensions of the structures and devices used in nanotechnology are usu-
ally below 100 nanometers, and most of the DNA structures fit easily into
that volume. Importantly, assembling structures using DNA molecules may
enable even sub-nanometer patterning resolution, thus making DNA nanos-
tructures ideal candidates for many practical uses in the ‘nanorealm’ [28].
Unfortunately, many implementations of DNA nanotechnology are still quite
impractical, but as the field is growing fast, the diverse applications may arise
rapidly. For example, there are already applications to help researchers map
the atomic structure of proteins, computing in living cells, and soon, tracking
and curing diseases with DNA structures might become possible. [66, 75, 91]
In this chapter the properties of nucleic acids are presented. In addition, it
is described how the self-assembly process works in practice. Furthermore,
the evolution of the field and some key (current and future) applications are
briefly discussed.

2.1 Properties of nucleic acids

The foundation of the nucleic acid nanotechnology is molecular self-assembly:
the process in which the molecules arrange themselves into stable and pre-
defined structures. Nucleic acid is a polymer, and it is comprised of nu-
cleotides, which contain a phosphate group, a sugar group and a nitrogen base
as shown in Figure 2.1. The nitrogen bases in deoxyribonucleic acid (DNA)
are called adenine (A), thymine (T), guanine (G) and cytosine (C). In the
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CHAPTER 2. BACKGROUND 11

case of ribonucleic acid (RNA), the thymine is replaced with uracil (U). [79]

Figure 2.1: The structure of DNA and RNA [79].

DNA strands are formed by the backbone of repeating sugar-phosphate
units (note that individual sugars and phosphates are not depicted in Fig-
ure 2.1) that contain aforementioned bases. DNA strands can be attached to
each other by hydrogen bonds, thus forming a helical structure called double
helix (the diameter of the double helix is about 2 nm [87]). In detail, the dou-
ble helix is formed when two anti-parallel nucleic acid strands are attached
to each other by following strict base pairing (bp) rules. In the case of DNA,
adenine (A) is attached to thymine (T) and cytosine (C) is attached to gua-
nine (G). RNA is similar, but adenine (A) is attached to uracil (U). These
pairing rules are usually referred as Watson-Crick base pairing rules [100].
By exploiting Watson-Crick base pairing rules, it is possible to fabricate self-
assembling structures and machines with nucleic acid geometries not found
from the Nature. [1, 5]

Modern biotechnology methods are able to produce long synthetic DNA
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molecules, where a sequence of bases can be arbitrarily chosen. This allows
us to design strands of DNA, which will self-assemble into complex forms. A
chemical system containing the designed strands tends to change to a state
that has the lowest free energy. The free energy is minimized when two
complementary (Watson-Crick base pairing rules) strands of nucleotides form
a double helix, and therefore nucleic acid strands will form a conformation
where the number of correctly paired bases is maximized. [85] An example of
a self-assembly process is illustrated in Figure 2.2, where a long DNA strand
is ‘folded’ by multiple short strands. This method is called ‘DNA origami’,
one of the most important techniques used in DNA nanotechnology. The
different design methods are discussed in more detail in Chapter 3.

Figure 2.2: An example of a self-assembly process, dubbed ‘DNA origami’.
All colored staple strands find the binding locations (red strand binds to red
segments) at the long scaffold strand (black) and thus the scaffold strand is
folded into a pre-defined shape [57].

Depending on the environmental conditions, the double-helical DNA can
have different forms. Three of the most common forms are A-, B- and Z-
DNA, where B-DNA is the standard form in the cell and it was for a long
time considered as the only biologically relevant structure. When X-ray
diffraction photographs of DNA fibers became available, it was clear that
there exists at least two different forms of double helices: A-form and B-form.
In low humidity environment DNA adopts A-form and respectively in higher
humidity it becomes B-form. Currently, there are different DNA structures
associated for almost every English alphabet excluding only F, Q, U, V and
Y letters. Some of those conformations differ only slightly from another,
whereas some are completely different. For example, the handedness, the
number of strands or the base-pairing scheme may differ. Figure 2.3 describes
the differences between A-, B- and Z-DNA models. A- and B-DNA have
right-handed helices and the helix diameter of A-DNA is about 2.6 nm. A-
DNA has about 11 bp per helical turn and it rises approximately 0.23 nm per
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bp along axis. The diameter of B-DNA is about 2 nm, it has 10.5 bp per turn
and it rises about 0.34 nm per bp. Z-DNA, for one, is a left-handed helix
and the corresponding parameters are 12 bp per turn and helix rise 0.38 nm.
The inclination or tilt of bp to axis is approximately +21◦ in A-DNA, -6◦

in B-DNA and in Z-DNA the angle is -6◦. B-DNA is the most stable form
of a DNA molecule and its conformation is used as the basis for designing
different nanostructures. [6, 39, 61]

Figure 2.3: Structures of the major forms of double-stranded DNA: A-DNA,
B-DNA and Z-DNA [39]. Incl. = inclination angle, x-Dis. = x-displacement,
P-Tw = propeller twist.

The design of DNA nanostructures is usually based on the assumption
that DNA adopts a natural B-form in the self-assembly process. However, the
end result may be different, as stated in the study by Bai et al. [5]. This was
the first study to validate the assumption that the positioning of structural
elements in DNA nanostructure could be controlled with subnanometer pre-
cision. They designed a test object suitable for low-temperature electron mi-
croscopy (cryo-EM) and found out that the helices follow three-dimensional
chickenwire-like pattern, which bends away from connecting crossovers both
in horizontal and vertical directions. Crossovers (Holliday junctions) con-
necting the adjacent helices have unusual geometry and their positions are
not precisely at 270◦ angles with respect to helical axis, causing the structure
to twist (see Chapter 4 for the explanation). There exist unusual motifs, so
called left-handed pseudohelices, which have no natural equivalent and where
the base pairs are oriented along the helical axes rather than perpendicularly
as in the standard B-form DNA. The complex adapts a local minimum en-
ergy state, and the final conformation of the structure is a sum of several
aspects. Overall, it is a technological challenge to position atoms as precisely
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as enzymes do, but interestingly, this study showed that such precision is
achievable using synthetic rationally designed object made of DNA.

2.2 A brief history of DNA nanotechnology

Nadrian ‘Ned’ Seeman is regarded as the founder of the DNA nanotechnol-
ogy. In 1980s he was trying to figure out how to use DNA as construction
material instead of as a genetic control. The original idea of structural DNA
nanotechnology was to utilize three-dimensional DNA lattices in organizing
molecules for crystallography (see Fig. 2.4(b)).

In the 1990s the historically important double crossover (DX) molecule
was first reported, and in such a molecule / molecular bundle two DNA
double helices are fused together via crossovers [29]. The DX motif was used
to create robust periodic lattices via sticky-ends (short single-stranded DNA
overhangs protruding from the structure), and this approach serves as the
basis for the first 2D arrays. [88, 104] Figure 2.4(a-c) illustrates these kind of
self-assembled arrays: (a) shows a branched DNA building block with four
distinct arms, (b) is a schematic view of the 3D crystalline DNA lattice with
proteins organized into it and in (c) there are 2D and 3D lattices constructed
from small repeating DNA nanostructure motifs.

One of the breakthroughs of this kind of assembly was the ‘DNA cube’
where the positions of each atom were programmed and known. The cube was
actually the first rationally designed three-dimensional nanoscale DNA object
and it brought Seeman the Feynman Prize in Nanotechnology in 1995. [91]
Such polyhedral DNA structures are presented in Figure 2.4(d). In addition,
two-dimensional tile -based structures enable algorithmic assembly such as
Sierpinski triangles [81] (see Fig. 2.4(e)).

The abovementioned ‘building block’ approaches are quite ineffective, be-
cause the number of successfully assembled structures might be low and it
is also hard to limit the overall size of those 2D lattices [61]. In 2006 the
DNA origami technique [80] was first demonstrated by Paul Rothemund, and
it was a revolutionary technique for building more complex and better con-
trolled structures. In this technique a long scaffold strand is folded by shorter
‘staple’ or ‘helper’ strands into a well-defined shape [80, 88]. Figure 2.4(f)
demonstrates some of the nanoshapes that were created using this method.
Figure 2.2 illustrates the self-assembly process of the DNA origami. Usually
the long strand used is a genome of a M13 virus, because it is commercially
available and it has a proven track record as a suitable scaffold strand [62].

In general, DNA origami is a straightforward method to build custom,
complex shapes with dimensions below 100 nm. Spatial accuracy of such
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Figure 2.4: Foundations of structural DNA nanotechnology [109]. (a) Origi-
nal proposal by Seeman to use immobile junctions to create self-assembling
arrays. (b) The idea to use DNA crystalline lattices to organize macro-
molecules. (c) Periodic 2D and 3D crystals created by DNA nanostructure
motifs. (d) Polyhedral DNA nanostructures. (e) Sierpinski triangles and
a binary counter. (f) 2D and 3D DNA origami nanostructures. (g) Complex
nanostructures based on single-stranded DNA tiles.

objects can reach subnanometer scale [5]. The key feature of DNA origami
technique is the ability to assemble materials at the nanoscale with enor-
mously high precision. There are numerous examples of positioning DNA
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origamis on the various substrates and assembling e.g. proteins and metal
nanoparticles accurately using the DNA origami templates. These structures
could find uses in many applications (see the next section). [16, 42, 45, 50,
58, 65, 68, 70, 92]

Original two-dimensional DNA origami technique has been later gener-
alized to 3D fabrication based on either 2D origami sheets [4] or multilayer
structures [21]. In addition, it is possible to create 3D structures with cus-
tom curvatures, twists and bends [17, 37] (Fig. 2.4(f)) as well as prestressed
tensegrity structures [56]. Importantly, DNA origami has served as an excel-
lent starting point for the more recent design techniques such as ‘scaffold-free
origami’ or ‘single-stranded tile/brick’ assembly [44, 101] (Fig. 2.4(g)) and
the various wireframe-based meshing techniques [9, 10, 38, 40, 98] (see more
details in Chapter 4). The approach that is based on single-stranded as-
sembly (instead of scaffolding) has recently enabled genetic encoding -based
production of simple DNA shapes in living bacteria cells [23].

Figure 2.5 shows how the interest toward structural DNA nanotechnology
has grown over the past decades along with some of the key structures and
the year they were published. The number of cumulative citations in the low
panel shows that the field is enjoying rapid growth and that interest towards
the field is constantly increasing.

In addition, it should be mentioned here that instead of DNA, RNA
could be equally used in fabrication of nanostructures [30, 35, 36]. More-
over, there exist several examples of RNA-DNA hybrid structures [24, 99]
(a plugin for designing RNA-DNA hybrid using caDNAno is presented in
Chapters 5 and 6). However, so far RNA has not been used as widely as
DNA in nanofabrication due to its weaker mechanical properties. Moreover,
the currently available RNA structures are limited in size. However, RNA
has some interesting features, for example that it can be folded (with itself)
during transcription and thus the target shapes could be genetically encoded
and expressed in living cells [30]. RNA-based or RNA-DNA hybrid structures
could find uses in delivery applications owing to their important functions.
For example, double-stranded RNA (dsRNA) or small interfering / silencing
RNA (siRNA) can induce RNA interference in cells. It has been showed
that folate- or peptide-modified tetrahedral DNA nanoparticles loaded with
siRNAs can silence target genes in tumors [55]. This is a neat example of the
possibilities provided by the rational design of DNA-RNA nanostructures:
the delivery of siRNAs strongly depends on the density and the spatial ori-
entation of the cancer-targeting ligands, and they can be precisely tuned
using DNA-based nanoparticles.
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Figure 2.5: Some key structures and techniques in structural DNA nanotech-
nology. The lower panel depicts the growth of interest toward the field: the
histogram shows cumulative citation count to a selected set of articles. [62].

2.3 Applications

DNA nanotechnology can be divided into two subfields: structural and dy-
namic DNA nanotechnology. In structural DNA nanotechnology the objects
are static, meaning that the end state of an assembly will be at equilib-
rium. Examples of assemblies in structural DNA nanotechnology are DNA
nanowires, nanorods and DNA structures decorated with quantum dots and
metal nanoparticles [109]. Dynamic DNA nanotechnology, for one, aims to
create structures that are non-static, and will transform based on chemical
or physical conditions. Examples of dynamic complexes are circuits, cat-
alytic amplifiers, autonomous molecular motors and re-configurable nanos-
tructures. [86, 107]

In addition, DNA nanostructures can find interesting applications in char-
acterization and imaging of other biomolecules; for example nucleic mag-
netic resonance (NMR)-based characterization (Fig. 2.6(a) [20], AFM-frames
(Fig. 2.6(b) [82]) and templates for cryo-electron microscopy (Fig. 2.6(c),
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[89]) have been already demonstrated. Moreover, DNA origami designs
have been utilized as smart lids on the solid-state nanopores, which could
be used in state-of-the-art sensing and sequencing applications (Fig. 2.6(d)
[8, 76, 102]). On top of that, DNA origamis can be exploited in creating
plasmonic structures (Fig. 2.6(f) [50, 51, 93]), and rulers for optical high-
resolution nanoimaging (Fig. 2.6(g) [42, 58]). The structural addressabil-
ity, molecular scale resolution and the high parallelity that can be achieved
using DNA nanostructures could be utilized in novel nanofabrication tech-
niques (combined top-down and bottom-up approaches), and this may lead
to implementations in molecular electronics and plasmonics and in creating
integrated circuits (ICs) and metamaterials [33, 34, 45, 68, 70, 92, 93].

Figure 2.6: Applications provided by DNA nanotechnology [62]. (a) DNA
nanotubes for nuclear magnetic resonance (NMR) -based characterization of
proteins [20]. (b) An atomic force microscopy (AFM) frame for studying
molecular switching of G-quadruplex [82]. (c) DNA crystals for organiz-
ing and imaging proteins using (cryo-)electron microscopy [89]. (d) DNA
origami gatekeepers/lids for solid-state nanopores [102]. (e) DNA origami
acts as a cargo for motor proteins [16]. (f) Plasmonic nanonostructures:
DNA origami decorated with nanoparticles in a chiral fashion [50]. (g) DNA
origami-based fluorescent barcodes for optical microscopy [58]. (h) Smart
DNA origami nanorobot for drug-delivery [19]. (i) A DNA origami-based
artificial ion channel for lipid membranes [54].

Some of the useful and innovative applications are about to emerge in
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the medicinal field [66], such as DNA nanostructures that can be used as
vehicles and devices for targeted drug delivery (Fig. 2.6(h) [19]) and molecular
transport (Fig. 2.6(e) [16] and Fig. 2.6(i) [49, 54]), or as nanorobots that are
able to interact with each other and perform logic computations in living
organisms [2]. In addition, due to its superior self-assembly and programming
properties, DNA is a truly interesting molecule in molecular computation.
DNA molecules and higher-order nanostructures can be used in algorithmic
self-assembly and digital computing [7] and for example, artificial neural
networks can be created at molecular level using DNA strands [77, 78].



Chapter 3

Design principles of DNA nano-
structures

Currently there exist several user-friendly methods and software to design
and predict the 3D conformation of DNA nanostructures. This section
presents the fundamental design principles by going through all the different
phases in the process. Finally, the concept of design software is described.

3.1 Process

As discussed earlier, nucleic acid strands can be assembled into a desired
conformation via rational design. With the help of a CAD (Computer-Aided
Design) software, designing the target structure is rather straightforward.
The overall process obeys the following order: first the desired target struc-
ture is specified, then the arrangement of nucleic acid strands in the target
structure is defined, and the last step is to specify the (base) sequences of
each nucleic acid strand. Furthermore, it must be taken into account whether
the structure is static or dynamic, rigid or flexible, is the assembly symmet-
ric or non-symmetric, is the structure periodic, in how many dimensions the
scaffold routing should take place and is the structure infinite or not. Based
on the previous requirements, building blocks for the desired structure need
to be selected. Some of the possible building blocks are illustrated in Fig-
ure 3.1. [27] The structural design step varies depending on the type of the
target object. The different types of structures are discussed in the next
section.

20
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Figure 3.1: DNA double helix and different kind of motifs: (a) double-helical
region, (b) sticky end, (c) bulge loop, (d) hairpin loop, (e) junction, and (f)
crossovers [27]. Top: DNA double helix is formed by two anti-parallel and
sequence-complementary oligonucleotide strands.

3.1.1 Structural design

The first step in the design process is to determine the structure of a desired
shape. For example, the following structures can be utilized:

• Tile-based structures

• Dynamic assembly

• Folding structures (DNA origami)

In the tile-based self-assembly the end result conformation consists of a re-
peating pattern. The key concept is to use branches or tiles with sticky-ends
as building blocks. For example, in the original idea of Nadrian Seeman, the
sticky-end associations of junctions are connected to create periodic 2D and
3D lattices. Figure 2.4(a) shows the idea of four-arm branched junction. [59]

In dynamic assembly the devices are reconfigurable and possibly au-
tonomous. Moreover, the end-states of such devices are at non-equilibrium.
The desired dynamic functionality can be achieved, for example, by using
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hairpin structures [105], which then assemble into the final configuration
through DNA strand displacement reactions [107]. In such process two
strands hybridize to each other by displacing one or more previously hy-
bridized strands. In general, the conformation of a complex can be changed
via an external stimulus, such as temperature, pH or salt concentration.
However, DNA strand displacement mechanism makes it possible to ad-
dress devices in a sequence-specific manner. In addition, dynamic assem-
bly/disassembly between the designed DNA nanostructures can be achieved
through shape-complementary domains [31]. The main focus in this thesis is
on the static structures and on their design process, and therefore, dynamic
assembly will not be further discussed.

When designing nanostructures using the folding approach, a long single-
stranded DNA is directed into a desired shape as mentioned earlier in this
thesis. There are two different approaches to achieve the desired result:
the long strand can fold with itself or the long strand can be folded by
using a specific set of short ‘staple strands’. The latter method is called
a ‘DNA origami’, and designing such structures requires the fundamental
steps described below.

First, a geometric model of a desired structure is approximated by build-
ing it with the help of CAD software or by hand. In Figure 3.2(a) the red
outline illustrates the desired shape, which is then filled from top to bottom
using parallel double helical domains (depicted as gray cylinders in the fig-
ure). Moreover, in Figure 3.2(a) there are small blue crosses that indicate
crossover positions, i.e. the locations where the strands running along one
helix switch to an adjacent helix and continue there.

In the second step, as shown in Figure 3.2(b), a long scaffold strand is
folded back and forth in a raster-fill pattern, and it constructs one of the two
strands in every helix. When crossing from one helix to another, an additional
set of crossovers (scaffold crossovers), illustrated as red crosses, are created.
The scaffold can form crossovers only at points where the distance between
adjacent helices is the shortest. By performing this step, a ‘seam’, where
the path does not cross, is formed in the middle in this exemplary structure.
After these two steps, the set of ‘staple strands’ is designed.

In Figure 3.2(c) the colored DNA strands conform periodic crossovers.
The strands run in an antiparallel way with respect to the scaffold and there-
fore provide Watson-Crick complements. The helices will likely bend a little
bit in the structure so that only a single phosphate from each backbone oc-
curs in the gap (no bases are ‘spent’ in the staple or scaffold ‘hinge’), and the
algorithm uses only an integer number of bases between periodic crossovers.
For example, the helical rise of B-DNA is ∼10.5 base pairs (bp) per turn, but
the used design program might instead use for example 16 bp for 1.5 turns
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(10.667 base pairs (bp) per turn), similarly as in the case of the examplary
structure shown here. Therefore, the caused strain could be balanced by
changing the position (usually by a single bp) of crossovers.

Finally, in order to achieve higher binding energy and more stable struc-
tures, selected adjacent staple pairs could be merged resulting in longer sta-
ples (this should be taken into account in every origami design). In prac-
tice, the staples are typically 15-60 bases long (easy and not too expensive
to synthesize), and the staple breaks are designed in such a way that the
structure could be as stable as possible [69]. Furthermore, a seam can be
strengthened by ‘bridging’ it with the staples (merging the staples across the
seam). Figure 3.2(e) shows the finished design after all the arrangements
and merges. [80] As a final note to this section, it should be mentioned that
the staples are rarely merged in the design process, and instead, the design
software (such as caDNAno, see the next chapters) creates as long staple
strands as possible, so that the designer has to break them manually or by
using automated cutting tools.

3.1.2 Sequence design

After the target secondary structure has been designed as discussed above,
the actual nucleotide sequence, that will adopt the intended shape, must be
determined. In this step a specific sequence of nucleic acid bases are assigned
to the designed strands. However, there are several possibilities to select the
sequences of nucleic acid strands, but in order to avoid undesired additional
interactions and to achieve the desired structure, there are several different
criteria that could be taken into account. In the article conducted by Dirks
et al. [18] they studied the following criteria for choosing sequences:

• Random

• Energy minimization

• Minimum free energy satisfaction

• Sequence symmetry minimization

• Probability

• Average incorrect nucleotides

In random approach sequences are selected randomly, but satisfying com-
plementary requirements. Energy minimization means that sequences attain-
ing a low energy on the target structure are selected. In minimum free energy
satisfaction sequences are chosen in a way that ensures that the target struc-
ture is the lowest energy structure. This approach may not adopt the target
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Figure 3.2: DNA origami design. (a) The target shape is depicted with the
red line and it is approximated by the gray dsDNA cylinders. (b) Black
scaffold is routed to run through every helix. (c) Staple strands (colored
strands) bind to the pre-defined locations of the scaffold. (d) Strands drawn
as helices (similar to (c)). (e) Similar but strengthened design can be achieved
by rearranging the staples along the seam [80].

fold, although the sequence produces correct minimum energy structure. Se-
quence symmetry minimization means that sequences are selected so that
there exists no repetitive subsequences. The purpose is to ensure that no
undesired hybridization should occur in the process. Probability means that
sequences are selected to maximize the probability of achieving the target
structure and average incorrect nucleotides criteria simply implies that the
average number of incorrect nucleotides is minimized.
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Main purpose of nucleic acid design is to ensure that the complexes are
not too strained and that the target structure is thermodynamically propi-
tious. The selected criteria are ambiguous and different applications may
have somewhat different design criteria. Nowadays there exist several pub-
licly available design programs to generate the sequences. [12]

It should be noted here that different DNA origami nanostructures are
usually designed using the same scaffold strand (M13mp18). This means that
in that sense there is not a fundamental sequence selection criteria. However,
in some cases, it would be useful to take into account the differences (melt-
ing temperature, secondary structure etc.) of the double-stranded domains,
and accordingly select the crossovers and lengths of the staple strands to
maximize the stability of the structure as a whole.

It should be noted here that programs such as Sequin [90], NUPACK [106]
and mfold [112] are currently used widely as important tools in analyzing
DNA sequences and base pairing properties. Sequin was used for example in
designing the strands for the first 3D DNA crystals [110].

3.1.3 Folding and purification

This part of the process is fully experimental and typically carried out in
a biochemistry laboratory. Therefore it is not thoroughly studied in this the-
sis, but since it is an important part of the procedure, the main principles
are briefly discussed here. After the target structure and the sequences have
been designed, the commercially available DNA strands are mixed together
in an aqueous solution. Usually some cations (typically sodium or magne-
sium [69]) are added to the mixture in order to screen the repulsive force
between the negatively charged strands. In a standard procedure, the struc-
tures are formed by annealing: the strand mixture is heated up to 65–90 ◦C
(melting the strands) [21, 80] and slowly cooled down to room temperature
(assembly of the strands). However, it has been observed that the structures
can be rapidly formed using constant temperatures (folding temperatures are
specific for each design) [72, 95].

Once the structures have been formed and their folding quality has been
verified by agarose gel electrophoresis, AFM or transmission electron mi-
croscopy (TEM) [13], they can be purified by removing the excess strands
and possible misfolded structures. This can be realized by utilizing, for ex-
ample, spin-filtering [52], polyethylene glycol (PEG)-purification [96] or rate-
zonal centrifugation [60]. The purification methods allow an effortless buffer
exchange (the folding buffer changed into the buffer of choice), and therefore,
after the purification, the customized DNA nanostructures are ready to use
for a great variety of applications.



CHAPTER 3. DESIGN PRINCIPLES OF DNA NANOSTRUCTURES 26

3.2 Computer-aided design software

Simply put, computer-aided design means any type of activity involving
the use of computer to develop, analyze or modify an engineering design.
Computer-aided design (CAD) software assists in the creation, modification
and optimization of a design. Usually CAD systems are based on interac-
tive computer graphics, where the computer displays the data in the form of
pictures, symbols or basic geometric elements.

There are several advantages of using CAD software. First of all, the pro-
ductivity of the designer can be increased. The designer is able to visualize
the product and this often shortens the time of a design process. Of course,
much depends on the complexity of the design or on the fact how many repet-
itive components there exist. Secondly, the quality of the design is usually
improved and the number of design errors are reduced. This is achieved, for
example, by doing calculations and checks by the program. Thirdly, the soft-
ware often offers design analysis, which helps to optimize the design without
performing feedback sessions or separate analysis procedures. The designer
can simply perform the analysis while working on a CAD system, and this
way, the process becomes more interactive. Finally, the design is more un-
derstandable, especially when designing 3D models. 3D views make it easier
to comprehend the design and this enables direct visualization instead of
imagining the actual shape from the 2D objects. [83]

The next chapter is devoted to comparison of the computer-aided design
software for creating versatile nucleic acid nanostructures.



Chapter 4

Comparison of design software

While the field itself is growing rapidly, the software for designing needed
nanostructures have seemed to be somewhat dragging behind for a long time;
most of the applications have been partially outdated and most of them have
lacked or are still lacking comprehensive operating instructions. Moreover,
the common software require specific version of each operating system or
other dependent software to function properly. In some cases the software
could have been developed merely for some specific purpose. In this chapter
the criteria for the comparison of design software is set and the most recent
and relevant available programs are tested against those criteria. Addition-
ally, each of the application is briefly introduced, and the advantages and
disadvantages of each program are assessed. Using these software, designs
of simple exemplary structures are also demonstrated. Finally, the findings
and observations are discussed, and some guidelines are given for the reader
to choose the most suitable software for any desired shape or application.

4.1 Comparison criteria

Since there is no fundamental approach for comparing software, the com-
parison criteria defined in this work are based on what is thought to be the
most suitable from a perspective of a regular user. Here, a regular user means
a person who has no programming background, but possesses basic computer
skills. The criteria are:

• Availability on different platforms

• Usability, user-friendliness and intuitiveness

• Documentation

• Visualization and graphics

27
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• Support for different kind of objects: 2D, 3D, possible twists and bends,
wireframe structures

• Level of automation

• Export formats e.g. for the DNA synthesis and the simulation software

Availability is checked between Microsoft Windows, Linux and Apple OS
X, and the compatibility with different versions is taken into account as well.
Usability, user-friendliness and intuitiveness is estimated by designing simple
and similar nanostructures with each software. Moreover, user-friendliness
is evaluated by assessing the way a program informs user about unexpected
events or forbidden operations. Documentation criteria refers to how thor-
oughly a program is documented and how easy it is to start using the program
by going through the available documentation. Visualization and graphics
are simply evaluated from the usability and user-friendliness point of view;
how intuitively the structure is displayed to the user and how the actual
model is depicted (2D, 3D etc.).

The objects supported by a software are essential: they have effect on
the aspect how complex structures can be designed. For example, in order
to twist or bend an object, the design software should allow insertions or
deletions of base pairs [17]. In general, a wireframe structure is a model
where the shape is presented as lines and points. From the point of view of
DNA nanotechnology, the wireframe structure means that the target pattern
is treated as a planar graph, where intersections between edges are vertices
and the edges do not cross each other. As illustrated in Figure 4.1, the first
step is to create an arbitrary pattern of line segments and vertices. Next, all
the connections are converted into double lines, which are looped and bridged
to create a single continuous line. This line is the basis for one single-stranded
scaffold, so that the scaffold can travel through all the vertices. Crossovers
are placed in such a way that the scaffolds of two adjacent lines are always
antiparallel. Finally, the complementary staple strands are added to the
design. [108]

A level of automation refers to the fact how little human input is required
in the whole process. The feature ‘export formats’ means the file types that
can be exported from the program as an output. For example, it tells if the
structures can be easily verified with simulation software or if the structures
can be examined and viewed as atomic models. Furthermore, the way DNA
sequences are exported is taken into consideration.
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Figure 4.1: Wireframe DNA origami structure [108]. (a) Left: an arbitrary
wireframe composed of line segments. Right: all the line segments doubled
and bridged to route one continuous scaffold. (b) Top: DNA helical model of
a junction at the vertex (blue dot in (a)). Bottom: a line model of the same
junction. (c) Staple strands are added to two different edge types. Dark blue
lines represent the scaffold, whereas gray and cyan lines depict the staple
strands.

4.2 Tested programs

In this section the earliest software as well as the more recent and more
sophisticated programs are reviewed. The software found suitable for the
comparison are tested (exemplary designs created) and reported in more
detail.

4.2.1 Earliest software: GIDEON and SARSE

The first design software for DNA nanostructures was developed by Ned
Seeman and colleagues. It was called GIDEON [11], and it was published in
2006. However, soon after its release it was forgotten by many researchers,
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since the other techniques – such as DNA origami – emerged rapidly. There-
fore, GIDEON program is not further discussed here, but nevertheless it is
mentioned due to its historical significance.

After the DNA origami was published in 2006, the researchers quickly
adopted this new and revolutionary method, and subsequently, they started
to develop user-friendly design software for DNA origami nanostructures.
This effort yielded first the software SARSE and soon after that even more
advanced tools (see below).

SARSE [3] was the earliest publicly accessible tool for designing DNA
origami structures. It is available for Mac and Linux and it requires Java
Virtual Machine to run. Although the software is rather old (2008), it runs
without troubles with the latest Java version (1.8.0) on Mac OS X El Capitan.
The documentation and tutorials cannot be found from the website nor from
the software itself, and therefore SARSE is quite difficult to learn.

SARSE contains some special features: bitmap reader, automatic ‘origami
folding system’, 3D generator and oligotracker (Fig. 4.2). The bitmap reader
should be able to transfer images into a shape, and the imported shape
could then be further modified in the editor. However, when the software
was tested in this work, the bitmap reader did not function properly, and it
just produced errors.

According to the original article [3], the origami folder is able to auto-
matically find a folding path through the shape and add staple strands with
crossovers as well. 3D generator generates 3D atomic model of the structure
which can be viewed, for example, with PyMol (molecular visualization sys-
tem) [15] or QuteMol [97], and finally oligotracker is used to insert a given
sequence of nucleotides in the scaffold and export an output list of staple
strands and their sequences.

As mentioned above, SARSE had already some interesting features and
it was designed specifically for DNA origami approach, but the lack of doc-
umentation combined with a relatively ascetic user interface (see Fig. 4.2)
makes it difficult to use nowadays. It seems the development and mainte-
nance of this software have been brought to a halt, and the users in the
field of structural DNA nanotechnology have now begun to use more recent
software such as caDNAno (see the next section).
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Figure 4.2: Top: SARSE main window. Bottom: 3D generated atomic model
of the design [3].

4.2.2 caDNAno and CanDo

caDNAno [22] and CanDo [13, 46, 53] are widely used together for design-
ing DNA origami nanostructures and computationally predicting the created
shape. caDNAno was originally developed in William Shih’s laboratory1 at
the Dana Farber Cancer Institute2 at Harvard University, but the devel-
opment has since been moved to Wyss Institute for Biologically Inspired
Engineering3, also located at Harvard University. Current caDNAno team
consist of Nick Conway and Shawn Douglas, and the first public version of

1http://research4.dfci.harvard.edu/shih/SHIH LAB/index.html
2http://www.dana-farber.org/
3http://wyss.harvard.edu/
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the software was published in 2009. Updates are applied regularly, and the
newest update is from November 2014. Windows and Mac OS X are sup-
ported, although the latest version is not compatible with OS X El Capitan.
Newer version (2.5)4 of caDNAno is under development, and that version
should fix the compatibility issues with OS X once it is released. However,
the release date of the update is not available when writing this thesis.

In the older versions of caDNAno (such as v0.2), there was a direct visu-
alization tool available. Currently, caDNAno should contain a 3D interface
provided by Autodesk Maya, but the feature did not work when tested here
and therefore it was not taken into account when assessing usability and visu-
alization. However, 2D cross-sectional view is often enough to design simple
structures. One of the great features is that caDNAno is open architecture
and allows plugins to be created in order to expand the basic functionality.
Unfortunately, running the program from the source code is difficult, because
required third party libraries are old and unpleasant to install. Therefore cre-
ating plugins is quite demanding at the moment, but the upcoming release
should fix the problem.

The core purpose of caDNAno is to simplify and speed up the design
process of DNA nanostructures. The usual design process in caDNAno is
divided into four steps. First, the desired shape is approximated by inserting
helices into the predefined lattice (either honeycomb or square lattice geom-
etry) (Fig. 4.3 left panel) and then the scaffold path that passes between
neighboring helices is constructed (Fig. 4.3 right panel). The scaffold path
has to include antiparallel crossovers to connect neighboring helices. The goal
is to construct a scaffold path in a rasterized manner meaning that the path
is continuous from the beginning to the end. Once the scaffold is completed,
staple strands (Fig. 4.3 colored lines on the right panel) should be inserted.
By default caDNAno inserts all allowed staple crossovers, except the ones
that are five base pairs away from a scaffold crossover between the same two
helices. Next, the staple strands are splitted into shorter segments (18 to
49 bases long) and finally, the desired DNA or RNA sequence is inserted
into scaffold and the complementary staple strand sequences are generated
automatically. [22]

The lattice grid is divided by 7 base pair segments for the honeycomb lat-
tice and in 8 base pair segments for the square lattice geometries. The 8 base
pair rule was used already in Rothemund’s seminal work [80], where the 2D
structures were actually single-layer structures in the square lattice geometry
(in caDNAno view). By following the helical pitch in a 2D structure, it can
be noticed that after two full segments the helix has turned ∼1.5 rounds al-

4https://github.com/cadnano/cadnano2.5
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Figure 4.3: caDNAno user interface [22]. On the left-hand side: a honey-
comb lattice (square lattice also supported, see other figures below), where
the desired helices can be selected. On the right-hand side: unrolled 2D
illustration of the scaffold routing and the staple strands.

lowing a next crossover position to a neighboring helix. However, this yields
actually 10.67 bp per helical turn, whereas the same value for the dsDNA
is ∼10.5 bp. Therefore, without compensating this by extra base pairs in
the design, the designed structure will naturally adopt slightly right-handed
twist. However, in the honeycomb lattice, the 7 base pair rule per segment
yields structures without twist as explained in Figure 4.4. After each 7 bp
rise, the helix has turned 240◦ thus pointing toward the neighboring helix.
After 3 full segments, the helix is again pointing to its original direction.
However, one can tune the curvature, twist or bend of the structure by delet-
ing or inserting base pairs [17]. Deletion of base pairs from the segments leads
to a left-handed torque (less than 240◦ turn) and inserting base pairs induces
a right-handed torque (more than 240◦ turn). This feature can be fully con-
trolled, since the twisting or bending can be simulated by CanDo software
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(as can be seen when simple brick-like structures are simulated below).

Figure 4.4: Honeycomb lattice geometry in caDNAno [17]. (a) The lattice
is divided into 7 bp segments. (b) Choosing exactly 7 bp for each segment
yields to the natural B-form DNA. (c) Less than 7 bp per segment results in
a left-handed torque, and more than 7 bp per segment induces a right-handed
torque. (d) Left- and right-handed twists of the honeycomb bundles. (e)
Bending of the structural elements can be achieved and tuned by combining
less than 7 bp and more than 7 bp segments.

One of the advantages in caDNAno is that it uses visual guides and pre-
determined rules to aid with the process and ensure the correctness of the de-
sign by showing the possible crossover positions between neighboring strands.
Crossovers can also be forced between any two strands. Furthermore, caD-
NAno contains a variety of tools to make the design task easier. For example,
the scaffold can be automatically rasterized and crossovers inserted by click-
and-dragging with the mouse on the helix. In order to add staple strands
as conveniently as possible, the auto-staple tool can be used. It generates
a default set of staples with maximum number of possible crossovers. Staples
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that are not between the preferred length (18-49 bases) are highlighted. All
staple strands can be further modified with the ‘breakpoint tool’, which splits
the paths into shorter lengths defined by the user. As mentioned already,
caDNAno should also provide a 3D view of the design (powered by Autodesk
Maya), but this feature was not testable here due to incorrect version of the
Maya.

The documentation in caDNAno is not thorough. Documentation sec-
tion on the website contains only links to YouTube, but by examining those
video clips, it is rather effortless to start creating new nanostructures. In
these clips the geometric explanation of possible crossover positions is given,
caDNAno user interface is explained, an example structure is designed with
it, automatic scaffold rasterization is explained, and selection-based editing
is demonstrated. Overall, caDNAno is intuitive enough to use, and impor-
tant visual clues, such as marked crossover positions, make it user-friendly
(user knows immediately where the crossovers can naturally take place). On
the other hand, the user is not well-informed about different operations or
on error situations. For example, if the autobreak operation is not possible,
there are no hints about what was missing or what has simply gone wrong
in the process. In addition, the program crashes quite often on OS X, so it
is important to save the project frequently.

In general, with caDNAno it is possible to design 2D and 3D objects.
Twists and bends are not directly supported, but it is possible to skip and
insert base pairs at desired locations. As explained previously, skipping or
inserting bases results in the twisting or bending of the structure [17]. Unfor-
tunately, there is no direct visualization for this feature and for that reason
designing such structures might be tedious. For such features, a powerful
simulation software is needed.

As mentioned above, CanDo is such a tool for predicting appearance, me-
chanical fluctuations and flexibility, as well as twists and bends of the partic-
ular shape in the solution. The software was developed by Hendrik Dietz’s
(Technische Universität München) and Mark Bathe’s groups (Massachusetts
Institute of Technology, MIT) [13, 46], and it is currently maintained by the
Laboratory for Computational Biology and Biophysics at MIT5. The idea is
to offer computational feedback (finite-element based rigid-beam model) in
order to reduce financial costs and time to design nanostructures success-
fully (try-and-error process). For example, it can be used to verify wrongly
designed or otherwise undesired structural features already before synthesis.
CanDo directly supports caDNAno project files (.json), and is therefore often
used in conjunction with the caDNAno design procedure. Figure 4.5 displays

5http://lcbb.mit.edu/
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Figure 4.5: Screenshot of CanDo user interface.

CanDo user interface and the available parameters that can be used. The
default parameters are sufficient for most of the cases, and for example an
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atomic model (requires also a caDNAno sequence file as .csv) or a movie of
the simulation result can be easily produced.

Below, two exemplary brick-like structures are presented. Bot of them are
designed using caDNAno and simulated with CanDo. 60-helix bundle (60HB)
design (shown in Figure 4.6) has been taken from the article by Linko et al.
[67] and 64-helix bundle (64HB) (shown in Figure 4.7) has been designed
specifically for this thesis in order to test design properties in the square
lattice geometry, autobreak command in caDNAno software and simulation
of suca a structure using CanDo.

Figure 4.6: 60-helix bundle structure design in caDNAno [67]. The actual
60HB structure is formed by the helices 0-59, and the helices 60-63 are only
added to indicate the locations of the possible side-modifications.

Both structures are designed in layer-by-layer fashion, and the CanDo
simulated deformed solution shapes of the designs are shown in Figure 4.8
(.bild files). It is noteworthy that the sidestrands are omitted in both designs
in order to avoid blunt-end stacking, and CanDo only depicts full dsDNA
segments (scaffold loops not visible). It can be observed from the CanDo
simulations that although the brick-like shapes are quite rigid, the square
lattice packing [43] of 64HB induces slight right-handed twist in the structure
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Figure 4.7: 64-helix bundle structure design in caDNAno.

due to the non-ideal periodic rules described above, whereas the honeycomb
lattice packing yields a straight structure. This pair of exemplary structures
describes well why the software CanDo is really useful for caDNAno users.
CanDo can be efficiently used to resolve and verify the actual shape of the
origami structure before the synthesis. For instance, one can simulate how
bent or twisted the structure is, and try to iterate the design in order to get
a desired result.
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Figure 4.8: CanDo-simulated deformed solution shapes of 60-helix bundle
(60HB, blue) designed in honeycomb lattice [67] and 64-helix bundle (64HB,
green) in square lattice. Each cylinder represents a dsDNA molecule.

4.2.3 Tiamat

Tiamat [103] has been developed in 2009 by the researchers of Yan Lab at the
Arizona State University6. It was developed to overcome the fundamental
limitations of GIDEON and Sequin, and it has specifically been designed for
more complex DNA nanostructures. GIDEON and Sequin could not handle
large structures properly and the visualization with them was inadequate.

Tiamat uses lattice-free approach as opposed to caDNAno. Very recently
introduced wireframe technique DAEDALUS [98] (see next Sections) and its
lattice-free simulation/visualization tool [74] is partially based on the Tia-
mat software features (same simulation tool can be used to simulate Tiamat
design files (.dna)). Tiamat is based on combining double-stranded DNA
elements together by hand, and therefore it can be used to create simple
geometries, such as different tiles (for example a DX tile, which serves as
an edge of all DAEDALUS shapes) or a tetrahedron (Fig. 4.9). However,
at present, the software can be considered somewhat outdated, since there
are more versatile lattice-free techniques available. Moreover, the available
Tiamat tutorials are insufficient, making the design process relatively chal-
lenging for a newcomer. For these reasons, Tiamat has not been used here to
design an actual exemplary structure, but nevertheless its basic features have
still been listed in the Table 4.1 along with caDNAno (see the previous sec-

6http://yanlab.asu.edu/
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tion) and the most recent software vHelix and DAEDALUS (both described
in the next sections).

Figure 4.9: Screenshot of a tetrahedron structure in Tiamat user interface.
The interface is divided into top, side, front and perspective views.

4.2.4 vHelix

vHelix [10] has been developed in the lab of Björn Högberg7 at Karolinska
Institutet8. vHelix aims to overcome the limitations that exist in previous
design software, such as the complexity of the overall design process. The
core idea is to automate the scaffolding process and thus eliminate extra
manual work by hand, and therefore allow a user to create more complex
structures. vHelix uses routeing algorithm based on graph theory and a re-
laxation simulation that creates scaffold strands using a given target structure
(3D model) as an input. vHelix works for structures that enclose a volume,
which can be inflated into a ball (spherical topologies) and the fundamental
idea is to replace all the edges of the target mesh with single DNA double
helices. Furthermore, the constructed scaffold strand should only traverse
each of the edges once, thus forming the Chinese postman problem: there is

7http://www.hogberglab.net/
8http://ki.se/
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a closed ‘walk’ covering every edge only once. In addition, there are three
principles that need to be satisfied. First, meshes should be allowed to be
triangulated in order to increase structural rigidity. Second, each edge of
the target mesh should be represented by just a single double helix to keep
the amount of used DNA as low as possible hereby enabling construction of
large structures, and finally, the scaffold should not cross itself at the vertices
minimizing topological and kinetic traps during the folding procedure.

vHelix runs as a plugin in Autodesk Maya versions 2011, 2012, 2013, 2014
and 2016. Other versions as well as 32-bit versions are supported only by
manually compiling the plugin from the source code. Supported platforms
are Windows, Mac OS X and Linux. One of the disadvantages of requiring
Maya is the high cost of the software, although students can get it for free
for three years (at Aalto University). Overall, the installation process is
straightforward (at least on Windows) with the instructions found from the
website; once Maya is installed, the vHelix plugin file can be simply copied
to Maya’s plugins directory, and then it is enabled via the plugin manager.
Additionally, the scaffold routing algorithm and the spring relaxation are
found from a separate software called BSCOR, which should be downloaded
and run on a local machine. The BSCOR binaries are only for Windows, but
an online version9 of the software is also available for non-Windows users.

As Tiamat, vHelix is also a lattice-free software, and the structures con-
structed with vHelix are based on the wireframe approach. Figure 4.10
depicts the design and automated workflow of 3D origami meshes. The
first step (Fig. 4.10(a)) is to construct a polyhedral (volume inflatable to
a spherical topology) 3D mesh of the target nanoscale geometry using some
of the available 3D modeling software. Next (Fig. 4.10(b-e)), the long scaffold
strand, that traverses through all the edges of the mesh, is generated. Then
(Fig. 4.10(f-i)), the least-strained DNA helix arrangement is determined and
finally (Fig. 4.10(j)) the generated staple strands imported in Maya could be
fine tuned by a user. For example, staple-strand breakpoints can be mod-
ified. After adjustments vHelix automatically generates the staple-strand
sequences that can be ordered. The final structure is comprised of the max-
imum number of single duplex edges (scaffold routing algorithm maximizes
this) so that it minimizes the amount of DNA used in the design.

As an example, a simple cube is designed in this thesis in order to demon-
strate the process concretely. The first step is to create the target shape in
Maya and after using the Maya’s cube creation tool, the initial design along
with the vHelix menu is shown in Figure 4.11. Next, the model is exported
in STL-format (as instructed in tutorial videos) to hard drive and converted

9http://www.vhelix.net//index.php?cID=128
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Figure 4.10: vHelix design workflow [10]. (a) Input 3D model in which gray
lines represent edges. (b) The algorithm pairs odd-degree vertices. (c) Extra
helices (helper edges around certain positions) are introduced in order to
satisfy Eulerian circuit (trail starting and ending on the same vertex). (d)
A-trails algorithm generates the scaffold. (e) Staple strands are added. (f)-
(i) Strain is relaxed and evenly distributed using a physics model. (j) The
final design.

into PLY-format. This step is required, because Maya does not support
PLY-format directly, and on the other hand, the scaffold routing software
only supports the PLY models. By using meshconv10, the file can be con-
verted from the command prompt by using the following command:

meshconv cube.stl -c ply -ascii

After that, the routing and physical relaxation software can be run in
order to generate the scaffold strand. This is carried out by running the
command below. Number 1.0 is the scaling value.

bscor.bat cube.ply 1.0

The software creates .rpoly-file, which can be imported back to Maya.
After that, the final scaffold along with the staple strands is illustrated in
Figure 4.12. Finally, the sequence for the scaffold strand can be applied by
first selecting one of the scaffold bases and then applying the desired sequence
to it (e.g. M13mp18) from vHelix menu. Afterwards the strand sequences
can be exported as comma separated value list (CSV) for further use.

10http://www.patrickmin.com/meshconv/
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Figure 4.11: Initial 3D model of the target shape.

Because the whole process is almost fully automated, more effort is re-
quired in mastering the modeling software, such as Autodesk Maya, than in
using vHelix itself. Once a 3D model is constructed, vHelix is simple to use.
vHelix offers easy to follow Youtube video tutorials on their website and after
completing the tutorials, using the software should be rather trivial. vHelix
offers a single menu where all the functionality is located, thus making it
intuitive to use. As said, Autodesk Maya itself requires more effort to mas-
ter, but most of the necessary features are demonstrated in vHelix tutorial
videos.

Very recently, the developers of vHelix (led by Björn Högberg’s group)
introduced an extension to the original software. This extension allows one
to create 2D origamis using flat-sheet meshes [9]. The workflow of the process
is depicted in Figure 4.13.

4.2.5 DAEDALUS

The DAEDALUS (DNA Origami Sequence Design Algorithm for User-defined
Structures) [98] project is maintained by the Laboratory for Computational
Biology and Biophysics at MIT11 by Mark Bathe and colleagues. The ul-

11http://lcbb.mit.edu/
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Figure 4.12: 3D atomic model of the designed structure.

timate goal of DAEDALUS is to allow anyone (including non-experts of
DNA nanotechnology) to design and synthesize their own DNA assemblies.
DAEDALUS is fully automated and supports almost any target 3D geometry.
Only an input CAD file is required, from which DAEDALUS will generate
the necessary DNA sequences that are required to create scaffolded DNA
origami (as explained earlier).

As vHelix, DAEDALUS is also based on the wireframe approach, where
the DNA sequences follow the edges of the 3D object. The differences be-
tween vHelix and DAEDALUS are that in the latter human input is reduced
to a minimum and it also supports greater amount of different sizes and
topologies [64]. In addition, DAEDALUS is based on the more rigid double-
crossover (DX) edges, whereas vHelix only supports single duplex edges.
Furthermore, DAEDALUS does not require expensive software in order to
operate (compare to e.g. vHelix that requires Maya to operate).

The sequence design procedure for the scaffolded DNA origami is demon-
strated in Figure 4.14. By using the given target mesh, the graph of the
target structure is constructed (Fig. 4.14(i)), which includes vertex, edge
and face information. Next, a spanning tree algorithm is used to generate
a route for the scaffold strand to run through the target shape while ensuring
that the scaffold does not intersect itself at vertices (Fig. 4.14(ii-iii)). After
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Figure 4.13: (a-b) In order to create a 2D DNA structure, an arbitrary mesh
is created. (c) A scaffold path is generated programmatically using a 3D
modeling software. (d) A physical simulation is used to generate a DNA
model. (e) Finally, the DNA model is imported to vHelix for the staple
strand and sequence generation. [9]

Figure 4.14: DAEDALUS sequence design workflow [98].

the scaffold routing is determined, staple strands are generated automati-
cally (Fig. 4.14(iv)), and finally a 3D atomic model is generated to predict
the final structure (Fig. 4.14(v)).

There exist two ways to use DAEDALUS: using the online version12 or
running the software locally on MATLAB. The MATLAB version is demon-
strated in this thesis, and as an example, the same cube that was demon-
strated with vHelix, is used also here as an input model. The software
package can be downloaded from DAEDALUS online portal and it contains
good documentation as well. The package is divided into three folders: ‘Au-
tomated Design’ contains the actual code that operates DAEDALUS, ‘Ex-
ample Icosahedron’ contains pre-generated examples and ‘PLY Files’ is the

12http://daedalus-dna-origami.org
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folder containing several example models that may be used. After setting up
the environment, the exemplary script (demo daedalus.m) provided by the
package contains all the necessary code to generate DNA origamis.

First, in order for the script to work properly, current MATLAB path
should be set to DAEDALUS root folder (‘DAEDALUS Software’). Next,
the name of a text version (not binary) of an input PLY model should be set
to the variable ‘fname no ply’ as demonstrated in the script. At this point
the minimum amount of base pairs per edge can be adjusted (default is 31 bp
and it should be a multiple of 10.5). Once the function ‘ply to input’ has been
run and the design variables created, it is possible to modify them manually.
For example, individual edge lengths could be changed by modifying the
variables in the MATLAB workspace.

Next, the automated design algorithm generates a list of staple strands
based on the input variables set in the previous step. The positions and
orientations of each nucleotide pairs is also generated. By default, the usual
M13mp18 scaffold sequence is used, but it could be changed as well at this
stage. This step also generates five different files (including comma separated
list of staple sequences) along with three different figures as shown in Fig-
ure 4.15. The files generated include spatial and routing information, some
debugging variables, a text file visualizing edge sequences and crossovers,
CSV file containing staple sequences and CanDo (.cndo) formatted file con-
taining information for CanDo simulation (although CanDo does not support
this format at the time of writing this thesis).

Figure 4.15: On the left the input cube graph (blue lines) and corresponding
spanning tree (pink lines). In the middle a Schlegel diagram and on the right
the final routing of the scaffold.

Finally, an atomic model of the design can be generated. By default this
is disabled, but it can be enabled by setting ‘yes PDB’ value to 1. At this
point it is also possible to choose to render the atomic model as TIFF image.
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Image rendering requires that the visualization software UCSF Chimera13 is
installed and that the path to the install location is specified in the script.
Once the atomic model is generated, related files are placed under a folder
named after the title of the original model. This folder contains a BILD
(positions and orientations of the nucleotides) and a PDB file (atomic model
of the structure) that can be opened with UCSF Chimera. Additionally, if
image rendering is enabled, this folder also contains three TIFF images of
different view angles. The atomic model of the designed cube is shown in
Figure 4.16.

Figure 4.16: Atomic model of the designed cube in Chimera. All the edges
are formed by DX molecules.

It is worth mentioning that the generation of an atomic model is a time-
demanding process, which might take less than a minute or several hours
depending on the size and complexity of the object. For example, it took
three minutes to generate the cube, but once the size and amount of edges
were doubled, the atomic model generation time increased to 1.5 hours. Large
and complex models are heavy to open with UCSF Chimera and thus they
require a powerful computer.

13https://www.cgl.ucsf.edu/chimera/
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4.3 Results

The main results of the comparison presented in this chapter are summarized,
commented and listed in the Table 4.1. By looking at the table, it should be
easy for a reader to decide which software to use for a given task. A summary
of the input and export formats of the used software are summarized and
briefly described in the Table 4.2.

A note about wireframe-based software: vHelix supports only single du-
plex edges and spherical topologies, whereas DAEDALUS enables more rigid
double-crossover edges and a structure design with non-spherical topologies.
However, the authors of the original vHelix article have recently expanded
their design to 2D designs based on flat-sheet meshes [9].

All the software accept customized scaffold lengths and sequences, but
only the original DAEDALUS article provides methods to produce (linear)
custom-length scaffold strands.
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Table 4.1: Compared software features
Functionality caDNAno Tiamat vHelix DAEDALUS
Platform
Windows YES YES YES YES
OS X YES14 NO YES YES
Linux NO NO YES YES
Online NO NO NO YES
Top-down NO NO YES YES
Shape space
2D YES YES YES YES
3D YES YES YES YES
Lattice-free NO YES YES YES
Wireframe NO YES YES15 YES16

Twists/bends YES17 NO NO NO
Visualization YES18 YES19 YES20 YES21

Automation
Scaffold routing NO NO22 YES23 YES24

Staple design YES25 NO22 YES26 YES27

14No support for OS X El Capitan.
15Wireframe with single duplex edges.
16Wireframe with DX molecule edges.
17Structures can be verified by CanDo simulation.
18Old versions have the option of direct visualization, but the visualization in the new

versions is only available if Maya is installed. Structures can be verified by CanDo simu-
lation after design.

19Direct visualization and possibility for CanDo simulation.
20Direct visualization with Maya.
21Direct visualization combined with the atomic model. Moreover, the actual solution

shapes can be further verified by CanDo simulation.
22Structures are created by combining dsDNA motifs together. However, the software

generates a list of staple sequences as an output.
23Mesh size can be tuned by scaling factor before scaffold routing.
24Mesh size (edge length) can be modified in MATLAB code.
25Creates staples automatically, but the strands have to be cut manually or by using

the autobreak option (works to some extent). However, staples can be modified manually
in an intuitive way.

26Staples can be also modified by hand and they are visualized in Maya.
27It is challenging to modify individual staples by hand once the structure is created.
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Table 4.2: Export formats
Software Input Output
caDNAno .json .json, .csv

caDNAno-generated files
(.json) can be imported
and modified.

Strand sequences are ex-
ported as .csv. Simula-
tion can be carried out by
CanDo using .json files as
an input.

Tiamat .dna .dna, .avi, .txt

Tiamat-generated files
(.dna) can be imported
and modified.

Strand sequences are ex-
ported as .txt. Cartoons
can be viewed as .avi files.
Simulation can be carried
out by CanDo using .dna
files as an input.

vHelix .rpoly .csv

Routing information gen-
erated by BSCOR soft-
ware is imported to vHelix
as .rpoly.

Strand sequences are ex-
ported as .csv. Simulation
of the designs is currently
under development.

DAEDALUS .ply, .mat .csv, .cndo, .tif, .pdb, .bild

Models are read from .ply
files. Previously generated
routing information can be
imported from .mat file.

Staple sequences are ex-
ported as .csv, and .cndo
files can be used in CanDo
simulation. Atomic mod-
els can be exported as .tif
images or .pdb and .bild
files that can be read by
Chimera.

CanDo .json, .dna, .cndo, .csv .pdb, .bild

Generated .csv files (se-
quences) can be uploaded
along with the design files
in order to produce the
atomic models.

Cylindrical and atomic
models can be exported
as .pdb and .bild files that
can be read by Chimera.



Chapter 5

Implementation of a plugin for
caDNAno

In this chapter a plugin for speeding up a design of structures having different
helix rise is presented. Here, Kostiainen’s research group needed to design
a RNA/DNA rectangle (without a twist) using caDNAno software. In more
detail, the scaffold strand in this structure is a long linear RNA molecule that
they want to fold into a desired shape with the help of short DNA staples
(see the next chapter). However, the usual helical rise in RNA/DNA duplex
is 11 bp/turn and therefore a manual base pair extension in the caDNAno
design is required.

In general, caDNAno design lattice is divided to either 8 bases segments
(square lattice) or 7 bases (honeycomb). This is due to the fact that in square
lattice geometry 8 bases between crossovers equals 274.3 degrees, which is
close to the ideal angle (270 degrees). However, due to the small mismatch in
angles, a slight right-handed twist occurs without base relaxation. In a hon-
eycomb lattice, for one, dividing the lattice by the segments of 7 bases results
in 240 degrees angle between neighboring crossovers, which exactly matches
the ideal angle (240 degrees). These calculations assume that dsDNA seg-
ments adopt a 10.5 bp/turn rule.

Now, if one needs to design an abovementioned RNA/DNA hybrid origami
structure with 11 bp/turn using caDNAno software, one needs to add an ex-
tra base pair for example at the intervals of 32 bases. This results in 33 base
pairs per 3 full helical turns (on average 11 bp/turn) and thus, this extra
base pair should be able to cancel out the twist of the structure. The next
section describes the method, the code and the instructions in detail.
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5.1 Development process

Running caDNAno from the source code is a quite tedious process, because
the required dependencies are outdated and not straightforward to install.
The process starts by downloading caDNAno source files from Github and
installing Qt 4.7 and PyQt. Qt is a cross-platform application development
framework for developing graphical user interfaces, and PyQt offers Python
bindings for the Qt framework. Furthermore, it should be verified that the
installed Python version should not be newer than 2.7, since otherwise the
application would not launch properly.

Once all the dependencies are installed and working, the main interface is
launched by issuing command ‘python main.py’ from the terminal. Plugins
directory contains the plugins that will be loaded at the application startup.
That directory also contains the autobreak plugin as an example. The easiest
way to start developing a plugin is to make a copy of the autobreak plugin
and begin to modify that. The plugin is loaded from the ‘ init .py’ file and
added to the menu from there. caDNAno code is not thoroughly documented
and therefore finding the fundamental parts of the application code is a time-
consuming task. The final code that generates extra base pairs is presented
below:

#1 import cadnano, util

#2 util.qtWrapImport(’QtGui’, globals(), [’QIcon’, ’QPixmap’, \

#3 ’QAction’])

#4

#5 class ExtraBpHandler(object):

#6 def __init__(self, document, window):

#7 self.doc, self.win = document, window

#8 icon10 = QIcon()

#9 icon10.addPixmap(QPixmap(":/pathtools/insert"), \

#10 QIcon.Normal, QIcon.Off)

#11 self.actionExtraBp = QAction(window)

#12 self.actionExtraBp.setIcon(icon10)

#13 self.actionExtraBp.setText(’ExtraBp’)

#14 self.actionExtraBp.setToolTip("Click this button to \

#15 insert extra base pairs.")

#16 self.actionExtraBp.setObjectName("actionExtraBp")

#17 self.actionExtraBp.triggered.connect(self \

#18 .actionExtraBpSlot)

#19 self.win.menuPlugins.addAction(self.actionExtraBp)

#20 # add to main tool bar
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#21 self.win.topToolBar.insertAction(self.win \

#22 .actionFiltersLabel, self.actionExtraBp)

#23 self.win.topToolBar.insertSeparator(self.win \

#24 .actionFiltersLabel)

#25 self.configDialog = None

#26

#27 def actionExtraBpSlot(self):

#28 part = self.doc.controller().activePart()

#29 if part != None:

#30 for vh in part.getVirtualHelices():

#31 scafSS = vh.scaffoldStrandSet()

#32 for strand in scafSS:

#33 lo, hi = strand.idxs()

#34 numOfBp = ((hi - lo) // 32) + 1

#35 for x in range(0, numOfBp):

#36 strand.addInsertion(lo + (x * 32), 1)

#37

#38 def documentWindowWasCreatedSlot(doc, win):

#39 doc.extraBpHandler = ExtraBpHandler(doc, win)

#40

#41 # Initialization

#42 for c in cadnano.app().documentControllers:

#43 doc, win = c.document(), c.window()

#44 doc.extraBpHandler = ExtraBpHandler(doc, win)

#45 cadnano.app().documentWindowWasCreatedSignal. \

#46 connect(documentWindowWasCreatedSlot)

Lines 1-25 and 38-46 are used for initialization and adding the plugin
into the caDNAno user interface. All the important code is located on lines
27-36, where it can be seen that each individual strand is looped through,
and an extra base pair is added at the intervals of 32 bases. On the line 30
each helix is read into variable ‘vh’, and after that, on the line 32 each strand
is read from that helix into variable ‘strand’. Line 33 finds the lowest and
highest positions in the current strand and the line 34 counts the amount of
base pairs per that strand. Finally, on line 36 a base pair is added every 32
bases.

Alternative code that is presented below follows the same principle, but
inserts the extra base pairs exactly in the same column positions (stored in
variable ‘initPos’ on the line 4) at each row, and the ‘offset’ where the first
base pair is added can be chosen on the line 5. This code is used to create
extra base pairs in hybrid 64HB structure (Fig. 6.3). However, this latter
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version might not work properly if there are crossovers in the middle of the
design (overcompensates the twist). In that situation, the first code might
function better. The plugin should be further developed in order to allow
the user to choose how to insert base pairs and what offset should be used.
However, the offsets and rules can be easily changed in the code by the user.

#1 def actionExtraBpSlot(self):

#2 part = self.doc.controller().activePart()

#3 if part != None:

#4 initPos = -1

#5 offset = 15

#6 for vh in part.getVirtualHelices():

#7 scafSS = vh.scaffoldStrandSet()

#8 for strand in scafSS:

#9 lo, hi = strand.idxs()

#10 if initPos == -1:

#11 initPos = lo + offset

#12 numOfBp = ((hi - lo) // 32) + 1

#13 for x in range(0, numOfBp):

#14 strand.addInsertion(initPos \

#15 + (x * 32), 1)

5.2 Installation and usage instructions

Installation of a plugin is rather straightforward: the provided folder con-
taining the plugin should be placed under the plugins folder in the caDNAno
installation directory. The plugin adds itself to the top bar next to the ‘Au-
tobreak’ button, but it can also be run from the Plugins menu. Once the
design is created in caDNAno, pressing the ExtraBp button inserts extra
base pairs automatically to the design. Functionality is the same as if extra
bases would have been inserted manually one by one, but the plugin removes
the manual work. This feature could be extremely useful for larger designs,
where the linear scaffold routing goes simply back and forth.
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Evaluation of the plugin

6.1 Design of a hybrid RNA-DNA rectangle

The structure was designed using caDNAno in a square lattice geometry.
However, the scaffold strand used here is linear, and it is made of RNA
instead of DNA. This leads to a slightly different helical rise, which has to
be taken into account as explained above. Since the scaffold is linear, it
was designed simply to go back-and-forth in the structure by going through
28 helices (with 34-nucleotide (nt) RNA loops at the ends where the scaffold
turns around). Now, by using the aforementioned plugin, it results in an extra
base pair after each 32 bp in the design as seen in Figure 6.1. The staples are
designed in such a way that they usually contain only one crossover position
(and in addition, the crossovers are made of only only staple (half of the
full Holliday junction is always missing)). This kind of design expectedly
makes the structure weaker, but on the other hand, this should enable easier
relaxation of the possible strain.

Moreover, all the uracil bases (U) in the RNA-scaffold sequence had to
be replaced with thymines (T) in order to get correct complementary DNA
strands as an output. This custom scaffold sequence was inserted using
a sequence-tool of caDNANo, and subsequently, the software generated the
staple sequences.

6.2 CanDo verification

RNA-DNA hybrid helix has approximately 11 bp per turn, and its mechan-
ical properties may differ from those of double-stranded DNA. Here, in the
CanDo simulation all the default parameters were kept the same, except
the geometry parameter ‘Crossover spacing [bp]’ (see Fig. 4.5), which was
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Figure 6.1: Extra base pairs (after each 32 bp) are added to the rectangular
origami in caDNAno.

changed from the default 10.5 to 11 in order to achieve a more realistic sim-
ulation result. The simulated shape in Figure 6.2 shows that the designed
rectangle forms correctly and without undesired twisting.

6.3 Real life verification

By using the the abovementioned design (caDNAno and the plugin) and
a linear 7339 nt long RNA sequence as an input, the set of 188 unique DNA
staple strand sequences was generated. Finally, this set of strands was pur-
chased from Integrated DNA Technologies (IDT). Unfortunately, the RNA
scaffold synthesis took longer than expected, and thus the actual structure
has not yet been folded. Therefore, the real life verification of the design was
not available when writing this thesis. Nevertheless, if the structure could
fold properly in the laboratory, it would be a further proof that the design,
the code and the other assumptions were appropriate.
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Figure 6.2: Two views of the CanDo simulated solution shape of the hy-
brid RNA-DNA rectangle (with extra base pairs). The structure has been
simulated assuming 11 bp per full helical turn.

6.4 3D construction

To test if the same design rules and the plugin could be generalized to 3D fab-
rication, a hybrid RNA-DNA brick was created by using caDNAno (Fig. 6.3).
The design is a 64-helix bundle (64HB) in square lattice, but it is not ex-
actly the same as the one presented in Chapter 4 (Fig. 4.7), since here the
scaffold is linear and the routing is carried out in a back-and-forth manner
(no scaffold crossovers).

The plugin presented above (extra base pairs in the same column) was
used to add the extra base pairs to the design, and again, the structure was
verified by simulating it with CanDo. It can be seen that the structure ap-
pears relatively straight (Fig. 6.4). This result indicates that the addition of
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the extra base pairs averages out the undesired twist. It is important to no-
tice here that since the staple design was created using autobreak option, the
number of full Holliday junctions formed by the staples (double-crossovers)
is maximized opposed to the RNA-DNA rectangle. This presumably makes
the structure more rigid and it restricts the relaxation of the twists/bends.

Figure 6.3: Extra base pairs (after each 32 bp) are added to the 64HB struc-
ture in caDNAno.
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Figure 6.4: Two views of the CanDo simulated solution shape of the hybrid
RNA-DNA 64HB (with extra base pairs). The structure has been simulated
assuming 11 bp per full helical turn.



Chapter 7

Conclusions and future perspec-
tives

The techniques for assembling DNA molecules into desired 3D structures have
advanced greatly in the past decade, and currently the field is attracting
a lot of people from different backgrounds. In order to design even more
complex structures, powerful design software are needed. A recent approach
where the design process begins by introducing a desired 3D shape first has
simplified and speeded up the task. This is a so-called top-down method (as
opposed to bottom-up approach) and in this procedure the scaffold routing
and staple design is fully automated (at least with the tested software in this
thesis) requiring as little human input as possible. Furthermore, this novel
top-down method allows nanostructures of almost any shapes and sizes.

In this thesis the fundamentals of DNA nanotechnology and DNA origami
technique were discussed. Furthermore, a brief history to the field was given
and some of the prominent applications were shortly mentioned as well. The
main focus was on the comparison of design software. The tested programs
for comparison were chosen mainly on the basis of novelty and the estimated
amount of users. Moreover, the compared software were the only reasonable
ones that were available at the time of writing this thesis. Example structures
(bricks and cubes) were designed with the software, and based on the findings
during the process, the results and features of the software were gathered in
a single table. The idea of the table is to function as a guide for which
software to use for particular design needs. This thesis should also work
as a tutorial for using the introduced programs. All the steps required for
designing the example structures are documented in this thesis. Additionally,
a plugin for caDNAno was developed and evaluated. The idea of the plugin
was to simplify the design of RNA-DNA hybrids in caDNAno by inserting
extra base pairs automatically in the correct positions. On the other hand,
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it serves as a starting point for any users to add their own plugins to the
software.

One of the future goals in software development would be to increase the
durability of the structures, for example, by allowing more sophisticated edge
design. Currently, closed-surface topologies are difficult to construct using
the top-down methods. Another problem is that the generated nanostruc-
tures may be troublesome to modify afterwards. For example, vHelix allows
only staple strands of the generated structure to be modified, and with a
current version of DAEDALUS any modification is virtually impossible. In
addition, as the rationally designed DNA objects are getting more and more
involved in the living systems, to realize an automated method for designing
and creating structures directly in vivo would be a huge step forward for
many bio-oriented applications [23, 64].
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