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Abstract 
This thesis demonstrates bottom-up fabrication of a fully addressable non-repetitive 

network on the nanometer scale, assembled by synthetic DNA molecules. Each side 
constitutes a unique sequence of 10 bases, i.e. 3.4 nm in length, and can be considered 
the smallest practical unit of DNA in a nanotechnological context. Working with units of 
this length scale ensures a system fit for non-mundane molecular nanotechnology. The 
thesis features a progressive growth of the nanostructure, from the formation of the 
single-ringed hexagonal unit-cell to an asymmetric four-ring network of 17 nodes. Each 
structure is formed in a one-step self-assembly reaction. 

Alongside construction of the DNA-based nanostructural template, the thesis also 
illustrates three different aspects of functionalization. Firstly, a fixation strategy infusing 
stability in the delicate network by chemical ligation. The click chemistry based strategy 
will pave the way for modular build-up of larger nanostructures. Results show that 
multiple site-specific click reactions can perform simultaneously and independently of 
each other on a hybridized DNA template. Fixated modules are resistant to denaturing 
agent and can be freeze-dried. The second important aspect is incorporation of these 
DNA nanoconstructs onto lipid bilayers, for development of soft-surface 
nanotechnology. This creates controllable new interfaces in an aspiration towards 
membrane-integrated applications, e.g. mimicking a photosynthetic reaction centre. This 
thesis features two different molecular anchors: a multi-functional porphyrin moiety and 
a more universal lipid anchor. Both anchors are shown to align a DNA nanostructure 
with the membrane surface, a conformational arrangement that also depends on position 
of anchoring points. The last theme of this thesis is triplex recognition as a method for 
site-specific functionalization of preformed DNA nanostructures. The specific function 
of energy transfer is demonstrated in a simple photonic device, which can be switched 
ON and OFF by slight adjustment of pH.  

This DNA-based nanoscopic system is envisioned as a platform for high-precision 
control over molecular processes towards nanotechnological applications. It is part of an 
ambition in molecular nanoscience to fabricate systems from the bottom-up, based on 
principles of self-assembly and with functional complexity on levels not achievable by a 
conventional top-down perspective to nanoscience. The great leap of molecular 
nanoscience stems from inspiration of biological systems. New advancement in 
technological progress is possible by harvesting benefits of Darwinian evolution. 

Keywords:  
dna, nanotechnology, self-assembly, lipid membrane, click chemistry, triplex 

recognition, cross-linking, fixation, spectroscopy, linear dichroism, gel electrophoresis, 
fret  
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1. Size Matters 

 “There’s plenty of room at the bottom.” 
   Richard Feynman 

 

The expansion of the technological evolution during the past century is 
unprecedented in the history of mankind. Development of new applications has had 
a vast impact on human society, perhaps most evident in computers and the 
information technology they brought on. Miniaturization is at the heart of this 
evolution, where the ever-expanding capacity of devices is tightly linked with their 
gradually diminishing size. Moore’s law, made famous by the co-founder of Intel, 
Gordon E. MooreI, governs the exponential development of computer power.1 This 
development has started to reach the limit of what is possible to achieve in terms of 
scaling down electrical devices with conventional microtechnology. New strategies 
working on even smaller length scale are thus a prerequisite for Moore’s law to stay 
applicable to the technological progress. The scientific frontier that pushes the 
boundaries of this endeavor is labeled nanoscienceII. 

The fundamental principle of nanoscience is to create, control and understand 
systems on a length scale measured in nanometers (10-9 m). In doing so, scientists 
hope to develop new applications called for by the technological evolution. By 
mastering fabrication and manipulation of matter with nanometer precision many 
processes of today could potentially be carried out in systems of minute size. 
Guided by the principle of “doing more with less”, nanotechnological research also 
brings promise from an environmental perspective, generating a much desired 
frugality of natural resources. The aspiration of fulfilling these hopes and desires has 
spawned an interdisciplinary field of research exploiting the knowledge from all 
areas of science. Development of advanced analytical tools providing novel levels of 
characterization, such as atomic force microscopy (AFM) or super-resolution 
microscopy defying the diffraction limit of light (STED, STORM, PALM etc.), have 
nourished the expansion of the nanoscopic research field. It is important to 
remember that the technological evolution itself pushes the scientific frontier 
forward, enabling ever exceeding possibilities to study molecular processes in 
greater detail, which in turn paves the way for new technologies manifesting a 
progressive symbiotic spiral. 

A difference in scientific perspective can be observed when comparing two 
alternative approaches of nanoscience. The more established strategy is that of 
material physics, adopting a top-down perspective on fabrication on the nanometer 

                                                  
I PhD from Caltech in Physical Chemistry 1954 
II Etymology: Greek, ‘nano-‘ meaning ‘dwarf’ 
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scale, using various lithographic techniques. The precision of etching has increased, 
reaching higher levels of resolution by continued technical advancements. However, 
certain applications may require levels of complexity that cannot be achieved from a 
top-down approach. A shift in perspective is essential. The bottom-up approach to 
nanoscience of molecular science focuses on understanding intermolecular 
interactions and how this can be used for controlled construction through self-
assembly processes. By allowing building blocks to come together in predetermined 
patterns, larger nanostructures can be created from the bottom-up. A major 
advantage of a bottom-up perspective is the possibility of incorporating functional 
complexity only achievable using chemical tools, having intrinsic sub-nanometer 
precision. The major challenge on the other hand is to build supramolecular 
structures sufficiently large for nanotechnological applications.  

 

 
Figure 1.1. Diametric strategies in nanoscience: “bottom-up” and “top-down”. 
The former emerged from supramolecular chemistry and is based on principles 
of self-assembly. The latter is founded in material physics, driven by 
miniaturization. The gap between these two approaches coincides with size of 
many molecular systems in cell biology, of which DNA is of special interest in this 
thesis (width ~2 nm). Interestingly, the enormous aspect ratio of the DNA 
molecule enables it to potentially span this entire length-scale (length of a human 
chromosomal DNA approx. 200 000 kb, ~0.7 mm). Figure inspired by Niemeyer 
(2001).2 

With inspiration found in biological systems the structural challenge of 
nanoscience with a bottom-up approach may be addressed. Nature constructs 
functional materials built on principles of self-assembly with entirely new properties 
of the assembly disparate from the single entities. Furthermore, biological self-
assembly is often hierarchical, rendering functioning systems of even higher 
complexity. Cellular processes are largely dependent on the intermolecular 
interactions of macromolecules on the nanoscopic scale. Eons of Darwinian 
evolution have yielded systems with diverse function of astonishing complexity. For 
instance, the photosynthetic reaction centre in chloroplasts that intertwines water 
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splitting and carbon fixation in an elaborate scheme of energy- and electron transfer 
pathways; or the sophisticated machinery, referred to as the central dogma of 
molecular biology, transforming genetic information encoded in DNA into enzymes 
with specific functions. The efficiency of these molecular machines motivates 
scientific efforts to harvest benefits of the evolutionary progress in technological 
advancement. A bio-inspired perspective on bottom-up nanoscience, combining 
self-assembly of macromolecules with functional complexity of supramolecular 
chemistry, could result in systems impossible to achieve with a traditional top-down 
strategy.  

The self-assembly of DNA molecules is especially interesting in this context, 
governed by the precise recognition pattern of the Watson-Crick base pairs 
discovered in 1953.3, 4 The sequence of bases makes two complementary strands 
come together in a predictable manner, forming a double helix of DNA, and 
thereby creating an excellent system for programmable self-assembly within the 
framework of nanoscience. Together with the mere 3.4 Å separation between one 
base and the next in the helical stack, these properties have made DNA ideal for a 
bottom-up approach, demonstrated by the pioneer work of Ned Seeman5 in 
extensive pseudo-crystalline arrays and later by the controlled scaffold folding of 
DNA origami developed by Paul Rothemund6. 

 
The work in this thesis concerns the creation of a structural platform that 

enables control over molecular processes on the nanometer scale. An advanced self-
assembled system, based on synthetic nucleic acids, has been constructed 
combining the bio-inspired approach with the molecular bottom-up strategy. This 
strategy enables an addressable non-repetitive two-dimensional network, such that 
functional moieties may be added to it and positioned in space at high precision 
using specific recognizing sequences. Due to the possibility of versatile 
incorporation of functionalities, one can imagine many applications in molecular 
electronics (electron transfer), information technology (energy transfer) and 
chemical engineering (assembly lines of catalysts). This is attainable due to the 
possibility of unrestricted sequence design, ensuring the network to be non-periodic 
and by keeping the size of the building blocks to the smallest practical units of 
DNA. Having a non-repetitive structure is a prerequisite for introducing the 
concept of addressability in the system. Addressability is a key element for non-
mundane functionalization of the structure, enabling precise positioning of desired 
functions throughout the network. This is part of a framework entitled AMNA 
(Addressable Molecular Node Assembly).7 

The results and conclusions of this endeavor, on which this thesis is based, 
have rendered six scientific papers, concerning different aspects of the project. 
Construction of the addressable nanonetwork by self-assembly of novel three-way 
branched oligonucleotides stands as the main trajectory of the thesis, being the 
fundament of the project. Fabrication and subsequent characterization of the 
addressable DNA nanonetwork, is presented in the first three papers. The first 
generation of this nanogrid, a single hexagonal unit-cell, is presented in Paper I. The 
following two papers show evolution of the assembly into the largest structure yet 
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formed, a four-ring network of 17 nodes (Paper III). Development of fixation 
strategies infusing stability in the delicate system is an important subject. The 
fixation strategy demonstrated in Paper IV is based on click chemistry through site-
specific cross-linking of a hexagonal unit cell using the copper(I)-catalyzed 
cycloaddition (CuAAC). This could potentially lead to alternative assembly 
approaches based on modular fabrication. Papers V and VI present progress in soft-
surface nanotechnology by demonstrating two different strategies to integrate DNA 
nanostructures with lipid membranes. Exploring molecular anchors for controllable 
incorporation into lipid bilayer could pave the way for dynamic surface-based 
applications, e.g. mimicking photosynthetic reaction centres. Finally, the concept of 
addressability is concretized using triplex recognition. Paper II includes an 
illustration of how triplex forming oligonucleotides can be employed to 
functionalize a preformed addressable grid. A study of sequential energy transfer 
based on triplex recognition is presented in the last part of chapter 4.   
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2. Fundamental Matters 

This chapter aims at giving a framework to the work and results presented in 
the thesis. The DNA molecule, which is the heart of this work, will be described, 
and recent advances in DNA nanotechnology will be briefly reviewed. Furthermore, 
the important concepts of click chemistry and self-assembly will be discussed, and 
some elements of photophysical theory, needed for understanding parts of the 
results in chapter 4, will be presented. 

2.1 DNA 
DNA (deoxyribonucleic acid) is the molecule containing “blue-prints” for all 

living systems, with the exception of some RNA-based viruses. A paradigm shift 
took place in 1953 when Watson & CrickIII discovered the helical structure of 
DNA.3, 4 For over 50 years, the structural features of DNA have been the focus of 
extensive research trying to answer questions concerning the correlation between 
structure and function. By altering the sequence of bases, i.e. the four letters A, T, G 
& C, a manifold of different genes can be created, each corresponding to a 
particular protein having a specific function in the cell.  

2.1.1 DNA Structure 

DNA is a biopolymer built up of nucleotides. Each nucleotide consists in one 
part of a 2-deoxyribose sugar that is linked to another nucleotide via a 
phosphodiester bond (Figure 2.1). The polymeric alternation of sugar and 
phosphate constitutes what is entitled the backbone of a DNA molecule. The other 
part of a nucleotide is one of four possible bases: adenine (A), guanine (G), thymine 
(T) and cytosine (C). By changing the sequence of these four bases that different 
genes can be created. All four bases are nitrogen containing aromatic molecules, 
either one-ring systems as for the pyrimidines (T & C) or two-ring systems for the 
purines (A & G). An absolutely central feature of the bases is their ability to form 
hydrogen bonds. The specific pattern of hydrogen bonding donor and acceptor 
sites on each base give rise to a complementary relation between A & T and G & C, 
the former by two hydrogen bonds and the latter by three. These are known as the 
Watson-Crick base pairs (Figure 2.2). Because DNA is asymmetric, the biopolymer 
has directionality, determining how a sequence of bases should be read. The 
direction is determined by how two adjacent sugars are connected via the phosphate 

                                                  
III Francis H. C. Crick & James D. Watson was awarded the Nobel Prize in Physiology or Medicine 1962 
together with Maurice H. F. Wilkins "for their discoveries concerning the molecular structure of nucleic acids 
and its significance for information transfer in living material" 
(www.nobelprize.org/nobel_prizes/medicine/laureates/1962/) 
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groups in the backbone, from the fifth carbon of the first sugar to the third carbon 
of the second one. The direction is therefore denoted 5′ to 3′. 

 

 
Figure 2.1. The four nucleotides connected by the phosphodiester groups of the 
backbone. Starting from the 5ʼ-end: Thymine, Cytosine, Adenine and Guanine. 

 

 
Figure 2.2 The Watson-Crick base-pairs. (Top) Adenine (A) & Thymine (T). 
(Bottom) Gyanine (G) & Cytosine (C). 

Due to the base-pair formation possibility, two DNA molecules can interact via 
the specific hydrogen bonds between the bases forming a helical duplex. In the 
double helix the bases stack on each other in the centre of the helix, forming a 
hydrophobic core. The two sugar-phosphate backbones wind around each other 
wrapped about the hydrophobic centre, shielding it from the surrounding water. 
The phosphate group has a pKa around 1, meaning that the proton is dissociated 
under most conditions, resulting in a negatively charged backbone. The two DNA 
strands repel each other in the absence of salt. However, at physiological conditions 
the effective net charge is lower because of associated counter ions, such as Na+, 
decreasing the repulsion between the strands and facilitating the duplex formation. 
The helix normally has a right-handed pitch of 10 bases per turn, denoted B-DNA 
(Figure 2.3). The stacking of the bases in the core of the helix arises from π-π 
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interactions due to the aromatic character of the bases. The distance between two 
adjacent base pairs in the stack is 3.4 Å and the width of the helix is 22 Å, in B-
DNA. The asymmetric character of the helix gives rise to two different grooves one 
wider than the other, referred to as the major and minor groove, respectively. Both 
play key parts in the interactions between DNA and other molecules, influencing 
the binding mode of any associated target. Aside from B-form, DNA can also adopt 
an A- or Z-form under certain conditions.  The former is a right-handed helix with 
a much wider pitch than B-form and can occur in AT-rich regions of DNA or 
dehydrated samples. The wider pitch of A-DNA makes the minor groove wider and 
shallower and the major groove narrower but deeper, compared to their counterpart 
in B-DNA. The Z-form of DNA is on the other hand a left-handed helix and can 
arise in presence of high salt concentrations. Although the existence of these forms 
of DNA is evident, their biological relevance is disputed.8 

 

 
Figure 2.3. The helical structure of double stranded DNA, viewed perpendicular 
and through the helical axis. B-DNA (left), A-DNA (centre) & Z-DNA (right). 

 

2.1.2 Triplex DNA 

Soon after the discovery of the double helix, a three-stranded DNA structure 
was found.9 In this structure a third strand is situated in the major groove between 
the two other strands forming a double helix. This three-stranded structure has 
been denoted a DNA-triplex.10 In addition to the common Watson-Crick base pairs, 
other hydrogen bonding patterns between the DNA-bases can form, which is 
especially interesting for the purines. The N7 position can act as a hydrogen bond 
acceptor to both guanine and adenine.  Guanine also has an acceptor position at 
O6, whereas adenine has donating hydrogen on the corresponding N6. These 
positions are situated in the major groove in a double stranded DNA, making them 
easily accessible for molecular interactions with incoming agents, such as amino 
acids or other nucleotides. The molecular interactions between nucleotides 
involving these positions give rise to a recognition pattern equivalent to the 
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Watson-Crick base pairing; called Hoogsteen base pairing after its discoverer 
(Figure 2.4).11 Both purines and pyrimidines can form Hoogsteen interactions with 
guanine and adenine. For example, an oligonucleotide of polypyrimidines can, via 
Hoogsteen-binding in the major groove of a polypurines-polypyrimidines double 
helix, form a triplex. This triplex forming oligonucleotide (TFO) binds with the 
same directionality as the polypurine strand. A strand of polypurines may also form 
a triplex with a polypurines-polypyrimidines double helix, albeit with opposite 
directionality. In this project, TFOs of polypyrimidines have been used and the 
focus will therefore be on these. Interested readers may seek more information 
about polypurine TFOs in review articles by Duca et al.12 and Frank-Kamenetskii et 
al.13. 

 

 
Figure 2.4. Hydrogen-bond pattern of Hoogsteen base pairing. T*AT (left) and 
C+*GC (right). 

Both cytosine and thymine can form Hoogsteen base pairs with guanine and 
adenine, respectively. A prerequisite for cytosine to bind to guanine via this 
interaction is protonation of the N3 position, enabling hydrogen bonding to 
guanine at the O6 position. The pKa is about 4.5, depending on its position in the 
base sequence.14 At pH below this, the triplex forming affinity is induced by the 
positive charge of the protonated cytosine. The positive charge partially neutralizes 
the repulsion between the negatively charged backbones and thereby stabilizing the 
triplex structure. No protonation is necessary for thymine to bind to adenine via 
Hoogsteen-binding, but the affinity to form a triplex structure is lower compared to 
cytosine.15 The reason for this is the unfavorable positioning of three negatively 
charged polyions close in space due to electrostatic repulsion.  

 
The ability of TFOs to target specific regions of DNA has made it subject for 

extensive research for possible use in gene therapy.12 Chemical modifications of 
nucleobases to improve the triplex forming features are an interesting part of this 
endeavor. The low pKa of cytosine suppresses formation of stable triplex structures 
under physiological conditions (pH 7.5). Finding improvements that solves this 
problem have therefore been of interest. Methylation at C5 position of cytosine 
(MeC) raises the pKa and thus also binding affinity (Figure 2.5). 3-methyl-2-
aminopyridine (MeP), which is one of the bases also used in this work, has a more 
basic character compared to cytosine, due to the removal of the 2-oxo functional 
group (Figure 2.5).16, 17 The result is an increased triplex affinity at physiological 
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pH.18 The low affinity of thymine to form Hoogsteen bonds has also been 
addressed. One solution is the addition of multivalent counter ions, such as Mg2+, 
which facilitate triplex formation by shielding the negative charges of the backbone. 
The drawback is the high salt concentration needed, dissimilar to physiological 
conditions. 2′-aminoethoxythyminidine (AT) has a modified sugar with the addition 
of a positive charge (Figure 2.5). The positive charge interacts with the negative 
charge of phosphate in the backbone, thereby increasing the affinity through 
electrostatics.19, 20 AT is the other modified base used in this project. A lot of focus 
has been on developing different bases matching the pattern of adenine and 
guanine. The advantage of purines compared with the pyrimidines is better 
positions for hydrogen bonding in the major groove. But in order to achieve a more 
versatile system, the ability to recognize all four bases is of considerable interest. 
Recently, candidates able to form triplex structures at physiological pH were 
synthesized.21 These results bear promise to the use of triplex recognition in the 
field of biomedicine as well as DNA nanotechnology, creating more possibilities of 
addressability based on third-strand targeting. 

 
Figure 2.5. Synthetic base analogs with high triplex forming affinity. (Left) 2ʼ-
aminoethoxythyminidine (AT), (middle) 3-methyl-2-aminopyridine (MeP) and (right) 
2ʼ-aminoethoxy-5-methyl-cytosine (MeC) 
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2.2 DNA Nanotechnology 
The unique structural features of DNA have expanded the perspective of the 

potential applications of the molecule outside the arena of bioscience. A 
combination of a reliable system for information storage with sub-nanometre 
resolution makes DNA ideal for molecular nanotechnology. This section will 
discuss some advances that have been made in the field. 

2.2.1 DNA Crystalline Arrays 

This thesis aims at constructing a two-dimensional non-repetitive DNA nanonetwork. 
Though conceptually disparate from periodic pseudo-crystalline DNA nanoarrays, there are 
structural similarities. Being acquainted with these assemblies is therefore important for the 
understanding of the nanostructures studied in this thesis.  

 
Figure 2.6 Holliday junction. Four DNA-strands form a four-way junction. 

Seeman postulated the use of DNA as a structural material in the beginning of 
the 1980s.22-26 Inspired by the naturally occurring Holliday junction (Figure 2.6), 
oligonucleotides can be assembled into structural motifs by careful design of the 
base sequence. The Holliday junction is a four-way junction, first discovered in 
fungi, playing a role in for example gene recombination.27 The structure found in 
biological systems is a transient state, with a moving junction in a palindromic 
sequence. However, to be used as a structural motif the junction must manifest 
stability, why algorithms for sequence design must follow certain criteria.28 This lead 
to the development of the double crossover (DX) motif (Figure 2.7), which joins 
two DNA helices in a tight parallel arrangement.29, 30 Since the motif involves two 
junction points, the resulting unit exhibits the desired structural rigidity. By adding 
single stranded overhangs, i.e. sticky-ends, multiple motifs may be connected (Figure 
2.8). A number of different crossover motifs have been developed based on the 
principles of the DX junction: triple- (TX), paranemic (PX) and the juxtaposed 
paranemic (JX) crossover.31, 32 Crossover junctions have become the architectural 
basis in many DNA-based structural designs, also in the folding logic of DNA 
origami (vide infra). But it was as tiles in the formation of self-assembled repetitive 
lattices that they were developed and first introduced. 
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Figure 2.7. The double-crossover motif (DX). (Left) A molecular model of the 
motif. (Middle) A schematic representation of the same structure, with single-
stranded extensions transform the motif to a tile. (Right) A representation of a DX 
tile, which may assemble into a periodic array according to Figure 2.8. 

The first DNA-based 2D preudo-crystal lattice was presented in 1998 by 
Seeman and coworkers.33 Based on the crossover motifs, the following years a 
number of different arrays were presented.31, 34-42 This branch of DNA 
nanotechnology has relied heavily on atomic force microscopy (AFM) for 
visualization of the assembled structures. The geometry of the pseudo-unit cell of 
the 2D crystal-like structure will depend on the constitution of the underlying DNA 
building block, thus creating e.g. a square pattern35 or different hexagonal patterns36, 

38. That structural properties of the building blocks influence the features of the 
final assembly is obvious, and an analogy with macroscopic architectural design was 
underlined when Mao and coworkers introduced the structural concept of tensegrity 
in the DNA nanofabrication context.43 TensegrityIV is to combine compression and 
tension, e.g. with bars and wires respectively, resulting in rigid, though lightweight, 
structures. Building on early attempts of incorporating these architectural principles 
of combining two opposite forces for rigid constructs, the group of Mao managed 
to design a triangular DNA building block where double- and single-stranded 
regions of DNA were positioned according to this logic. With the conventional use 
of sticky-ends, these building blocks could be assembled into one- & two-
dimensional arrays. Furthermore, Seeman et al.44 demonstrated that it was possible 
to create a 3D crystal through self-assembly of DNA molecules, having postulated 
this in the early 1980’s,22 by adopting the tensegrity triangle. The triangular building 
block had three years earlier also been used to organize Au-nanoparticles in a two-
dimensional array,45 bordering another application of structural DNA 
nanotechnology that Seeman had envisioned, i.e. as a scaffold for protein 
organization. Principles of DNA mediated protein organisation have been 
demonstrated with biotin/streptavidin in various studies by Yan et al.,35, 46 a group 

                                                  
IV A contraction of tensional integrity. 
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that also has exploited aptamersV in order to position thrombin.47 A study, closer to 
Seemans original vision, was done by Turberfield et al. 48, 49 where they demonstrated 
that visualization of proteins in transmission electron microscopy could be 
facilitated using a two dimensional DNA nanoarray.  

 

Figure 2.8. A 2D periodic DNA nanoassembly of DX-tiles. 

Organization of proteins is a target for applications in molecular biology, 
equivalently there could be an interest of organizing metallic nanoparticles into 
specific patterns for nanoelectronic or optical devices. The principles of DNA-
templated organization are the same, which the group of Yan has utilized, forming 
repetitive arrays of Au-nanoparticles in the same manner as with proteins.50, 51 An 
important aspect, concerning the arrangement of functionalizations, such as 
nanoparticles, in DNA networks, is the precision with which they can be 
positioned. The spatial separation between particles can be controlled by the size of 
the unit-cell. However, the structures so far discussed are all repetitive arrays, which 
prevent further precision in the positioning. To enable total freedom in localization 
the nanostructures need to be fully addressable, with unique building blocks in a 
controlled arrangement. In the groups of Yan and LaBean, advancements have been 
made in this aspect, creating DNA nanoarrays of finite size. The former first 
illustrated that the number of unique tiles and consequently the number of unique 
addresses could be controlled in a 5×5 array, by varying the symmetry of the 
building block.52 Shortly thereafter they also constructed a molecular pegboard with 
precise positioning of streptavidin in a 3×3 array, with 9 unique addresses.53 A 
similar system was demonstrated by LaBean and co-workers in a 4×4 fully 
addressable lattice of 16 unique building block, spelling out the letters “D”, “N” & 
“A” by arrangement of streptavidin.54 Finally, by connecting multiple DNA helices 
in a tight parallel arrangement, mediated by the use of crossover motifs, it is 
possible to roll the helices into a tube or bundle. The formation of DNA nanotubes 
is interesting from both a biological and technological perspective, due to 
similarities with the filaments in the cytoskeleton, and the possibility of forming 
electronic, magnetic or photonic nanowires. 

It is likely that all systems forming 2D periodic arrays have a tendency to form 
helical bundles. The competition between intra- and inter-structural associations 

                                                  
V A short sequence of a nucleic acid that binds to a specific target, such as a protein. From the Latin word 
“aptus” meaning fitting or suitable.  
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presents two different assembly pathways. The former leading to a thermodynamic 
less favorable barrel structure compared to the latter sheet structure.VI Albeit a 
system at non-equilibrium, intra-structural bundles may be stable due to slow 
kinetics. The antagonism of thermodynamic and kinetic forces in the self-assembly 
process may be shifted with clever system design, creating a bias in the assembly 
pathway. The first reported observation of DNA nanotubes was in 2003 by LaBean 
and co-workers,35 in a system based on tiles of four-way junctions. They followed 
up this study with a system of TX motifs with repetitive thiol moieties, which could 
stabilize the tubular structure by forming disulfide bonds on the inside, thus causing 
a structural bias.55 In two separate reports, Winfree et al.56 and Turberfield et al.57 
demonstrated tube formation in systems through bending of the DX motif, the 
latter could also display chirality by using streptavidin functionalizations. The 
Seeman group was later able to achieve even greater control of the DNA nanotube 
formation. Bundles of a controlled number of helices could be preferentially 
assembled by carefully designed DX tiles. The crossover junctions were positioned 
in respect to the helical pitch of the DNA duplex such that a desired angle between 
neighboring tiles was achieved.58-61 The same principle was utilized by LaBean et al.62 
to assemble a three-helix bundle, which similarly to their earlier study could be 
metalized through Ag deposition, forming a conductive nanowire. The same group 
also developed another high-precision method of assembling monodisperse DNA 
nanotubes with controlled circumference.63 The fundamental building block was a 
single stranded 42mer sequence that could be kinetically trapped in a tube of varied 
number of helices. Yan et al.64 followed up on an earlier study, where they 
investigated the dependence of geometric features of the tiles on tube formation, 
with a report of Au nanoparticles integrated in DNA nanotube assemblies.65 The 
study showed that the integrated nanoparticles influenced tube formation. The 
bulky nanoparticles promoted tubular folding through steric hindrance and 
furthermore, the size of the particles could shift the distribution of tube 
conformation from stacked rings to more twisted spirals, which display chirality. 
Assemblies such as this could have interesting properties for technological 
applications, e.g. nanoelectronics. 

2.2.2 DNA Solitaires 

The DNA nanostructures presented in this thesis are of same size as many objects reported 
in the DNA nanotechnology field. This section gives a brief overview of the DNA nanostructures 
of varied geometric shapes that has been published so far.  

Even though Seeman originally envisioned DNA-based structural self-
assembly as a tool to create pseudo-crystalline nanomaterials, the first published 
DNA nanostructure was a 3D cube, in 1991.5, 66 Each edge of the cube consists of a 
double-stranded stretch of 20 base pairs, corresponding to a length of 
approximately 7 nm. The structure was assembled in a number of ligation steps, 
resulting in a covalently closed nanostructure. Though the final yield was low, 
                                                  
VI We will later see that intra-structural association can be thermodynamically favorable in systems that are 
studied in this thesis, related to the effect of ring-closure (chapter 4). 
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around 1%, it was an important first step for the architectural DNA 
nanotechnology field. Seeman presented another three-dimensional DNA-based 
object, a truncated octahedron in 1994,67 before turning to his main focus of 
pseudo-crystalline assemblies.  

An impressive range of DNA solitaires have been demonstrated during the 
two decades since the original publication, from a tetrahedron68 to a buckyball69. 
Assemblies may either be based on edges of single DNA duplexes66-68, 70 or have 
more complex structural motifs as building blocks69, 71. The latter bears resemblance 
with the rigid tiles designed for 2D periodic arrays discussed in the previous section 
and have been developed by Mao and co-workers. They have designed a tunable 
star-motif that may form any type of polyhedral DNA-cage.69, 72-74 Interestingly, the 
same motif may either be directed toward formation of 3D solitaires or 2D periodic 
arrays.38, 41 Similar to the competitive bundle formation of periodic tiles mentioned 
earlier (vide supra), the process is highly governed by building block concentration, 
such that low concentration promotes intra-structural folding.69 Another important 
factor influencing direction of the assembly process is the flexibility of the building 
blocks. It has been shown that greater flexibility in the structural motif promotes 
preferential formation of 3D constructs over 2D periodic networks.72 Related to 
this topic is the extensive study of a truncated octahedral DNA cage, formed with 
unpaired thymines at the vertices providing conformational flexibility.70, 75-77 By 
varying the number of thymines it was concluded that three unpaired bases at the 
vertex constituted the minimal linker length necessary to allow formation of the 
desired nanostructure.70 This study has an interesting correlation with the hexagonal 
DNA nanostructure featured in this thesis (Paper I). The successful formation of 
this construct, with two unpaired thymines, may be assigned the lower level of 
structural complexity. 

 

 
Figure 2.9. DNA tetrahedron. The vertical edges are 30 bases long and the 
horizontal edges are 20 bases long. Adapted from Turberfield et al. (2005).68 

The construct that has gotten the most recognition of the 3D solitaires 
published so far is perhaps the DNA tetrahedron (Figure 2.9), which was presented 
by Turberfield and co-workers for the first time in 2004.78 The group later showed 
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that the assembly could be made chiral specific, in a study also including an 
imposing AFM-based test of mechanical compression.68 The construct was formed 
at high yield (95%) in a one-step annealing process of four oligonucleotides, 
rendering edge-lengths of either 20 or 30 bp. Enzymatic ligation could, after 
hybridization, covalently seal this 3D nanostructure with sides on the order of 10 
nm. The relative facile path to a 3D nanostructure with substantial structural 
complexity has made other scientist adopt the tetrahedron as a model system for 
functionalization studies of DNA nanostructures. Alivisatos et al.79 demonstrated 
3D arrangement of gold nanoparticles (AuNP) and Armitage et al.80 created a highly 
fluorescent nanostructure using the intercalating dye YOYO, both based on the 
tetrahedron nanostructure. Yan et al.81 showed that a tetrahedral DNA 
nanostructure could be amplified using in vivo replication. The construct has also 
been subject to a number of systems with switchable character, including photo-
responsive azobenzene82 and hybridization energetic “DNA-fuel”83 (vide infra).  

The main focus of these DNA solitaires has been in terms of nanoscaled cages. 
Various polyhedra have been utilized as molecular capsules, encapsulating single 
proteins84 or AuNP85. In a recent study, the potential of employing DNA nanocages 
as delivery vectors to mammalian cells was investigated.86 

All structures discussed so far have exclusively been based on normal 
oligonucleotides of various lengths. However, with chemical tools it is possible to 
synthesize artificial junctions that can direct the geometry of assemblies, based on 
the symmetry of the chemical motif. Especially Sleiman and co-workers has 
successfully developed this strategy, closely related to traditional supramolecular 
chemistry.87 Using various rigid organic vertices, DNA nanostructures ranging from 
a 2D hexagon88 to 3D prisms89 have been assembled. The latter could also be 
expanded into tubular structures with adaptable cage sizes.90, 91 A similar approach 
has been followed in the group of von Kiedrowski. Simplistic nanostructures 
resembling small organic molecules, hence denoted nano-acetylene & nano-
cyclobutadiene, could be assembled by creating synthetic branched 
oligonucleotides.92 The group later developed trisoligonucleotides with C3h-linkers, 
which could assemble into a dodecahedron.93 These systems involving chemical 
junctions are closely related to the strategy on which this thesis is based. 

2.2.3 DNA Origami 

The development of DNA origami is the closest to a paradigm shift this young research field 
has seen. The concept of addressability is a central part of this strategy, as well as in this thesis. 
The following section will present some recent progress in DNA origami. 

DNA origami is a fabrication approach to nanotechnology made famous by 
Rothemund in 2006.6 It is based on controlled folding of a long scaffold DNA 
molecule into a predetermined shape, much like the Japanese paper art tradition 
from which it gotten its name. Though Rothemund coined the concept of origami 
in a nanotechnological context, the term has been used before in relations to nucleic 
acids. In 1994 Williamson referred to RNA origami concerning an algorithm to 
predict folding of a HIV binding sequence.94 Despite the fact that both used the 
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same term, the expressions are conceptually different. The concept of folding a 
scaffold strand has also been exploited in structural nanotechnology previously. In 
2003 Yan et al. constructed a 1D barcode from building blocks based on folded 
scaffold strands.95 Furthermore, less than a year afterwards, Shih et al. presented an 
octahedron folded from a single-stranded 1.7 kilobase sequence.96 Both these 
studies illustrated the principle of nanoconstruction through means of controlled 
scaffold folding. Nevertheless, none of them can compete with the impact of the 
assemble strategy of DNA origami as demonstrated by Rothemund. 

The self-assembly approach of DNA origami, as presented by Rothemund, use 
viral DNA as a scaffold. The scaffold molecule most often used is the genomic 
DNA of the bacteriophage M13, or more specifically a circular single-stranded 
sequence of approximately 7.3 kilobases from the virus M13mp18. The folding 
process is governed by addition of numerous short oligonucleotides, “staple” 
strands that, by being complementary to specific regions on the scaffold, mediate 
the transition from a randomly ordered molecule into a desired shape (Figure 2.10). 
The size of the folded surface is on the order of 100 × 70 nm2.  

 

 
Figure 2.10. Illustration of DNA origami. Addition of numerous staple strands 
direct folding of a random-coiled single-stranded scaffold into a well-defined 
geometric shape. This schematic shape has a “seam” in the middle of the sheet. 
The equivalent structure presented by Rothemund (2006)6 is approximately 100 
× 70 nm2 and utilizes 226 unique staple strands. 

Already in the original DNA origami paper several remarkable shapes where 
assembled, including various triangles, stars, a smiley face and a structure resembling 
the western hemisphere. This assembly strategy has since then become more spread 
and a large variety of structures have been constructed based on the same principle 
of scaffold folding, e.g. a dolphin, similar to the 2D shapes of the original paper, was 
assembled by Andersen et al.97 It has also been shown that it is possible to extend 
the assembled surface area by combining multiple folded DNA origami sheets in a 
tile like manner.98, 99 Furthermore, the origami approach is not restricted to single 
stranded scaffold molecules. Double-stranded scaffolds may also be curbed into 
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desired patterns by tuning the annealing process and taking advantage of a kinetic 
bias towards folding as opposed to rehybridization of the fully complementary 
original scaffold duplex.100  

As more scholars in the field of bottom-up nanoscience have adopted the 
approach of DNA origami, the knowledge and “nano-engineering” skill has 
increased and with that also the structural complexity of what has been 
manufactured. Extending the structural complexity in three dimensions has been 
achieved by a number of different groups, using slightly different approaches. The 
group of William Shih has developed a strategy for structural design in 3D involving 
packing the DNA helices of the origami sheet in pleated multilayers. With this 
design they have been able to assemble various bundle-type 3D geometries with a 
more or less solid composition.101-103 In contrast to these compact constructs, it has 
also been shown that it is possible to assemble hollow containers using the folding 
technique of the M13 genome. The principle is the same as in the original origami 
paper, but the governing staple strands directs the architectural folding into 
sections, making up the sides of the final 3D structure. Adopting this approach, a 
tetrahedron has been manufactured in the group of Hao Yan,104 as well as a cubic 
box, presented by two groups independently, one in Japan105 and the other in 
Denmark106. The architectural complexity of these structures is quite remarkable and 
the structural control on the molecular scale is still increasing. In 2010, Yan and his 
coworkers demonstrated formation of a Möbius strip using the origami approach 
and furthermore illustrated subsequent topological reconfiguration through strand 
displacement, analogous to the Japanese paper cutting technique “kirigami”.107 
Despite the progress of DNA origami from 2D to 3D, one should also bear in mind 
that the octahedron presented by Shih et al.96 in 2004 was an example of scaffolded 
folding in 3D, assembled before Rothemund made the concept of DNA origami 
famous.  

The addressable features of DNA-sheets folded by the origami technique have 
become the focus of many studies involving site-specific localization of functional 
units. Knowing the relative position of all 226 unique staple strands used in the 100 
× 70 nm2 “seamed” sheet, presented in the original origami paper,6 provides an 
enormous opportunity for high-precision functionalization. Tinnefeld and co-
workers positioned fluorophores on an origami structure and thus generated a 
nanoscopic ruler for calibration of super-resolution microscopy.108 Later, a photonic 
pathway across a sheet was demonstrated, based on the same idea of precise 
fluorophore localization.109, 110 The principle of addressability in the context of DNA 
origami has also been utilized to position protein entities111 and AuNP112, at specific 
targets. Site-specific integration of AuNP has also illustrated strong plasmonic 
circular dichroism, which arises when nanoparticle-dressed sheets are rolled up 
forming chiral bundles.113, 114 Yet another example where addressability has been 
employed is the demonstration of assembly line for chemical reactions on the 
single-molecule level. This principle was illustrated by Gothelf et al.115 and Seeman et 
al.116 in two related studies. The latter involved a so-called DNA walker, which will 
be discussed in the following section (vide infra).  
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2.2.4 DNA Nano-Machines & Mechanical Devices 

This section is intended to shed light on dynamic DNA-based systems aiming at 
nanomechanical devices, since this thesis also include a switchable function using triplex 
recognition.VII  

The structural DNA nanotechnology focuses on static constructs with features 
such as stability, integrity and rigidity, following in the footsteps of Seeman. 
Alongside this pathway scientist have investigated the possibility of using DNA in 
dynamic systems, as molecular mechanical devices or motors. This is yet another 
aspect of the DNA molecule as a functional unit, i.e. as an agent of change. Even 
though it is the structural features that make the biopolymer ideal for rigid 
architectures, they may also be used to create motion. Only a few years after 
Seeman had demonstrated the use of crossover junctions as structural motifs, he 
presented one of the first DNA based nanomechanical devices, where motion was 
induced by a structural shift of the double helix.117 By changing the ionic 
composition of a solution, it is possible to convert DNA from the normal right-
handed B-DNA to a left-handed Z-DNA conformation. Thus, by switching the 
ionic strength it was shown that a twisting motion could be induced in a simple 
device, based on this conformational shift. This device was a DNA based 
nanomachine driven by changes in ionic composition as fuel. However, DNA may 
in itself also function as fuel, driving molecular motors. Nature relies on the 
nucleotide monomer adenosine triphosphate (ATP) as the universal “fuel of life”, to 
power the molecular machinery in the cell. It is not merely the chemical energy in 
the phosphodiester bond that makes DNA a potential fuel. The free energy of 
hybridization associated with two complementary DNA polymers engaging in helix 
formation may be utilized as driving force in dynamic processes. Strand 
displacement plays an important part in genomic regulation of living systems, e.g. in 
gene repair through genetic recombination (recombinases). 

 

                                                  
VII The related topic concerning DNA computers & logics will not be discussed. Interested readers are 
encouraged to seek out the work of Leonard M. Adleman, Erik Winfree and Milan N Stojanovic, as well as 
‘The Molecular Programming Project (MPP)’ (molecular-programming.org). 
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Figure 2.11. Schematic of a device driven by “DNA-fuel”. The molecular 
tweezers shift from “open” to “closed” state upon addition of the “fuel” strand that 
is complementary to the dangling ends of the “open” structure (green and blue). 
The “closed” structure contains a “toehold” sequence (red) that promotes 
hybridization with the “anti-fuel” strand, resulting in release of a totally double-
stranded “waste” product and a return to the “open” state of the device. Adapted 
from Yurke et al.118 

The nanotechnological employment of DNA as fuel relies on the same 
principle of strand displacement. If a DNA sequence is hybridized with its 
complementary but truncated counterpart, the single-stranded overhang or 
“toehold” that is created may be used as a driving force for strand displacement. By 
introducing the fully complementary sequence to the system, a new equilibrium will 
be reached where this sequence will replace the truncated counterpart. By designing 
a series of similar states of non-equilibrium, movement may be generated. The first 
illustration of this concept was in a device of “DNA-tweezers” that was presented 
in 2000 (Figure 2.11). The tweezers could be switched between the “open” and 
“closed” state by sequential addition of “fuel” and “antifuel” strands.118 From each 
step there is an accumulation of “waste-product”, i.e. the fuel-antifuel duplex. The 
approach of using toehold to drive conformational change was also employed by 
the Seeman-group to power a topological switch in a crossover motif, illustrating 
the possibility to create both robust and dynamic nanostructures using DNA.119, 120 
Since then other metastable conformations of DNA have been investigated as 
hybridization driven molecular machines. The equilibrium balance between hairpin 
and linear duplex from the perspective of fuel in molecular machines has been 
explored in studies by Turberfield and co-workers.121, 122 The results suggest among 
other things that there are kinetic variations of the strand displacement reaction 
dependent on e.g. loop length and toehold position, differences which could be 
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exploited in DNA based machines. The idea of utilizing the energetic difference 
between a hairpin and a linear duplex in an application had been shown in another 
context before. A fluorescent molecular beacon for gene detection, based on 
opening of a hairpin structure, had been presented in 1996.123 It may be seen as the 
first DNA device based on hybridization energy, though the purpose of that study 
was different. 

DNA-based nanodevices that run on other sources of “fuel” have been 
explored as well. With incorporation of photochromic functionalities, i.e. units that 
isomerize upon absorption of photons, conformational change may arise though 
the irradiation of light. One example is a photon-driven version of the DNA-
tweezers, which change state due to the photo-controlled cis-trans isomerisation of 
azobenzene moieties’. The planar trans-form of this photochrome intercalates in the 
base-stack and stabilizes the double helix. Upon irradiation of UV-light the 
photochromic molecule isomerizes to cis-azobenzene, which due to steric reasons 
destabilizes the duplex. The conformational change may be reversed with irradiation 
of blue light, thus a photon-driven nanomechanical device is created.124 

Another pathway in the development of DNA nanomachines follows the same 
principal as the B/Z-switch, i.e. conformational change induced by ionic 
interactions. The molecular properties of a polyelectrolyte like DNA are highly 
influenced by ionic interactions, e.g. the persistence length of the polymer is 
inversely dependent on the ionic strength of the solution. Furthermore, there are 
some specific structural conformations that DNA can adopt dependent on ionic 
interactions, such as the G-quadruplex.125 By controlled variations in the 
environment of a DNA construct and the consequential conformational transition, 
molecular motion may be induced. There are several examples in the literature of 
devices where addition of specific ions induces conformational change, which is 
reversed with the addition of chelating agents, e.g. Sr2+ regulated duplex to G-
quadruplex transition and sequential addition of EDTA reversing the motion.126 
Another example of an ion-dependent conformational change that has been 
explored is Mg2+ induced DNA supercoiling, which has been used to control 
geometries of DNA-nanoparticle networks.127 Analogues to the possibility to form 
G-quadruplexes with guanine-rich sequences, cytosine-rich sequences may form 
tetraplex structures know as I-motifs, based on C-C+ basepairing.128, 129 This is a pH-
sensitive conformation, because one cytosine base has to be protonated in order to 
form a stable pair with another cytosine. Thus, it may constitute a mechanism for a 
conformational driven DNA nanomachine, fueled by protons. The concept of the 
I-motif based machine was first demonstrated in 2003 by Balasubramanian et al.130 
and has since then been further explored by Simmel et al.131, 132 and Krishnan et al.133. 
The former developed autonomous motion through pH oscillations and the latter 
demonstrated a pH-sensitive molecular device that could probe acidic conditions in 
vivo. Another pH-dependent conformational change that has been used in this 
context is the duplex-triplex transition, which also depends on the protonation of 
cytosine. At low pH, cytosine is protonated and able to bind to guanine via 
Hoogsteen base-pairing (vide supra), forming a CG*C+ triplet, while binding through 



 21 

normal Watson-Crick base-pairing at elevated pH. A machine based on transition 
between these two states was presented by Mao et al.134 

 
The DNA nanomachines so far discussed are all examples of devices with 

repetitive changes of state in a back and forth manner, but there are also examples 
where a DNA based nanomechanical apparatus has induced propagating 
movement. DNA walkers are a class of nanodevices that have been used by a 
number of groups to demonstrate concepts of unidirectional motion. In 2004, three 
separate groups presented different versions of this specific device.135-137 The first 
two publications (Seeman et al. & Pierce et al.), though different in structural design, 
both involved a path-dependent movement of a bipedal walker along a track driven 
by sequential addition of DNA strands, equivalent to the principle of fuel/antifuel. 
The third study by Reif et al., on the other hand, demonstrated a walking device that 
rather than being propelled by hybridization force was under enzymatic control, 
with alternating use of restriction enzymes and ligases. Hydrolysis of ATP drove the 
unidirectional motion of this walker autonomously. Since these early proof-of-
principle illustrations of propagating DNA transporters, there has been further 
development of the concept of unidirectional autonomous motion of DNA devices, 
both with enzymatic-138, 139 and hybridization driven140-142 mechanisms. There are 
specific oligonucleotides that, similarly to DNA cleaving enzymes, can hydrolyze the 
phosphodiester backbone of DNA, a phenomenon that also has been utilized to 
drive molecular motion, by incorporation of this sequences in the structure of a 
device.143 The approach of using DNAzymes has also been incorporated in multi-
pedal walkers, denoted “DNA-spiders”,144 which recently have been shown to move 
along a specific pathway in two dimensions on a DNA-origami sheet.145 The DNA 
spiders were shown to be able to autonomously carry out sequential robotic action 
such as “start”, “follow”, “turn” and “stop”. Finally, it has also been demonstrated 
that the principle of directed molecular transportation via DNA walkers may 
mediate multistep organic synthesis analogous to a manufacturing assembly line.146  
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2.3 Click Chemistry 
This thesis demonstrates how Click Chemistry can be used in DNA nanotechnology to 

incorporate a fixation strategy for creating robust nanostructures. This section presents the 
background to this concept. 

In 2001, SharplessVIII introduced a new concept for organic synthesis. The 
background was trying to direct focus away from research on reactions creating 
carbon-carbon bonds, and instead aiming at creating C-X-C links, as easy and 
efficient as possible. The idea was entitled Click Chemistry.147 Sharpless stated a 
number of criteria for reactions to fulfill in order to be labeled “click reactions”, all 
dealing with the effectiveness and handling of the chemistry involved. High yield, 
clean, one-step, and harmless solvents are a few of the stated criteria. Furthermore, 
the possibility of generalization, i.e. to be able to use a reaction as module in 
molecule creation, is a key element. 

 

 
Figure 2.12. Copper(I)-catalyzed [1,3] cycloaddition (CuAAC reaction). 

The challenge of finding a reaction fulfilling all criteria may be impossible, but 
there are candidates sufficiently close in doing just that. The copper(I)-catalyzed 
[1,3] cycloaddition, between an azide and a terminal alkyne producing a 1,2,3-
triazole (CuAAC reaction), is perhaps the most interesting candidate, approaching 
near-perfect reliability (Figure 2.12). The CuAAC reaction was developed by 
Sharpless148 and Meldal149, independently, and has since then been adopted in a 
variety of contexts. The exact mechanism is not completely understood despite 
extensive research, including theoretical calculations and crystallographic studies, 
but a suggested plausible mechanism is presented in Figure 2.13.150, 151  

                                                  
VIII K. Barry Sharpless was awarded the Nobel Prize in Chemistry 2001 "for his work on chirally catalysed 
oxidation reactions". The prize was divided, and the other half was jointly awarded William S. Knowles 
and Ryoji Noyori "for their work on chirally catalysed hydrogenation reactions". 
(www.nobelprize.org/nobel_prizes/chemistry/laureates/2001/) 
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Figure 2.13. Plausible mechanism of the CuAAC reaction. Adapted from Meldal 
(2008).150 Though the reaction works with bare Cu(I), either by direct addition 
(e.g. CuI) or indirect by reducing Cu(II) (e.g. CuSO4 and NaAsc as reduction 
agent), advantages with coordinated ligands have been reported. Ligands have 
been seen to enhance the rate as well as protect the Cu(I) from oxidization into 
the inactive Cu(II) in contact with oxygen.152 

The diversity of areas where the CuAAC reaction has been applied spans an 
impressive collection of applications. Many applications of click chemistry can be 
found in the field of drug discovery, as Sharpless envisioned.153 However, there are 
other interesting examples worth mentioning. For instance, by designing branch 
points of azides and alkyne impressive triazole-based dendrimers have been 
created.154 155 The click chemistry approach has also been adapted for peptide 
modifications, especially in the field of peptidomimetics, replacing naturally 
occurring groups by synthetic counterparts.156 The triazole can link amino acids 
together, replacing the amide bond or be used to functionalize the peptide or 
connect it to some other structure. Among the more important advantages of using 
the CuAAC reaction in this context is the insensitivity towards amino acid side 
chains. Click chemistry has even been carried out in vivo. One example is protein 
labeling done in mammalian cells for activity-based profiling.157 Although the 
reaction mostly has been carried out in solution, there are also studies of surface 
modifications using click chemistry. Surfaces have been successfully functionalized 
via triazole linkages on a variety of materials (e.g. polymers, glass and gold). Both 
azide and alkyne modified templates can be used, but there seems to be a slight 
advantage in placing the alkyne on the surface.158 Various biomacromolecules have 
also been immobilized on surfaces using click chemistry, e.g. oligonucleotides, 
creating functional microarrays.159, 160 A thorough and extensive summary of the 
research on click chemistry, including the variety of usages, can be found in the 
review by Meldal & Tornøe 2008.150  
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The use of CuAAC on DNA has already been mentioned in the framework of 
surface modifications. However, there are other areas worth broaching in the field 
of nucleic acid research where click chemistry has been applied. Various 
functionalizations, such as fluorophores, can be attached using triazole linkages,161, 

162 with azide or alkyne modifications at the desired location an obvious prerequisite. 
For instance, click chemistry was used to attach the Alexa dyes to oligonucleotides 
in the energy transfer study of this project. Energy transfer will be discussed in the 
next section (vide infra). 

The approach of using click chemistry as a fixation strategy in DNA 
nanotechnology used in this thesis is based on the work of Tom Brown’s group in 
Southampton. Different covalently linked oligonucleotides have been created by 
combining azide and alkyne modified oligonucleotides, either in the backbone (5′ or 
3′) or on a nucleobase. Two complementary end-labeled oligonucleotides were 
assembled and by sequential CuAAC reaction sealed, forming a DNA catenane.163 A 
very stable cyclic DNA miniduplex of just two base pairs has also been formed164 
and a site-specific cross-linking between two complementary oligonucleotides, 
markedly increased the duplex stability.165 A more general result about the CuAAC 
reaction that the studies also show is that positioning the reactants close together in 
space, minimizing diffusion, maximizes the kinetics of the reaction. 

 



 25 

2.4 Photophysics 
Understanding the interaction between light and matter is crucial for spectroscopic 

investigation of molecules. This section introduces some basic concepts and, furthermore, theory 
regarding Förster resonance energy transfer  (FRET), a method utilized in this thesis. 

The wave-particle duality of light, arising from the failure of classical physics to 
explain empirical phenomenon such as black body radiation, is necessary in 
understanding how light interacts with matter. Light can on one hand be depicted as 
a travelling sinusoidal wave, classically described as electromagnetic radiation. As 
the name entails there are two contributions: one electric (E) and one magnetic (B), 
fundamentally interconnected. The two components form perpendicular waves 
propagating through space at the speed of light. 
 
 E x, t( ) = E0 sin kx −ωt( ) (2.1) 

 B x, t( ) = B0 sin kx −ωt( ) (2.2) 
 

On the other hand, light is also a discrete unit of energy, i.e. a photon behaving 
like a particle. This description of light arose from empirical findings that the 
electromagnetic field is quantized, with the energy (E) of the quanta proportional to 
the frequency (υ) of the radiation field. The factor h is known as Planck’s constant.  
 
 E = hν  (2.3) 
 

Light can under certain conditions interact with matter, e.g. a molecule, causing 
a perturbation in the distribution of electrons, leading to a change of states in that 
system. The interaction depends first and foremost on the oscillating electric field of 
the photon and the contribution of the magnetic field may therefore be neglected in 
this context. A constructive interaction induces an excitation of the molecule, which 
reaches a state at a higher energy level. The first criterion for a constructive 
interaction leading to such an excitation is that the energy of the photon 
corresponds to the energy gap between the initial (i) and the final state (f). This is 
called the Bohr frequency condition. 
 
 ΔE = E f − Ei = hν  (2.4) 
 

The condition tells us that interactions between light and matter are quantized 
and take on discrete values. However, the Heisenberg uncertainty principle naturally 
makes the transition between states less distinct. 

The transition between states can be treated quantum mechanically using 
perturbation theory, where the electromagnetic field is considered a small 
disturbance causing a shift in the electronic state of the molecule. If the molecule is 
small compared to the wavelength of the radiation, one can assume that the electric 
field is uniform over the molecule, and the transition dipole moment may be used 
to describe the transition. 
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μ fi = Ψf

ˆ μ Ψi  (2.5) 

 
Ψf and Ψi are the wave functions of the final and initial state, respectively; μ is 

the electric dipole operator. 
 

 ˆ μ = − eiri
i

∑  (2.6) 

 
i.e. the sum of all electronic charges (e) at position (r), assuming the nuclei are 

fixed. Using the transition dipole moment, the probability of transition from an 
initial state to a final, according to first order perturbation theory, is 
 

 
  
Pfi
1( ) t( ) =

π I ω fi( )
ε 0

2c

 
μ fi

2
t cos2θ  (2.7) 

 
I(ωfi) is the intensity of radiation, c is the speed of light, ε0 is the permittivity in 

free space and θ is the angle between the transition dipole moment and the electric 
field. The probability of a transition is clearly dependent on the dipole strength as 
well as its orientation. Connecting the theoretical probability with the observable 
process of absorption can be done by introducing the molar extinction coefficient, 
ε(ν). The molar absorptivity, as it also is called, is a function dependent on the 
radiation frequency and can be derived by relating the absorption in a cross-section 
with the energy flux of photons passing it. Not surprisingly the extinction 
coefficient turns out to be proportional to the transition dipole strength. 

 

 
  
ε ν( )∫ dν =

πNA

3ε 0 c
ν fi

 
μ fi

2
 (2.8) 
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2.4.1 Excited State Processes 

Upon absorption of a photon the molecule is excited to an electronic state of 
higher energy, most often a singlet state (Sn) since the ground state usually is a 
singlet. The process of absorption is very fast, in the femtosecond (10-15 s) regime, 
after which a number of processes may be involved relaxing the molecule to its 
ground state. These processes can be visualized in a Jablonski diagram (Figure 2.14). 
 

 
Figure 2.14. Jablonski diagram. All radiative processes are indicated by straight 
arrows; A represent absorption, F fluorescence and P phosphorescence. Non-
radiative processes are represented by dotted arrows or waves; IC is internal 
conversion, VR is vibrational relaxation and ISC is intersystem crossing. Sn are 
singlet states and Tn are triplet states, respectively. 

There are both radiative, i.e. a photon is emitted, and non-radiative processes 
involved when energy is dissipated from the excited molecule. Non-radiative 
relaxation processes are usually faster than radiative, which is why most molecules 
are non-emissive. Vibrational relaxation (VR) occurs when the molecule loses 
energy by going from higher to lower vibrational levels within a given electronic 
state. Through internal conversion (IC) a molecule may pass from an excited state 
(Sn) to a lower state (Sn-1) if there is a constructive interaction between them. There 
is no intrinsic energy change in internal conversion, i.e. no energetic driving force, 
however it is coupled with sub-sequential vibrational relaxation within the lower 
electronic state. Intersystem crossing (ISC) is another non-radiative process by 
which an excited molecule can change multiplicity, passing from a singlet (Sn) to a 
triplet (Tn) state, and vice versa. Changing from a singlet to a triplet state involves a 
quantum mechanically forbidden spin change. Though a process is denoted 
forbidden it does not mean that it never occurs just that the probability and 
therefore the rate is considerably slower. A luminescent molecule may emit a 
photon after excitation, which involves a radiative process when relaxing to the 
ground state. The radiative process of passing from Sn to Sn-1 is knows as 
fluorescence (F). Due to the fact that non-radiative processes are orders of 
magnitudes faster, fluorescence normally occurs from the lowest vibrational level of 
S1 to several vibrational levels of S0. This leads to the common mirror image relation 
between absorption and emission. When passing from the triplet state (T1) to the 
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T1
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singlet ground state (S0), phosphorescence can occur, an analogue to fluorescence, 
involving a change in spin. Since phosphorescence involves a quantum mechanically 
forbidden spin change, it is considerably slower than fluorescence. 

 
There are rate constants associated with all processes, related to molecular 

parameters as well as the surroundings. This can be used to determine the quantum 
yield and lifetime, used to characterize fluorescent molecules. The quantum yield of 
fluorescence (φf) relates the amount of photons emitted by a molecule through 
fluorescence to the amount of photons absorbed and it can be calculated by 
comparing rate constants. 
 

 φ f =
Photons emitted

Photons absorbed
=

k f
ki

i

∑
 (2.9) 

 
The lifetime (τ) refers to the average time a molecule occupies an excited state. 

As for quantum yield, the fluorescence lifetime can be expressed in terms of rate 
constants of the processes involved in the transition from excited state to ground 
state. 
 

 τ f =
1

ki
i

∑
 (2.10) 

 

2.4.2 Förster Resonance Energy Transfer 

Förster Resonance Energy Transfer (FRET) is a specific pathway by which an 
excited molecule (donor) can lose energy by transferring it to another molecule 
(acceptor) in the close vicinity. The excitation energy of the donor molecule (D) is 
transferred to an acceptor molecule (A) via dipole-dipole coupling of the transition 
dipole moments involved. It is important to stress that this is a non-radiative 
process, i.e. no photon is emitted in the process. The process of energy transfer is 
highly dependent on the spectral overlap between the emission of the donor and 
the absorption of the acceptor. The overlap is described by the J-integral. 
 

 J λ( ) = FD λ( )εA λ( )λ4dλ
0

∞

∫  (2.11) 

 
FD is the normalized fluorescence intensity of the donor, εA is the extinction 

coefficient of the acceptor and λ denotes wavelength. The rate at which the energy 
transfer proceed (kT) strongly depends on the distance between the species (r), 
reflecting the sharp shift in transfer efficiency (ET) at a characteristic distance. The 
Förster distance (R0) is the characteristic distance of a donor-acceptor pair at which 
the efficiency is 50%. The rate constant can be calculated in the following manner. 
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 kT =
1

τD

R0
r

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
6

=
φDκ

2

τDr
6n4

9000 ln10( )
128π 5NA

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ J λ( )  (2.12) 

 
NA is Avogadro’s number, n is the refractive index of the medium, τD and φD 

are the lifetime and quantum yield of the donor, respectively. κ2 is the orientation 
factor, describing the angles between the transition moments of the donor and 
acceptor. If the involved molecules have complete rotational freedom the factor is 
2/3; r corresponds to the distance between donor and acceptor. As r is raised to the 
power of 6, the strong distance dependence of the process is indicated. By 
measuring the transfer efficiency it is possible to calculate the distance between the 
donor and acceptor with their characteristic Förster distance. The transfer efficiency 
is given by comparing the emission intensity of the donor molecule, in the presence 
(IDA) and absence (IA) of the acceptor, but it may also be calculated using the 
lifetimes of the system. 

 

 ET =
R0
6

R0
6 + r6

=1−
τDA
τD

 (2.13) 

 
τDA and τD are the lifetimes of the donor, in the presence and absence of the 

acceptor, respectively. 
The strong distance dependence of the efficiency enables the use of FRET as a 

“molecular ruler”. Typically, R0 varies between 20 and 60 Å, setting the limit of 
measurable distances to about 90 Å using standard FRET-pairs. 
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2.5 Lipid Membranes 
Lipid membranes are used in this work as part of soft-surface nanotechnology, where DNA 

nanostructures is tethered to a surface using molecular anchors.  

Lipids are a class of amphiphilic molecules, including cholesterol, triglycerides, 
fatty acids and phospholipids, with a hydrophilic head-group and a hydrophobic 
tail-group. These naturally occurring surface-active molecules are the main 
constituents of cell membranes. Through self-assembly in solution they form 
structural aggregates with a wide morphological spread. Like all molecular self-
assembly, it is the structural features of the molecule that govern the morphology of 
formation. The packing parameter (PP) is an especially important factor, linking the 
geometry on the molecular level with the shape of the final assembly. This 
parameter explains the size difference between the two functional groups of a lipid. 
It is the ratio between the volume, on one hand, and the effective head-group area × 
tail-group length, on the other (PP=v/a0l). Lipids may be divided into three classes 
according to the packing parameter: cone-shaped (PP<1), cylindrical (PP=1) and 
inverted cone-shaped (PP>1). The two versions of cone-shaped lipids preferentially 
form assemblies with high curvature, albeit with the opposite orientation. Self-
assembly of cylindrical lipids favors formation of flat structures, such as bilayers, 
and thus also are the most frequent class in cellular membranes (Figure 2.15). 
Phospholipids are almost exclusively part of this class. The molecular structure of 
these lipids is often a diglyceride, with varied hydrocarbon chain length, as the 
hydrophobic tail-group. The hydrophilic head-group is usually composed of a 
phosphate in combination with another small organic unit, e.g. choline. The 
combination with the phosphate-group affects the size of the head-group as well as 
its charge. Phosphocholine lipids are zwitterionic at physiological pH and an 
example of this type of lipid is 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 
exclusively used in this project. The thickness of the assembled bilayer is correlated 
with the chain length of the hydrophobic tail-group, yielding in the case of DOPC a 
thickness of roughly 4.5 nm. The degree of saturation of the hydrocarbon chains 
also affects the nature of the bilayer. It is important to keep in mind that self-
assembled structures such as lipid bilayers are highly dynamic, rendering fluctuating 
boundaries.166 
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Figure 2.15. (Left) Illustration of the interplay between shape of a lipid (i.e. 
packing parameter, PP) and the geometry of the assembly. PP<1 promotes 
micells; PP=1 lamellar phases such as bilayers; PP>1 inverted micells. (Right) 
Chemical structure of the zwitterionic phospholipid used in this thesis, 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC). 

The morphology of lipid assemblies depends on one hand on the packing 
parameter of the lipid, but also on other system parameters such as lipid 
concentration. Lipid systems may exist in a number of different phases, such as 
micelles, lamellar, hexagonal or cubic. The lipid bilayers of the lamellar phase may, 
under certain conditions self-enclose, forming spherical unilamellar lipid vesicles, i.e. 
liposomes. The structural analogy with cell membranes makes liposomes a 
reoccurring model system in biophysical studies. Liposomes may be divided into 
three size regimes, though there is a lack of consensus concerning dimensional 
limits of these regimes in the literature: small (SUV, <100 nm), large (LUV, >100 
nm) and giant unilamellar vesicles (GUV, >1 μm).  
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2.6 Self-Assembly 
The concept of self-assembly is an important topic and absolutely central for this thesis. This 

section will provide a brief discussion about this subject. 

Variations of the term self-assembly (e.g. self-organization, self-construction, 
self-creation) have appeared in a number of different scientific contexts such as 
astrophysics (galaxies, solar systems), meteorology (weather patterns) and 
economics (market organization), with the common denominator being description 
of an emergence of spontaneous order in a system. Though related, these 
phenomena are not equivalent with self-assembly from a molecular science 
perspective. 

Self-assembly is a process where an ordered structure is spontaneously formed 
from a disordered system of subunits, directed by specific interactions between the 
components in absence of eternal interference. It is important to bear in mind that 
the spontaneous organization of the components is an apparent decrease of 
disorder of the system; self-assembly must obey the second law of thermodynamics. 
There are a number of keystones describing a self-assembling system, characteristics 
that distinguish this process from general formation (adapted from Whitesides 
(2002)167). (1) The components that are involved in the process are initially in a state 
of disorder but have specific properties that favor constructive interactions between 
the components at a local level. The components need not be separate entities, 
randomly linked units forming a final state of higher order is also a process of self-
assembly, e.g. protein-folding. (2) Interactions between the components are of 
relatively weak nature, e.g. hydrogen bonds, van der Waals and dispersion forces. 
Furthermore, (3) the assembly processes must be reversible which is correlated with 
the weaker interactions between components. (4) The environment of the process 
plays a key part, mainly for entropic reasons. The solvent, in which the process 
occurs, pays the entropic cost of spontaneous organization of the subunits. Finally, 
(5) components must have free mobility in order to interact properly. Motions 
towards possible self-assembly are driven by diffusion. E.g. aggregation as a result of 
sedimentation should not be considered a process of self-assembly according to this 
criterion. On a chemical level, the subunits are molecules that interact through non-
covalent forces based on the structural properties of the molecular entities. The 
strength of these non-covalent interactions are of the same order of magnitude as 
the thermal fluctuations that may disrupt the formation, resulting in an assembly 
with structural integrity yet dynamic motion on the molecular level. The solution in 
which molecules may self-assemble is an integrated part of the process. Brownian 
motion allows molecules to come into contact and the solvent directly affects the 
constructive interaction between the molecules, particularly apparent in the 
hydrophobic effect of non-polar solvents. The free energy gain of the system by 
caging lipophilic entities together in solvent shells, originates from the entropic 
and/or enthalpic favorable state of solvent molecules avoiding direct contact with 
the assembly of these moieties. Structural assembly of amphiphilic lipids in aqueous 
solution is one example driven by the hydrophobic effect. 
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Self-assembly on the molecular level is closely related to other important 
concepts of chemical science, i.e. molecular recognition and supramolecular 
chemistry, shifting from the traditional emphasis on covalent bonds in chemistry. 
The former is the phenomenon describing specificity of non-covalent interactions 
between molecules, yielding distinct intermolecular coupling. The complementarity 
of the Watson-Crick base pairs in nucleic acids is one example of molecular 
recognition, which is central for this thesis. The latter is a term, coined by Jean-
Marie LehnIX, defining a research field driven by chemical design utilizing molecular 
recognition as a tool, providing higher orders of structural complexity.168, 169 
Molecular recognition patterns may be studied as well as employed with 
supramolecular chemistry, understanding the connection between chemical 
structure on the molecular level and the geometric properties of the final structure. 
Intelligent molecular design can direct self-assembly processes in desired directions 
towards predetermined structures. 

All systems in the realms of biology are governed by principles of self-
assembly, from compartmentalization to macromolecule folding. The lipid bilayer 
(vide supra) of the cell membrane is a good illustration of this phenomenon, as is 
protein folding where primary sequence of covalently linked amino acids set the 
inception, but it is the intermolecular forces between these entities that induce 
folding into the final functioning structure. Molecular recognition is especially 
important in the nucleic acid domain. The high fidelity of the hydrogen bond 
pattern between adenine and thymine on one hand, and guanine and cytosine on the 
other is the basis of the precision in DNA duplex formation, a reason for the 
reliable information-storage of the genetic code. 

Inspired by the structural precision of biological self-assembly, the ideas of 
supramolecular chemistry have expanded in molecular science, striving towards 
large-scale systems assembled from the bottom-up with potential nanotechnological 
applications. Understanding of the connection between chemical structure and 
molecular recognition patterns, intermolecular assemblies can be controlled with 
high precision. This is the guiding principle of this thesis. The next chapter will 
demonstrate how this principle is put into practice, using self-assembly to construct 
of an addressable DNA nanonetwork. 

                                                  
IX Awarded the Nobel Prize in Chemistry 1987 together with Donald J. Cram and Charles J. Pedersen "for 
their development and use of molecules with structure-specific interactions of high selectivity" 
(www.nobelprize.org/nobel_prizes/chemistry/laureates/1987) 
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3. Methodology - The Daily Matters 

Analytical tools used to gain insight in the studied systems are briefly described 
in this chapter. More detailed information regarding reaction conditions and other 
technical aspects related to the presented results can be found in the experimental 
sections of the appended papers. 

3.1 Spectroscopy 
The interaction between electromagnetic radiation and matter is utilized in the 

powerful analytical technique called spectroscopy. Characterization, quantification 
and the dynamics of processes are examples of what may be studied by analyzing 
the absorption and/or emission of a sample at different wavelengths. Spectroscopy 
can be carried out at steady-state conditions or be time-resolved, providing different 
information about a system. Steady-state measurements of both absorption and 
emission, in the region of ultraviolet (UV) and visible (Vis) spectral regions, have 
been used in this project. 

3.1.1 Absorption 

ChromophoresX are molecules (or part of molecules) that absorb light in the 
UV-Vis region, responsible for the perceived color of a molecule. Allowing 
monochromatic light to pass through a sample cell containing one or multiple 
chromophores, and comparing the intensity before and after the cell at each 
wavelength, it is possible to extract systematic information, from concentration 
determination to monitoring dynamic process involving spectral shifts. For 
example, by continuously measuring absorbance at 260 nm during a temperature 
increase of a sample containing nucleic acids, the transition from double- to single-
stranded form can be investigated. 

 
Figure 3.1. Schematic of absorption spectroscopy. Radiation originates from a 
light source (L) and passes through a sample (S) where some light is absorbed 
before the beam finally reaches the detector (D). I0 and I are the intensity of light 
before and after absorption of the sample, respectively, and l is the path length. 

                                                  
X Etymology: Greek, ‘chromo-‘ meaning ‘colour’ and ‘–phore’ meaning ‘bearing’ 
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The absorption of a chromophore is measured in the unitless quantity 
absorbance (A), which is related to the intensity of the incident and transmitted 
light. 

 

 A λ( ) = log I0
I
= ε λ( )cl  (3.1) 

 
A(λ) is the absorbance at a given wavelength (λ) and I0/I is the ratio of the 

intensity before and after the sample, respectively. The relation between the 
absorbance and the absorbing species, stated above, is known as the Beer-Lambert 
Law. ε(λ) is the molar extinction coefficient (M-1cm-1) related to the transition dipole 
moment of the molecule, c is the concentration of the chromophore (M), and l is 
the path length of the sample cell (cm). 

The sample is normally isotropic and the radiation unpolarized leading to 
directionally randomized interactions. There are, however, other techniques that 
analyze samples using circular or linear polarized light. Linear dichroism (LD) is 
such a spectroscopic technique where orientation is the important parameter (vide 
infra). 

 

3.1.2 Fluorescence 

The corresponding term to chromophore for fluorescent molecules is 
fluorophore. An emission spectrum of a sample is generated by recording the 
fluorescence intensity as a function of wavelength, upon excitation of the 
fluorophore. The basic setup is similar to that of absorption, but the emission is 
normally collected at an angle perpendicular to the excitation light path to avoid 
stray light. 

 

 
Figure 3.2. Schematic of emission spectroscopy. Radiation originates from a 
light source (L) and excites the sample (S) which emits if the species is emissive. 
The emitted light is collected perpendicular to the excitation light by a detector 
(D). Iex and Iem are the intensity of excitation light and emission light, respectively.  

The fluorescence quantum yield (φf) is a characteristic property of a 
fluorophore determining how efficient an emitter is, relating the amount of photons 
emitted through fluorescence to the amount absorbed. The quantum yield for an 

L S

D

Iex

Iem



 37 

unknown fluorophore can empirically be determined by comparison with a known 
specimen (subscript RXI). 

 

 φ f = φR
I

IR

AR

A

n2

nR
2  (3.2) 

 
Similar to absorption spectroscopy the system is normally isotropic, as in all 

fluorescence experiments in this thesis. Though, by orientation of samples and the 
use of polarized light, information about structural features can be extracted. This is 
called fluorescence anisotropy.  

3.1.3 Linear Dichroism 

Linear dichroism (LD) is the differential absorption of two perpendicular 
planes of linearly polarized light.  

 
 LD = A|| − A⊥ (3.3) 
 
A system must display anisotropy in order to preferentially absorb light in a 

certain direction; randomized (isotropic) systems display a net zero LD. If the 
sample lacks intrinsic alignment, it must be oriented by application of external force. 
Macroscopic orientation of a system can shift the organization of molecules into 
ordered arrangements resulting in preferential absorption of either light vector. If 
the transition dipole moment is known, linear dichroism can give information on 
molecular orientation within the aligned system. There are a number of ways to 
obtain molecular alignment.170 Small asymmetric molecules (e.g. anthracene) may 
orient in stretched films, trapped in the matrix of the polymer (e.g. polyvinyl 
chloride). Electric or magnetic fields, depending on molecular susceptibility, are 
other examples of ways to induce alignment. Orientation due to shear forces is the 
most versatile method for alignment of macromolecules with high aspect ratios, and 
also the modus used in the LD experiments of this thesis.  

The sign of the LD-signal gives a first estimation of molecular orientation in an 
aligned sample. However, in order to obtain quantitative data of the angular 
orientation of a specific molecule, LD needs to be made independent of 
concentration and path length. The reduced linear dichroism (LDr), i.e. LD 
normalized with the isotropic absorption, relates the direction of the transition 
dipole moment to the orientation axis. 

 

                                                  
XI The reference fluorophore should have similar spectroscopic properties as the unknown specimen 
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Figure 3.3. Geometry for uniaxial orientation of a rod-like molecule. Z is the 
macroscopic orientation axis; zm is the molecular orientation axis; μ is the 
transition dipole moment.  

For a sample with uniaxial orientation, where the molecular transition moment 
is at an angle, α, from the macroscopic orientation axis and where orientations with 
respect to the azimuthal angle are equally probable (Figure 3.3), the LDr can be 
expressed in the following way: 

 

 LDr =
A|| − A⊥
Aiso

= S θ( )O α( ) = 3
2
S 3cos2α −1( )  (3.4) 

 
where S is the orientation factor. The factorization of LDr and introduction of 

S is a convenient method to account for imperfect alignment, separating the degree 
of macroscopic alignment (S) from molecular orientation (O). The orientation 
factor is defined based on an angle, θ, between the macroscopic orientation axis and 
the molecular orientation axis (Figure 3.3).  

 

 S =
1

2
3 cos2θ −1( )  (3.5) 

 
S is 1 for perfect orientation and 0 for isotropic samples. It should also be 

pointed out that the brackets indicate orientational average of an ensemble, due to 
dynamic systems. The same approach may be applied on equation 3.4, depending 
on if the molecule is rigid with a well-defined transition moment orientation or 
flexible with conformational freedom motivating an ensemble approach (e.g. DNA).  

 
Many aligned systems are complex, preventing their description in terms of a 

uniaxial arrangement around the macroscopic orientation axis. Lipid vesicles 
oriented in shear flow is one example of special interest in this context, as it was 
studied in Paper VI. Lipid vesicle orientation in shear flow originates from 
deformation of the vesicles into ellipsoidal shapes.171 This deformation is small but 
renders the system oriented enough to enable measurement of preferential 
absorption of chromophores associated with the membrane. Figure 3.4 depicts a 
model of a deformed lipid vesicle. The vesicle is separated into a perfectly aligned 
cylinder and two isotropic half-spheres. In a lipid bilayer, the membrane normal 
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defines the axis around which molecular orientation is related. This can be 
accounted for considering a biaxial system.172 A system of this nature may be 
described by defining two angles. Firstly, the angle between the transition moment 
and the membrane normal is denoted α. Secondly, β is the angle between the 
membrane normal and the long-axis of the deformed vesicle. The latter assumed 
parallel to the macroscopic orientation axis.  

 

 
LDr = 3S

1

2
3 cos2α −1( )⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
1

2
3 cos2 β −1( )⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

=
3

4
S 1− 3 cos2α( )

 (3.6) 

 
The right equality holds for β=90°, rendering the second factor in equation 

equal    -1/2. This is true assuming an infinitely elongated vesicle (i.e. tube) and that 
any deviation of membrane plane from this geometry can be condensed into the 
orientation factor S. 

The orientation factor may be experimentally calibrated using a probe with 
known membrane orientation. Retinoid chromophores (vitamin A derivates) can be 
utilized for this purpose, having slightly red-shifted absorption compared to 
biomolecules, such as nucleic- and amino acids (λmax~350 nm). Retinoic acid in 
particular has been shown to bind parallel with the membrane normal. By aligning 
with the lipids in the bilayer, α=90° and the degree of orientation in the system is 
directly determined by LDr of the probe.173 
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Figure 3.4. (Top) Angles describing DNA in respect to an oriented lipid vesicle 
surface. Z is the macroscopic orientation axis; zm is the molecular orientation 
axis; n is the membrane normal. The long-axis of the deformed liposome is 
assumed parallel to Z. (Bottom) Model of a deformed lipid vesicle. The vesicle is 
separated into a perfectly aligned cylinder and two isotropic half-spheres. 
Dashed lines represent orientation of parallel and perpendicular polarized light in 
respect to the deformed vesicle.  

In the specific case of DNA oriented with respect to the surface of a 
macroscopically aligned lipid vesicle, as studied in Paper IV, additional formalism 
needs to be introduced (Figure 3.4). The reason is that the transition moment of the 
chromophores in DNA is disparate from the molecular axis of its helix, since it is 
the nucleobases that absorb light. To account for this, a third angle between the 
DNA helix axis and the base-stack, denoted γ, is introduced. The angle α in 
equation 3.6, now denotes the angle between the helical axis and the membrane 
normal, i.e. the orientation of DNA that one wishes to determine. This results in the 
following expression: 

 

 
LDr =

3

4
S 1− 3 cos2α( ) 1

2
3 cos2 γ −1( )⎛ 
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 (3.7) 
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The second equality holds for the same assumption as in the equation above 
and with the new factor also set to -1/2 (γ=90°). This is a good approximation, as 
the effective angle γ between the helix axis and the various in-plane transition 
moments in nucleobasesXII is 86° in the helical stack of B-DNA.174, 175 

 
One can consider two extreme cases where the DNA molecule is either 

protruding from or perfectly aligned with the membrane surface (α=0° and 90°). 
This gives rise to the following theoretical LDr values: 

 

 α = 0° ⇒ LDr =
3

4
S  (3.8a) 

 

 α = 90° ⇒ LDr = −
3

8
S  (3.8b) 

 
Notable is the asymmetric relation in LDr values, where the positive signal of 

the protruding arrangement gives rise to twice the value of the opposite 
arrangement.  

 
Specific instrumentation is needed in order to obtain shear flow alignment, 

enabling LD measurements of this nature. Shear can be induced in a Couette cell176 
consisting of two concentric quartz cylinders (Figure 3.5). One cylinder rotates with 
a certain shear rate, while the other is stationary. This motion creates a laminar shear 
flow in the gap between the cylinders (0.5 mm in the cell used in Paper VI) resulting 
in alignment of the sample, due to the shear forces. An addition of sucrose (50% 
w/w) to the sample buffer plays an important role in flow alignment of lipid 
vesicles. First and foremost, light scattering is substantially reduced due to matching 
of refractive indices between sucrose buffer and lipid vesicles. An additional effect 
is an increased viscosity resulting in augment orientation of the vesicles.171 The 
orientation factor is typically on the order of 0.05 for deformed vesicles.  

 
 

                                                  
XII Averaged by their cos2 values 
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Figure 3.5. Schematic of a Couette cell. Orientation of lipid vesicles by the 
laminar shear flow between two concentric cylinders, where one rotates and the 
other is stationary. The arrow passing through the cell represent the incident 
polarized light. 

 

3.2 Dynamic Light Scattering 
Dynamic light scattering (DLS) is a method used to determine particle size and 

distribution of colloidal systems. The principle is measuring the intensity 
fluctuations of scattered light that arise when a particle suspension in Brownian 
motion is radiated with coherent, monochromatic lightXIII. A difference between 
refractive index of particles (np) with that of the solvent (n) renders elastic scattering 
of the incident light, i.e. Rayleigh scattering, in all directions. Upon interaction with 
the particles, the originally uniform phase of the photons will shift depending on the 
interparticle positions and the relative direction to the detector, i.e. the scattering 
angle θXIV. The difference between incident and scattered wave is referred to as the 
scattering wave vector, denoted q. The magnitude of this vector depends on the 
refractive index, the wavelength of the incident photon and the scattering angle 
related by Bragg’s law. 
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4πn

λ
sin
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Fluctuations in interference of the scattered light arise when diffusion causes 

variation in interparticle positions, resulting in time-dependent scattering intensity 
by the interplay of constructive and destructive interference. By monitoring these 
alterations in the coherence pattern at the detector, correlated with particle 

                                                  
XIII Typically He-Ne laser light with λ=633 nm 
XIV Between 0° and 180°. 
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movement, the diffusion coefficient of the system may be extracted. To this end, an 
intensity autocorrelation function for the fluctuating light intensity is constructed, 
finding repeating patterns in the signal itself. 

 

 g 2( ) q,τ( ) =
I t( )I t +τ( )
I t( ) 2  (3.10) 

 
Brackets represent an average over time and τ denotes the time delay. The 

intensities are almost the same for small τ when the interparticle positions are nearly 
conserved, yielding high correlation. In contrast, for large τ the particles have 
diffused to a point virtually independent of their initial positions, hence low 
correlation. The diffusion coefficient of a system is an important parameter 
determining this time-dependent exponential decay. The Siegert equation relates a 
measured g(2)-function to the level of diffusion: 

 

 g 2( ) q,τ( ) =1+ g 1( ) q,τ( )
2
=1+ e−2q

2Dτ  (3.11) 

 
where g(1) is the field correlation function and D is the diffusion coefficient. 

The second equality is valid for spherical particles and short time decays.  
Knowing the diffusion coefficient of a monodisperse particle suspension, the 

particle size can be estimated. The Stokes-Einstein equation correlates the Brownian 
motion of particles with the hydrodynamic radius, RH. Assuming particles are 
perfect spheres and keeping the system sufficiently dilute, avoiding interparticle 
interactions, yields the equation: 

 

 D =
kBT

6πηRH

 (3.12) 

 
where kB is Boltzmann’s constant, T is absolute temperature and η is solvent 

viscosity. 
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3.3 Gel Electrophoresis 
Electrophoresis utilizes the electrokinetic motion of charged particles or 

molecules in an electric field. By applying an external electric field to a sample 
containing charged species, a movement towards the corresponding electrode will 
be created, i.e. positively charged particles will move towards the cathode and 
negatively charged particles will move towards the anode. The electrophoretic 
mobility describing this motion is determined by the ratio between the speed of the 
analyte (ν) and the applied electric field strength (E); as well as by the ratio between 
the charge of the analyte (q) and the friction with the medium (f). 

 

 μ =
ν
E
=
q

f
 (3.13) 

 
Differential electrophoretic mobility is used to separate biological 

macromolecules such as nucleic acids and proteins, with either positive or negative 
net charge. To get efficient separation, a gel matrix is used as transportation 
medium. The gel matrix consists of a system of polymers forming a porous material 
in which the movement of the molecule is restricted dependent on size and shape. 
The two most commonly used polymers are agarose and polyacrylamide. Agarose is 
an uncharged linear polysaccharide creating a hydrogel with a continuous system of 
pores between the fibres. The fact that agarose is unbranched and that there is no 
cross-linking in the matrix makes the pores relatively large and therefore well-suited 
for separation of larger macromolecules (>1 kb for DNA). Polyacrylamide is made 
by polymerizing acrylamide monomers into a gel matrix. The pore size is usually 
smaller than in agarose gels, making separation of smaller molecular fragment 
possible. The difference in pore size is largely dependent on the ability to cross-link 
the polyacrylamide fibres. The pore size can therefore be controlled both by the 
concentration of acrylamide and by the degree of cross-linking. 

Many biological macromolecules are charged and can therefore be subject to 
electrophoretic motion. Proteins have a net charge dependent on the composition 
of amino acids. It is possible to separate proteins depending on their isolelectric 
point using a pH gradient in the gel matrix. The electrokinetic motion stops when 
the protein becomes uncharged. Nucleic acids display negative charge at 
physiological pH due to the deprotonation of the phosphate in the backbone and 
can therefore be subject to electrophoretic mobility. The separation of DNA is 
highly dependent on the size of the molecule, i.e. how long the base sequence is. 
Using appropriate composition of gel matrix, separation with single base resolution 
is possible. There are two regimes of motion for longer, natural occurring DNA 
molecules: either in random coil or stretched form. The former describes motion in 
matrices with large pore size and at low field strength, the latter to the opposite 
situation when the DNA molecule is forced to adapt a stretched conformation in 
order to pass through the matrix. Two descriptive models can be applied to the two 
situations: the Ogston and Reptation model, respectively.177, 178 The main difference 
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between the two models is the shape that the linear polymer of DNA adapts when 
subject to electrokinetic motion. Shape is also the separating parameter when 
analyzing DNA nanostructures with gel electrophoresis, making it possible to 
distinguish assembled structures with the same number of base pairs. 
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4. Construction of an Addressable 
DNA Nanonetwork 

This chapter aims at giving an overview of some interesting conclusions based 
on experimental discoveries made during the course of this project. The discussion 
is sectioned into four separate parts focusing on different aspects of the results: (i) 
creating an addressable DNA polycyclic nanostructure, (ii) development of a 
fixation strategy, (iii) controlling integration with lipid surfaces, and (iv) site-specific 
functionalization by triplex recognition. The intention is not to present all 
experimental details, but rather to highlight some interesting perspectives and 
findings. Apart from some yet unpublished data in section iv, results have been 
thoroughly discussed in the published papers, on which this thesis is based. Readers 
are encouraged to read the appended papers to get a conclusive representation of all 
results. 

4.1 Introduction – AMNA 
The aim of this work is to create a structural platform that enables control over molecular 

processes on the nanometer scale. Based on principles of bottom-up fabrication, a fully addressable 
non-repetitive network for non-trivial molecular nanotechnology is envisaged, for applications in 
molecular electronics (electron transfer), information technology (energy transfer) and single molecule 
chemical engineering (assembly lines of catalysts).  

The framework of which this work is a part of goes under the abbreviation 
AMNA, Addressable Molecular Node Assembly.179 It started in 2004 with the goal 
of constructing a DNA based molecular grid for controlling diverse processes at the 
highest precision. The project is conceptually grounded in principles of bio-inspired 
molecular nanoscience, focusing on utilizing chemical tools to engineer molecular 
recognition patterns governing self-assembly for bottom-up fabrication. The 
inherent recognition pattern of DNA places it in the centre of this development and 
the project as a part of the DNA nanotechnology research field. 

A number of important ideas have guided the structural design of AMNA. 
First and foremost, addressability, which is a prerequisite for precise positioning of 
functionalities with well-defined interspatial localization. This concept has been 
explored in non-repetitive lattice structures with assembly of unique tiles52-54 but, 
more importantly, it has recently become an integral part of structures based on the 
DNA origami approach. Numerous studies have illustrated the localization 
precision that can be achieved using the unique addresses on an origami sheet.108, 111, 

112, 115, 116 Orthogonal sequence design is an essential part of addressability, enabling 
unique positions in a structure. 
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Another fundamental concept of AMNA is a network of finite-size. The 
desired grid should be of known size and shape, assembled by unique building 
blocks, thus in dichotomous relation with the crystal-like repetitive lattices 
developed by Seeman.5 Additionally, it is desirable to assemble a structure of 
smallest possible size. Stretches of 10 bases in length were therefore chosen as the 
geometric basis of the construct. A sequence of 10 bp constitutes approximately 
one turn in normal B-DNA, 3.4 nm in length, and was perceived to be the shortest 
practical unit to use. This results in assembled nanostructures of minute size, 
compared with the relatively large sheets of the origami approach. Furthermore, the 
structure size may potentially be varied depending on purpose, as opposed to the 
folding of the genomic scaffold in DNA origami, limited by the size of the M13 
macromolecule. Finally, the last pillar of the AMNA project is to utilize chemical 
tools to achieve sophisticated building blocks, combining the inherent properties of 
biomolecules with advanced molecular engineering. This has so far been a relatively 
rare approach in DNA nanotechnology, with some notable exceptions, e.g. the work 
of von Kiedrowski and Sleiman.88, 93 Molecular engineering has, in AMNA, provided 
development of the synthetic three-way oligonucleotide, which constitutes the 
structural basis of the assembled network, as well as incorporation of functional 
units such as fluorophores for energy transfer purposes or amphiphilic moieties for 
membrane conjugation. 

 

 
Figure 4.1. Schematic of the synthetic three-way oligonucleotide, with the 1,3,5-
trisubstituted benzene node in the box to the right. 

The pathway that was set out in order to reach this goal is the basis for this 
thesis. A non-repetitive two-dimensional DNA network as the structural template, 
assembled by three-way oligonucleotides, which form hexagonal unit cells. The 
three-way oligonucleotides are synthesized using a 1,3,5-tri-substituated benzene 
node, made compatible with standard solid-phase synthesis (Figure 4.1). The D3h-
symmetric node gives rise to the hexagonal geometry of the unit cell. However, a 
non-repetitive network demands unique sequences on all three positions, which can 
be achieved by incorporating intelligent choices of protection groups in the 
synthetic process (Paper I). This enables not only the necessary freedom in base 
sequence design but also directional freedom of the strands. In the construct of this 
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study, all nodes are connected to the 5′ end of one strand and the 3′ end of the two 
other strands. The reason for this geometry is simplicity and optimization of the 
reaction yields in the solid-phase synthesis. The chemical links connecting the 
oligonucleotides to the node have been made flexible by a four carbon alkane chain, 
making the network more adaptable, e.g. to avoid possible distortions due to the 
10.5 bp helical pitch of B-DNA. Earlier studies on similar nodes illustrates possible 
problem with successful assembly using more rigid linkers.88 Sequences are designed 
to be complementary to just one other sequence in the system and orthogonal to all 
others, ensuring addressability in a non-repetitive structure (Figure 4.2). 

Creating predetermined assembly patterns and also to enable addressability, all 
sides in the structure most be made unique. Thus, sequence design needs careful 
consideration. Using stretches of 10 bases per side and maintaining the four 
Watson-Crick nucleotides of the genomic alphabet, it is possible to create well over 
one million (410) unique variations. A more strict evaluation process of appropriate 
sequences needs to be enforced to maintain robust self-assembly and structural 
integrity. Orthogonal sequence design ascertains that interference from other than 
fully complementary sequences is minimized. The orthogonality condition used in 
this project is a mismatch criterion of ≤4 (for any strand alignment) between two 
non-complementary 10 base sequences. This reduces the number of suitable 
sequences substantially, resulting in merely 84 possible duplexes. The limited 
number of possible unique sides in this system can be compared with the 226 
individual staple strands used to fold the “seamed” origami rectangular sheet.6 
Furthermore, to ensure sufficient duplex stability throughout the network, each 
sequence must contain at least 4 G-C pairs to sustain the melting temperature of all 
sides. Bearing in mind that the correlation between duplex stability and base 
sequence is more complex than the number of G-C pairs, especially in short 
oligonucleotides such as this where nearest-neighbor effects are predominant,180 it is 
an adequate stability criterion. To enhance stability further, and also decrease fraying 
ends, sequences with G-C at the ends of the sequence were chosen over sequences 
ending with A-T, though this has not been a strict requirement. In the final step, 
sequences were assigned to nodes in sets of three, generating the three-way 
oligonucleotide building blocks. These sets were chosen so that numbers of intra-
node base matches are minimized, since the covalent connection may promote 
formation of undesired secondary structures. A design where all three strands on 
one node have the same directionality would avoid these effects, since parallel base 
matching is much less favorable. A compromise in favor of optimized yield in solid-
phase synthesis resulted in the chosen design used on all nodes in the network of 
this project. 
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Figure 4.2. A fully addressable non-periodic network assembled by 24 unique 
three-way branched oligonucleotides, with 42 exclusive sides as indicated by the 
color-coding. The structure is called DNA-coronene by the nomenclature adopted 
in this work. 

With these careful considerations for optimal molecular design, the desired 
DNA nanostructures may be manufactured with minimal effort, according to 
principles of self-assembly. All constructs are assembled in a one-step hybridization 
reaction, by standard nucleic acid annealing. Each oligonucleotide of the structure 
should be present in equimolar amounts, though sequential mixing of building 
blocks is unnecessary. As the desired network becomes larger, alternative fabrication 
strategies may however be preferred, which is shown in Paper III. 

The symmetry of the three-way building blocks result in assemblies of 
honeycomb geometry, with hexagonal unit-cells. Though due to the non-repetitive 
nature of the network, each unit-cell is unique. The first hexagonal unit-cell was 
presented in Paper I, followed by the bihexagonal structure in Paper II, and larger 
structures in Paper III. Since there is a geometric analogy of these hexagonal DNA 
nanostructures with polycyclic aromatic hydrocarbons, a nomenclature was 
developed inspired by von Kiedrowski.92 The single hexagonal nanostructure is thus 
referred to as “DNA-benzene”; the bihexagonal extension is equal to “DNA-
naphthalene”. The three-ring structure “DNA-phenalene” is not a perfect analogue 
due to a saturated carbon breaking the conjugation. The four-ring structure of Paper 
III lacks aromatic analogue for the same reasonXV. The schematic structure depicted 
in Figure 4.2 (“DNA-coronene”) would render a fully addressable nanostructure of 
approximately 25 nm in diameter and with 42 exclusive sides assembled from 24 
unique three-way oligonucleotide nodes. A system of such high information density 
is an exceptional platform for controlling processes on a molecular scale.  

 

                                                  
XV In hindsight, “DNA-benzoanthracene” or “-pyrene” would have been preferred, maintaining linguistic 
stringency. 
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The simplistic version of the hexagonal unit-cell that is presented in Paper I, 
where the synthetic benzene-node is replaced by two unpaired thymines (TT, Figure 
4.8), is an important reference system and has proven to be an appropriate model 
system for gaining more fundamental understanding of the system.181, 182 
Furthermore, it is the structural basis of the DNA nanostructures used in the 
“proof-of-principle” studies of Paper IV-VI in this thesis. Having a system based on 
normal linear oligonucleotides provides many advantages, also from a synthetic 
point of view.  
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4.2 Part I – Assembly of Polycyclic DNA Nanostructures 
The focus of this section is on the actual fabrication process of fully addressable polycyclic 

DNA nanostructures, assembled by synthetic three-way oligonucleotides. Each side constitutes a 
unique sequence of 10 bases, i.e. 3.4 nm in length, and can be considered the smallest practical unit 
of DNA in a nanotechnological context. Figure 4.3 show the largest structure yet assembled 
(Paper III).  

 
Figure 4.3. The four-ring DNA nanostructure presented in Paper III. The 
structure consists of 17 synthetic three-way oligonucleotides. Each side 
corresponds to a 10 nucleotide long DNA duplex, and the color-coding indicates 
unique, orthogonal sequences. In addition, complementary 10-mer 
oligonucleotides are added to all blunt arms, making all sequences in the system 
double-stranded. 

Gel electrophoresis has been the main tool for characterization of the 
assembled DNA nanostructures throughout this work. As a separation technique 
with high size and shape sensitivity, it is ideal for analysis of small individual DNA 
assemblies with incremental structural discrepancies. The discriminatory possibilities 
of this technique have enabled identification of different constructs, based on either 
geometric differences between constructs of same size and charge or logic mobility 
retardation corresponding to step-wise structural size increase. The former was the 
basis for determination of the hexagonal structures in Paper I, where successful 
formation of a ring-closed structure could be shown by an electrophoretic 
retardation compared with a linear DNA assembly of same number of bases but 
without ring-closing possibility. The desired DNA hexagon and its linear reference 
construct differ solely in their geometric shape, which causes a distinct shift in 
molecular mobility though the porous gel matrix, analogous to the mobility 
difference between a circular DNA plasmid and its linear counterpart. This relation 
holds for both the hexagonal construct with hinges of unpaired thymines and for 
the three-way junctions, where the difference is even more pronounced.  

When the network was expanded beyond the single ring structure, a 
comparison with ring-opened equivalents was insufficient as structural 
determination. DNA-naphthalene in Paper II and the larger structures in Paper III 
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were, hence, verified through incremental size increases, starting from DNA-
benzene. The rationale of this experimental setup was that every addition of a 
building block result in slightly larger structure with a corresponding decrease in 
electrophoretic mobility. However, several “structural isomers” (Figure 4.4 & 4.5) 
have less predictable electrophoretic mobility, from a geometric point of view. A 
general trend of step-wise retardation with increased structural size can be seen in 
all gel images, going from DNA-benzene to the largest four-ring structure (Figure 
4.3). Albeit that the separating resolution become less prominent in each step as the 
construct increases and one additional building block constitutes a decreasing subset 
of the entire assembly. The four-ring DNA nanostructure may approach the upper 
limit of what is experimentally feasible to resolve in this experimental setup of gel 
electrophoresis, using MetaPhor agarose. Changing setup to native PAGE is one 
possibility that could increase the separation between different substructures 
further, having a potential resolution on the level of individual base pairs. Another 
plausible approach is analysis by visualization techniques such as atomic force 
microscopy (AFM) or electron microscopy (EM). AFM has been a reliable tool in 
many studies of DNA nanostructures, first and foremost of periodic crystal-like 
arrays34-42 and 2D DNA origami arrangements6, 97, 99, 112, 183, 184. EM has been used to 
visualize smaller DNA nanostructures, e.g. via positioned metallic nanoparticles65, 79, 

185 and even 3D DNA nanostructures in cryoEM73, 96, 106, 186. The four-ring structure 
in this study approaches a size where microscopic techniques could provide useful 
information, though the fine structure of the constructs may be hard to distinguish 
(as evident from the AFM image of DNA-naphthalene in Paper II). A reason for 
the choice of this particular asymmetric design of four-ring construct was that these 
features could potentially be resolved in AFM.  

 

 
Figure 4.4. Gel demonstrating formation of DNA-benzene (Paper I) and DNA-
naphtalene (Paper II). (Left gel) The closed form of DNA-benzene (B) is proven 
in comparison with its open structural analogue (A), illustrating the importance of 
molecular shape as separating factor. (Right gel) Stepwise construction of DNA-
naphthalene (H) following the schematic on the right. Electrophoresis was 
performed in 4.5% MetaPhor agarose and phosphate buffer (pH 7.5, 200 mM 
Na+). Cy3 was the fluorescent probe used for visualization in the gel scanner. 
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Figure 4.5. Step-wise assembly of DNA-anthracene (G) following schematic 
below, with the same experimental conditions as in Figure 4.4. The line on 
sample F gives the intensity profile (Right inset). Three strongly overlapping 
bands can be seen, corresponding to binding of one, two and three nodes to the 
two-cell construct. The presence of multiple bands illustrates difference between 
ring-closed structure and intermediates. 

All gel results indicate a consistent difference between fully ring-closed 
structures and the other intermediate sub-structures, having one or more single-
stranded branch. The yield of the desired construct is significantly higher in all cases 
where the structures are cyclized and all sides double-stranded, which can be seen in 
that the bands on the gel are more distinct for all closed structures. The 
intermediate structures display, in contrast, a less distinct pattern, both in terms of 
barely separable bands and also in a more undefined smear in the lanes of the gel 
(illustrated by the inset on intensity profile of sample F in Figure 4.5). This indicates 
poor binding of some individual three-way oligonucleotides. There are a number of 
possible explanations for this behavior, none of which are mutually excluding. 
Interference effect of secondary order within the specific sequence, that is, 
semistable hairpin-like structures of a few base pairs could give rise to this behavior. 
Even if the sequence design strives to minimize undesired secondary structures, 
potential distorting effects of the tripodal arrangement are difficult to predict. 
However, the free energy of these structures should not be higher, compared with 
the free energy when all sequences are perfectly matched. Another explanation 
could be that constructs with considerable conformational flexibility are destabilized 
by the close proximity of dangling regions with a high density of negative charge. 
Such regions will be more mutually repulsive compared with the more rigid 
conformation of fully ring-closed structures. There seems to be a correlation 
between the number of uncyclized flexible branches and structure stability, such 
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that more flexible branches result in lower yield of that particular construct, which 
could support an explanation based on electrostatic repulsion. The consistent 
difference between fully cyclized structures and the intermediates can also be 
discussed within the context of another perspective, i.e. the thermodynamic effect of 
ring closure. We will soon have reason to return to this discussion. Figure 4.6 shows 
all polycyclic DNA nanostructures of Paper III.  

 

 
Figure 4.6. Four completely ring-closed DNA nanonetworks of Paper III, 
following the schematic outline to the left of the gel. DNA-naphthalene (A), DNA-
anthracene (B), DNA-phenalene (C), four-ring structure (D) and Cy3-labeled 10-
mer reference (E). 

Systematic yield analysis of the assembled constructs provides an opportunity 
to determine the efficiency of the chosen fabrication strategy. Gel electrophoresis 
with fluorescence detection combines structural separation with a reliable tool for 
quantitative analysis. Covalent labeling with a fluorescent probe (Cy3 in this work) 
used for visualization of the gel-separated nanoconstructs enables quantification of 
relative fluorescence intensities associated with each band of interest on the gels. A 
yield analysis of all ring-closed nanostructures, from DNA-benzene to the four-ring 
network, was done in Paper III (Figure 4.7). The result revealed a somewhat 
discouraging trend: as the network becomes larger, the formation yield of the 
desired structure decreases. The yield drop can be described by an experimental 
model, based on the same principle as total yield of multi-step synthesis: 

 

 Y = yduplex
n  (4.1) 

 
where Y is the final yield of n number of hybridization events, yduplex, i.e. 

number of duplexes in the construct. The latter is assumed to be uniform over the 
system of interest. Even though experimental indications of weak sides in the 
system, both from the gel results and from melting studies182, might seem to 
contradict this assumption, an average treatment of all sides can describe the 
observed yield. Using this method to model the data resulted in an average 
hybridization reaction yield of 96%. An estimation of the expected single-stranded 
concentration at equilibrium can only account for less than 0.5% of the deviation 
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from uniform hybridization conversionXVI.  Another possible explanation for lack of 
uniform conversion could be deviations from perfect 1:1 stoichiometry. This is of 
particular interest since it is a prerequisite for DNA nanostructures based on this 
assembly approach, dissimilar from the origami approach where a large excess of 
staple strands drives the equilibrium towards the desired folded state of the M13 
scaffold. 

 
Figure 4.7. Yields for the ring-closed structures, plotted against the number of 
duplexes involved in forming one specific structure. DNA-benzene (n = 12), DNA-
naphthalene (n = 19), DNA-phenalene (n = 24), DNA-anthracene (n = 26), and 
the final four-ring network (n = 31). Error bars show standard deviation for the 
particular structure, from repeated experiments carried out under the same 
conditions. The number of repeated experiments is 21 for DNA-naphthalene, 6 
for DNA-anthracene, and 3 for each of DNA-benzene, DNA-phenalene, and the 
final four-ring network. The solid curve corresponds to the statistical yield model 
(eq 4.1) 

Dependence on equimolar stoichiometry illustrates a fundamental problem of 
nanoconstuction based on self-assembly of unique building blocks.  The fabrication 
yield may very well be sufficient for many potential applications but an alternative 
approach based on scaffolded folding seems to be preferable from this perspective. 
However, one factor that could potentially counteract the exponential yield decay is 
if the network-formation is thermodynamically favorable. Although ring closure is 
expected to increase electrostatic repulsion and decrease conformational entropy, 
compared to linear polymerization, it also provides a higher apparent concentration 
of the two ends closing the circle, in the end resulting in a thermodynamically 
favored process. This phenomenon was investigated in a related report, studying the 
thermodynamic aspects of the hexagonal DNA nanostructure with unpaired 

                                                  
XVI This estimation is based on equilibrium of DNA hybridization at 4 °C, assuming K≅1.2×1012 M-1 (from 
Sandin et al.) and concentration of duplex ≅10-7 M. 
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thymines as hinges.182 Ring closure thermodynamically favored process is based on 
conclusions from Paper I, associated with melting data of this construct. Comparing 
the melting trace of the cyclized construct with the linear reference unable to ring-
close revealed a clear difference (Figure 4.8). The former displayed a distinct shift in 
absorbance, manifested as a sharp peak in the first derivative of the melting 
function. This behavior stems from co-operative ring opening due to the 
stabilization effect of an intramolecular event. The weakest link in the chain of 
10mer duplexes is stabilized in a ring-closed structure because the higher apparent 
concentration of building blocks in this arrangement favors intramolecular ring-
closure, as opposed to intermolecular chain-growth. The polycyclic network of 
three-way oligonucleotides may be seen as an extension of this hexagonal unit-cell 
and thus exhibit similar features. The equilibrium model of hexagon formation from 
the previous report may be expanded to a ring of an arbitrary number of building 
blocks. Assuming that deviations of oligonucleotide concentration from the mean 
value follow a normal distribution with standard deviation σ, the overall yield can be 
expressed as an exponential relation: 
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 (4.2) 
 
The non-trivial derivation of equation 4.2 can be found in the supporting 

information of Paper III and will not be further discussed in this text. Instead, what 
is the implication of this relation? First of all, the dimensionless parameter κ is the 
ratio between equilibrium constant of ring closure and the average oligonucleotide 
concentration, thus, gauging the strength of ring closure. This means that a large κ, 
i.e. an effective thermodynamic driving force for ring closure, could counteract the 
influence of stoichiometric deviations on the overall yield. The model, albeit too 
simplistic to explain all interconnecting aspects in the branched geometry of the 
network, illustrates that a favorable process of network-formation can, to some 
extent, counteract the exponential yield decay of the growing network. Treating the 
polycyclic system as rings of different sizes, the magnitude of the ring closure 
efficiency can be estimated. Fitting equation 4.2 to the experimental data for the 
different structuresXVII rendered κ = 3.6 over all polycyclic constructs, which can be 
compared with κ = 6 for the simple hexagonal ring-system.182  

 
The hierarchical construction of the addressable DNA network, from DNA-

benzene in Paper I to the four-ring nanostructure in Paper III, shows that fully 
addressable nanogrids can be assembled from synthetic three-way oligonucleotides 
of smallest practical size in one-step. Quantitative analysis of assembly yields 
revealed discouraging indications on the fabrication efficiency. However, with a 
better understanding of the interplay between branched building blocks and the 

                                                  
XVII If one assumes a standard deviation of 10% given by the uncertainty in concentration determination 
relaying on the nearest-neighbor approximation (ref. Bloomfield) 
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assembly process, aspects promoting more favorable network-formation could 
potentially be integrated in the system design, maximizing self-assembly efficiency. 

 

 
Figure 4.8. UV-melting experiment from Paper I on the hexagonal unit-cell with 
TT-hinges (black line) and its non-cyclizable linear analogue. Inset shows first 
derivative of the melting functions. Ring-opening occurs at 31 °C. The 
characteristic melting profile of the closed structure has been utilized as a 
footprint confirming the structural integrity of the hexagonal DNA nanostructure 
(Paper VI), and also on a theoretical level in yield analysis of the polycyclic 
network (Paper III). 
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4.3 Part II – Click Fixation Strategy for Modular Build-up 
The non-covalent forces maintaining structural integrity of DNA assemblies make the 

constructs fragile. We have therefore developed a fixation technology, based on click chemistry, 
creating robust structures. This could potentially enable an alternative fabrication strategy of 
modular build-up. 

 
Figure 4.9. Reaction scheme of the site-specific click-fixation strategy of a 
hexagonal DNA nanostructure. Firstly, six alkyne and azide modified 22-mer 
oligonucleotides are hybridized to form a hexagonal construct with edge length 
10 bases. Color-coding shows strands that are complementary. Secondly, the 
nanostructure is locked covalently by six simultaneous click reactions in which 
azide and alkyne form a triazole in presence of Cu(I) Upon formation of the 
hexagonal nanostructure, azide and alkyne modifications are situated to enable 
the site-specific click reactions of the fixation step. The first step is reversible, 
whereas the second is irreversible. 

Using nucleic acids as material for nano-scale fabrication has many advantages, 
as illustrated by the progress of DNA nanotechnology. The assembly and stability 
of such nanostructures relies on precise hydrogen bonding as well as base stacking. 
The minute dimensions of the addressable DNA nanogrid in this work are a 
product of the mere 10 oligonucleotide stretches that constitute the sides of the 
network. Working with units of this length scale ensures a system fit for molecular 
nanotechnology, having dimensions suitable for many interesting processes, e.g. 
energy transfer. However, there is an intrinsic trade-off between smaller building 
blocks and the stability of the construct. The non-covalent nature of the Watson-
Crick base pairing makes the system delicate, which is true for all supramolecular 
DNA assemblies, and even more so if the oligonucleotides are short. A solution to 
this problem is to develop strategies that reinforce the constructs after the assembly 
process. We have therefore developed this fixation technology, based on click 
chemistry (Figure 4.9), creating robust structures that will be necessary for many 
future applications. Ligase enzyme has previously been used in DNA 
nanotechnology to join together ends of strands.187 However, the enzymatic 
approach is limited because it is only possible to seal nicks in linear sequences on a 
small scale. Finding chemical alternatives that are both versatile and suitable for 
large-scale production is the motivation for the fixation strategy developed in this 
thesis. 
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The development of a fixation technology is also interesting from another 
perspective, associated with the assembly process. One approach could be to apply 
fixation on a final assembly, providing a more robust nanostructure. Another 
approach involves an alternative fabrication platform to one-step assembly. 
Analogous to civil construction based on mounting of ready-made larger units, as 
opposed to brick-by-brick-construction, a modular build-up approach can be 
applied on hierarchical self-assembly as well. With the incorporation of a fixation 
step in the assembly process, larger molecular modules may be created that can be 
purified and stored before subsequent assembly into even larger structures.  

The strategy that we developed was site-specific cross-linking, based on the 
principles of click chemistry, of each side in an assembled DNA structure. This was 
demonstrated in Paper IV, a proof-of-principle study on the hexagonal DNA 
nanostructure. Providing further insight on the behavior, the analysis was expanded 
in Paper III.XVIII Site-specific cross-linking of the hexagonal nanostructure is made 
via azide and alkyne modifications on the six oligonucleotides constituting the 
assembly. Azide and alkyne are the reactants in the most prominent of click 
reactions, i.e. the copper(I)-catalyzed cycloaddition (CuAAC)148, 149 producing a 
triazole link between molecular units one wants to connect. To covalently lock the 
complete structure, all six strands have to be linked together, requiring six individual 
reaction sites. The positioning of the azide and alkyne modifications on the 
oligonucleotides ensures that only the desired cross-linking takes place. In Paper IV 
we show that all six click reactions can be performed simultaneously on the 
annealed hexagonal DNA nanostructure. 

 

 
Figure 4.10. The click fixation reaction analyzed with 10% denaturing PAGE. (1) 
Control sample without Cu(I); (2) crude click reaction sample; (3) the cross-linked 
hexagon extracted from crude reaction mixture. The sketches indicate the 
constructs of the corresponding bands and the number of successful click 
reactions involved. 

                                                  
XVIII This may seem anachronistic, but Paper III was actually published after Paper IV. 
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The result after the click reaction is performed on the hybridized hexagonal 
nanostructure is shown in Figure 4.10, analyzed with denaturing polyacrylamide gel 
electrophoresis (PAGE). Lane 2 is the crude reaction mixture containing a 
distribution of the different sub-structures, from monomer (bottom) to the desired 
hexagon (top). Comparing this with lane 1, containing the same hexagonal DNA 
sample without addition of Cu(I), it is evident that the click reaction has successfully 
created a covalently cross-linked DNA nanostructure. The different substructures in 
lane 2 correspond to all possible structures formed when one or more of the six 
reactions fail. Another important result is also demonstrated in Figure 4.10, i.e. the 
possibility to extract the desired construct from a crude reaction mixture (lane 3). 
The efficient purification suggests that large-scale production is plausible. 
Furthermore, the procedure illustrates that the cross-linked DNA nanostructures 
are robust and maintain their composition even after freeze-drying and addition of 
denaturing agents such as formamide. 

 
We investigated if these reaction sites interact with each other or if they 

proceed independently, through yield analysis of the electrophoresis results. 
Positioning multiple reaction centers on a nanoscale template may present 
conditions different from unrestricted reactions. For instance, given the high 
electrostatic surface charge of a DNA nanostructure, the activity of the catalytic 
Cu(I) could be affected in a way that differs from freely diffusing reaction sites, 
leading to interference effects. Local catalytic depletion is an imaginable effect of 
chemical reactions on nanoscale templates. Looking at the resulting fractions of 
substructures formed after the fixation step, it is apparent that the probability of a 
click reaction to occur is below unity. The effect of this non-ideal behavior is that 
instead of one single end product (one totally covalently locked DNA hexagon) 
there will be a distribution of various substructures corresponding to species where 
one, two, or more click reactions have not taken place. Furthermore, the range of 
substructures formed is not only due to the number of reactions but also dependent 
on where in the structure these reactions occur, something that adds extra 
complexity. Nonetheless, the analysis is possible to conduct, which was done in 
Paper III, mapping out all combinatorial possibilities of the process.  

Based on the assumption that each of the six click reactions constitutes a 
Bernoulli experimentXIX, dependency may be tested by adopting a binomial model 
on the system. If the reactions occur independently then the resulting outcome of 
the six sequential, independent events should follow a binomial distribution. A 
comparison between the experimental outcome and the theoretical estimation of 
the binomial modelXX is displayed in Figure 4.11. 

                                                  
XIX A binary option of success or failure. Flipping a coin is a typical Bernoulli experiment. 
XX The model is a weighted sum of binomial terms, originating from every starting template structure with its 
corresponding distribution (Table S3 in SI of Paper III). The experimental yield data from the hybridization 
reaction are the coefficients (Table S4 in SI of Paper III) used for the different substructures in the weighted 
sum. 
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Figure 4.11. Yield analysis with binomial model. Yield data for click fixation of the 
DNA hexagon. Experimental distribution of possible substructures shown as red 
columns, error bars indicating standard deviation (14 samples). Experimental 
data taken from Paper IV. Black columns show binomial model, i.e. weighted 
sums of binomial distributions for each substructure of all possible starting 
materials. The probability, p (yield of one click reaction), is deduced to be 0.82 
from the observed yield of totally cross-linked DNA hexagon. 

As seen in the figure, the pattern of the model corresponds well with the 
experimental results, within experimental error in all but two cases (4-mer and 
monomer). The fact that the binomial model can predict the fractions of sub-
structures to this degree is an indication that all click reactions proceed 
independently. This conclusion implies that the binomial distribution can function 
as a test of cooperativity between chemical reactions on the confined template of 
the DNA nanostructure. Deviations from this model would indicate positive or 
negative chemical interference, potentially of general interest. 

The probability of one click reaction to occur, deduced from the experimental 
results, is 82% in this system, which is a reasonable value in the range of what has 
been reported.150 But the fact that the yield of the final cross-linked product of 
interest is below 10% is unsatisfying from a manufacturing point of view.XXI A low 
yield from the hybridization reaction is a major problem in this regard. Further 
optimization of this process would be necessary in order to increase the yield of the 
final product. Despite the low yield, the possibility of easy purification of these 
larger molecular modules may nonetheless make the alternative assembly approach 
of modular build-up worthy for serious consideration. Combining multiple and 
orthogonal fixation strategies could be a useful asset in nano-construction of this 
nature. One example could be a site-specific photo-induced cross-linking 
approach.188 

 
                                                  
XXI Although, one should bear in mind the widespread range of reported yields in the literature, from 1% to 
95%, for different DNA nanoassemblies. 10% is not despicable in this context. 
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In conclusion, we have developed a click fixation strategy that provides robust 
and easily purified DNA nanostructures, aiming at modular build-up of larger 
structures. We have also demonstrated that there is no interference between the six 
simultaneous click reactions, since they follow a binomial distribution model. 
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4.4 Part III – Soft-surface Nanotechnology 
Surface-integration is an important aspect of nanotechnology and soft-surfaces provides 

interesting prospects in applications such as artificial photosynthesis. We have therefore explored 
two molecular anchors for controllable membrane integration of our DNA nanostructures. 

 
Figure 4.12. DNA nanostructures tethered to lipid membranes. (Left) Porphyrin 
anchor (Paper V). (Right) Lipid anchor (Paper VI). 

One of the endeavors outlined in the AMNA project was development of 
immobilization strategies for controllable surface integration of the DNA based 
nanogrids. Nature extensively utilizes membranes in the organization of biochemical 
processes, from the cell surface to the organelle compartments in its interior. Lipid 
bilayers have many valuable properties from the perspective of molecular science. 
Fluidity, structural flexibility, bifacial separation and a water/oil interface are just 
some properties making lipid bilayers highly interesting. Furthermore, self-assembly 
in aqueous solutions is an ideal feature in this context. By integrating controllable 
structural scaffolds with lipid membranes, a surface-based nanotechnological 
platform is created. Soft-surface nanotechnology has potential use in molecular 
assembly lines for chemical synthesis or as a framework for artificial photosynthesis, 
mimicking the organization of photosynthetic reaction centre in the thylakoid 
membraneXXII. 

Both Paper V and VI explore this topic, focusing on conjugating a DNA 
nanostructure with lipid bilayers, using two different molecular anchoring motifs. 
The main focus of both studies has been on membrane surfaces in the form of lipid 
vesicles, typically 100 nm in diameter. Such a system is interesting from a 
fundamental point of view. The bifacial membrane separates two volumes, one of 
which is enclosed in the interior. The lumen is a confined entity that could for 
instance pool substrate or product in chemical synthesis. The large size difference 
between particle and construct, results in the radius of curvature to be virtually 
negligible on the dimensions of the DNA nanostructure.XXIII The use of a colloidal 

                                                  
XXII Membrane-compartment of chloroplast in photosynthetic organisms, where all proteins involved in 
photosynthesis are embedded (e.g. photosystem II).  
XXIII A nanostructure with radius 5 nm experience a height-different between center and edge of <3 Å, when 
adsorbed on the surface of a 100 nm vesicle.  
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system also renders the opportunity to apply spectroscopic techniques in the 
characterization of the system. 

The two anchoring motifs that have been studied in this thesis are a porphyrin 
moiety and a two-tailed lipid unit (Figure 4.12). The molecular properties of these 
two entities are diverse, as can be seen in Figure 4.12, but the common denominator 
of high hydrophobic affinity makes both ideal as molecular anchors in the context 
of soft-surface nanotechnology. 

The design of the lipid anchor (glyceryl-bis-C16-hexaethyleneglycol) was based 
on a desire to mimic the phospholipids of a membrane to which the anchor should 
penetrate, thus the amphiphilic molecular structure. The hydrophobic alkane chains 
(C16) associate with the interior of a membrane, whereas the hydrophilic 
hexaethyleneglycol-based (HEG) linker enables more structural flexibility of the 
attached oligonucleotide molecule in solution, minimizing undesired interference 
between the tethered DNA and the membrane.  

Porphyrins are considerably more complex, with multiple functionalities, 
having both energy- and electron-transfer properties. These features of the 
porphyrin moiety in the context of DNA nanotechnology have been extensively 
studied in several publications by Börjesson et al.189-191 The porphyrin motif used in 
Paper V has a triphenylethynylene spacer separating the macrocycle and the 
oligonucleotide to which it is attached. Apart from being a linker with rigid 
molecular structure, its conjugated nature also renders a hydrophobic character. 
Thus, the porphyrin anchor is not amphiphilic in itself as the lipid anchor in Paper 
VI. Another difference between the two anchoring motifs that has been examined 
in this thesis is the position of the attachment to each modified oligonucleotide. The 
triphenylethynylene of the porphyrin anchor is covalently bound to the C5 position 
of a uracil, located in the middle part of the base sequence, whereas the lipid anchor 
is situated at the end of the sequence, at 5′ and 3′ position, respectively. This 
difference has impact on the arrangement of the DNA nanostructure afloat on the 
membrane surface. 

The DNA nanostructures that were investigated in the two related studies of 
this thesis are both based on the hexagonal core-unit established in Paper I (Figure 
4.8). The structural design differs by the positioning of the anchoring units. In the 
case of porphyrin anchors, three protruding arms were set in a tripodal arrangement 
separated by a 120° angle. The orientation was altered when the lipid anchors were 
used, where the protruding anchoring arms were positioned on opposite sides of 
the hexagonal unit, 180° apart. Another difference is the length of the protruding 
arms, 39 bases in the case of porphyrin anchors and 10 bases for the lipid 
anchors.XXIV 

                                                  
XXIV The porphyrin modified uracil was the 9th base of the arm, starting from the hexagonal core, i.e. almost 
on the same distance as for the lipid modification at the end of base 10. 
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Figure 4.13. UV-melting results of the hexagonal DNA nanostructure with two 
lipid anchors (HexA2) tethered to a lipid vesicle. Inset is first derivative of the 
initial melting curve (Heat1). Melting temperature (Tm) according to peak value of 
derivative is 30 °C for DNA nanoconstruct bound to liposomes. The sample has 
been subject to 2 heat/cool cycles. The consistent shape of the profiles indicates 
reversibility. 

An advantage of soft-surface nanotechnology is the dynamic properties of the 
system, which can be illustrated by the maintained reversibility in self-assembly 
when the nanostructure is tethered to a lipid membrane by molecular anchors. This 
was demonstrated by melting experiments on the studied DNA nanostructures. In 
the case of the construct tethered with lipid anchors in Paper VI, the melting 
profiles displayed the distinct characteristic of a ring-closed structure established in 
Paper I, manifested as a sharp peak in the first derivative of the melting function 
(comparing Figure 4.13 with Figure 4.8). This confirmed the structural integrity of 
the system. Furthermore, the persistent shape of the melting traces over sequential 
melting and annealing steps was an indication of total reversibility of the self-
assembled nanostructure. 

 
Figure 4.14. UV-melting results of the hexagonal DNA nanostructure with three 
porphyrin anchors (HexP3), illustrating effects of irreversible assembly. (Black) 
First temperature increase; (blue) temperature decrease; (red) second 
temperature increase. (Top row) Melting curves with constant DNA:liposome 
ratio ([HexP3]:[lipid] = 1:1200) but at different total concentrations. From left to 
right: [lipid]=400 μM, 200 μM, 40 μM & 20 μM. (Bottom row) Melting curves with 
varied DNA:liposome ratio: (left) [HexP3]:[lipid]=1:300, (right) [HexP3]:[lipid] = 
1:3000 ([HexP3]=167 nM). 
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The situation was slightly more complex in the case of porphyrin anchors, but 
on the other hand illustrates some interesting features of the system. First, it should 
be pointed out that this system displays two separate melting regions: one minor 
transition associated with the dissociation of the hexagonal unit at low temperatures 
(40 °C) and a second major transition at elevated temperature associated with the 
melting of the protruding anchoring arms (80 °C). The larger hypochromicity 
correlated with the longer base sequence of the arms (39 bases compared to 10 
bases per hexagonal side), makes the transition at high temperature dominate. 
Looking at the melting traces in Figure 4.14, the most striking effect is the lack of 
reversibility, dissimilar from the lipid anchor (Figure 4.13). When the constructs are 
rehybridized on the lipid membrane an increase in the optical density (OD) is seen 
at low temperatures. Subsequently, when the temperature is increased again an 
initial rise in OD is seen, followed by a sharp descend in OD. This transition occurs 
in the temperature region where the hexagonal core melts and the explanation for 
this behavior is a bridging effect between separate lipid vesicles, forming aggregates 
that scatter more light. When the hexagonal construct is reassembled in the colloidal 
solution of lipid vesicles it has the possibility of connecting anchoring arms situated 
on separate liposome surfaces, thus forming aggregates. The phenomenon has been 
studied in a related context of controlled lipid vesicle aggregation192 and it is also the 
basis of DNA directed vesicle fusion.193, 194 

This undesired effect can be avoided, as seen in Figure 4.14. It is also 
interesting from a fundamental perspective, illustrating the interplay between the 
restricted lateral diffusion on a membrane surface on one hand with the free 
diffusion of lipid vesicles and DNA in solution on the other. The top series in 
Figure 4.14 demonstrates one way to circumvent the bridging effect, i.e. by system 
dilution. This means that the concentration of bound DNA on the liposome surface 
will be the same for all samples, but the dilution of the system will affect the average 
interparticle distance. Thus, by diluting the system the number of interparticle 
contacts will decrease, rendering less linking possibilities and consequently 
diminishing light scattering. It is the competition between diffusion on the 
membrane surface and the diffusion of the liposomes that governs if the DNA 
constructs will link liposomes together. This can also be demonstrated by altering 
the DNA:lipid ratio (Figure 4.14, bottom row). At low lipid concentration the 
tethered oligonucleotides are more closely packed on the surface, leading to higher 
apparent concentration. This means that even if diffusion is slow on the surface, the 
building blocks making up the hexagon have a greater probability of meeting each 
other on the same lipid vesicle compared to building blocks on other vesicles. 
Hence, light scattering is substantially decreased at low lipid concentration. 

Interestingly, the bridging effect was not present in the system with lipid 
anchors. Either depending on the fact that the DNA:lipid ratio used in Paper VI is 
in a concentration regime avoiding undesired intervesicle-linking or that this system 
is less prone to promote aggregation. 

 
One method to assess the arrangement of the nanostructures when tethered to 

liposomes is to monitor the hydrodynamic size of the particle as a function of 
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number of anchors. This was done using dynamic light scattering (DLS) for both 
the porphyrin and lipid systems. Both systems displayed the same, predicted, pattern 
in that additional anchors resulted in smaller particle size, originating from the 
DNA nanostructure becoming more aligned with the membrane surface through 
multiple anchoring points (Figure 4.15).  

 

 
Figure 4.15. Estimations of how tethered DNA nanostructures arrange on the 
membrane as a function of number of anchoring points. Hydrodynamic diameter 
measured by DLS for both systems: (left) Porphyrin and (right) Lipid. The binding 
site area of the constructs are given by purple triangles and particle size by cyan 
squares, for the porphyrin system (left). The diameter of liposomes in the 
absence of DNA was 130 nm in this system. (Right) Horizontal bars mark 
expected diameter values for the hypothetical structures deduced from angles 
given by linear dichroism for the lipid system (Figure 4.16). 

Additional structural information was collected for both systems, using 
different methods. The spectroscopic properties of porphyrins enable structural 
information deduced from photometric titration. The effective area of tethered 
DNA nanostructure on the lipid surface could be estimated based on the surface 
coverage at equilibrium given by the binding isotherm. The estimated footprint of 
the nanostructure increased with increasing number of anchoring points, with an 
effective surface area for the tripodal anchored construct (HexP3) on the same 
order as the hexagonal core area. 

In contrast, the optically transparent lipid anchor, in Paper VI, calls for another 
technique to provide more detailed conformational information. Linear dichroism 
(LD) was applied on flow-aligned lipid vesicles to which the DNA nanostructure 
had been attached. By comparing the LD spectra of a construct tethered with a 
single anchor (HexA1) with the case of two opposite positioned anchors (HexA2), a 
clear structural difference could be concluded (Figure 4.16). When the construct is 
anchored at a single point it protrudes from the membrane, positioning the 
nucleobases in predominately parallel arrangement to the orientation axis, resulting 
in a positive LD-signal at 260 nm. HexA2 displays a mirrored spectrum and the 
bases are consequently more perpendicular in respect to the orientation axis, thus 
showing that the construct itself is more aligned with the membrane surface. 
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Figure 4.16. LD spectra of the DNA nanostructure tethered to lipid vesicles. 
(Left) Hexagonal DNA nanostructures, tethered with one (HexA1, blue) or two 
anchors (HexA2, red). (Right) Schematic of the DNA nanostructure in 
arrangements suggested by the LD results. The hexagonal unit-cell is viewed as 
totally isotropic in both cases and in contrast the double-stranded 10mer stretch 
of the anchors are anistropic, yielding an LD signal. The LDr at 260 nm of HexA1 
(blue) and HexA2 (red) is 0.00668 and -0.00469, respectively. The corresponding 
angles, relative the membrane normal, are 49° and 59°. 

More defined angular information about how the tethered DNA nanostructure 
orients when anchored to the membrane of a vesicle can be obtained from the 
reduced linear dichroism (LDr). Several experimental indications (Paper VI) on this 
system suggest that a large portion of the nanostructure remains isotropic even 
when tethered to a membrane. This lead to the conclusion that only the protruding 
anchoring arms orient and subsequently yield a detectable LD-signal, whereas the 
hexagonal unit is isotropic and thus invisible for differential polarized light. This 
was based on analysis of LD signal strength of various related single anchored DNA 
assemblies and the interpretation of these findings has been extensively discussed in 
Paper VI. How the hexagonal DNA core structure may be viewed as totally 
isotropic even in the restricted conformational state of two opposite anchoring 
points, needs to be clarified. The structural freedom of the isotropic core in the 
confined environment of this arrangement is not interpreted as total rotational 
flexibility. Rather, a wobbling flexibility of a semi-planar structure that yields no net 
orientation of the bases and consequently no LD-signal. Based on the assumption 
that it is merely the nucleotide stretches of the anchoring arms that orient and 
render a differential response to linearly polarized light, the angles of the two 
anchoring alternatives could be estimated. When tethered with a single anchor, the 
helical axis diverts with an angle of 49° from the membrane normal. The 
corresponding angle for the two-anchor arrangement is estimated to be 59°. On the 
basis of these angles, the structural arrangements illustrated in Figure 4.16 were 
suggested. Furthermore, with a simple geometric interpretation of these 
arrangements the effective height of each alternative may be estimated. With a 
single anchor the DNA structure protrudes approximately 10.5 nm from the 
membrane surface and the corresponding protrusion is 3.5 nm for the double 
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anchors. The bars in Figure 4.15 show the consequential effect on particle size that 
these protrusions would render. 

 
The studies presented in Paper V & VI demonstrate how DNA nanostructures 

can be integrated with lipid bilayers and how the structural arrangement depends on 
anchoring positions as well as anchoring type. Soft-surface nanotechnology is an 
interesting concept creating new multifunctional interfaces. The high-precision 
organization potential of a fully addressable nanogrid pave the way for surface 
based applications controlled on the molecular level. Maintaining system dynamics 
is a prerequisite for many processes in this context. 

In conclusion, the molecular moieties employed as anchors in this thesis 
should be viewed from the perspective of two similar instruments for membrane 
integration, but with complementary properties. The porphyrin motif is on one 
hand a multifunctional unit that could for instance be an integral cog in an energy 
transfer machinery. This feature may on the other hand be undesired in many 
systems and the synthetic complexity of the porphyrin modification uncalled for. 
The lipid motif is more suited for generic use, avoiding the synthetic and functional 
complexity of porphyrins. Furthermore, optically transparent anchors are desirable 
in general applications. 
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4.5 Part IV – Triplex Recognition for Site-specific 
Functionalization 

We have developed triplex recognition as a unique method to add site-specific 
functionalizations to preformed addressable DNA nanostructures. In this section, triplex 
recognition is demonstrated in context of energy transfer aiming at photonic applications. 

 
Figure 4.17. DNA-naphthalene with a pH-sensitive FRET switch. Protonation of 
the triplex forming oligonucleotide promotes binding at the specific address, upon 
which energy transfer may occur. The system constitutes a simplistic write-read-
erase function. 

A common approach to incorporate functionalizations into a DNA 
nanostructure is to use chemically modified oligonucleotides as an integrated part of 
the assembly, replacing one or more building blocks with functioning equivalents. 
Oligonucleotides can for instance be modified with linkers for nanoparticle 
attachment, via thiol or biotin/streptavidin association.79, 195 The latter may also be 
used to anchor protein motifs to DNA templates.35, 196 Fluorophore 
functionalization is another reoccurring topic in the literature, commonly used for 
energy transfer studies,110 demonstrating the potential of DNA based structural 
nanotechnology. However, being limited to incorporation of active units in the 
initial assembly process is unsatisfactory. The possibility of adding functionalities to 
a preformed DNA scaffold is a desirable property, providing opportunities of 
adaptability and evolved system dynamics. This led us to development of a hitherto 
unique strategy for site-specific targeting of DNA nanostructures using triplex 
forming oligonucleotides (TFO). This concept was demonstrated in Paper II, on the 
two-ring structure DNA-naphthalene (Figure 4.17). 

To illustrate triplex addressability in the context of DNA nanotechnology, a 
sequence with high triple-strand binding affinity was incorporated into the 
construct. The address, to which the TFO adheres, relies exclusively on recognition 
pattern of Hoogsteen base pairs in the major groove of the double helix,11 thus a 
polypurine stretch of 10 nucleotides was designed as part of the structural grid. It 
should be emphasized that even though the hydrogen-binding pattern in the major 
groove of polypurines is favorable for increased affinity, triplex addresses are not 
restricted to guanines and adenines. With the development of base analogues, 
candidates recognizing all four bases have been synthesized,21 expanding the 
number of available sequences suitable for triplex formation. Using a polypurine 
triplex address, the choice of TFO design is restricted to finding appropriate 
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thymine and cytosine analogues for T*AT and C+*GC triplets. The bases in the 
TFO used in Paper II were 2′-aminoethoxythyminidine (AT) and 3-methyl-2-
aminopyridine (MeP). The former promotes triplex stability by the amino 
modification on the sugar, which forms a coulombic interaction with the anionic 
phosphodiester backbone of the duplex, thus, decreasing the electrostatic repulsion. 
The cytosine analogue, MeP, has higher pKa than its Watson-Crick equivalent (above 
pH 6), making it more suitable in this context since low pH has a destabilising effect 
on the nanostructure itself. 

 
The pH dependency of the TFO binding is useful and was utilized in Paper II 

to switch the triplex formation (Figure 4.17). It is first and foremost the N1 proton 
of MeP that is the origin of this effect, being directly involved in Hoogsteen binding 
to N7 of guanine as hydrogen bond donor. AT also displays a pH dependent 
interaction, albeit less pronounced. Firstly, the cationic character of the protonated 
amino group only has an indirect effect on the binding affinity. Secondly, 
deprotonation of the group in question arise at elevated pH (above pH 8), at the 
limit of the regime used in Paper II. Gel electrophoresis run at pH 6.5 and 
subsequently pH 7.5 showed that the TFO bound at low pH and released at higher 
pH; meanwhile the structural integrity of the DNA-naphthalene was intact (Figure 3 
in Paper II). Running the same gel at pH 7.5 proved that the TFO does not bind at 
higher pH since a band corresponding to the unbound TFO was observed. In 
contrast, no band migrating at the same rate as the nanostructure could be detected. 

Triplex recognition has in this work been used to incorporate photonic 
functions in the nanostructure, demonstrated in Paper II by a basic write-read-erase 
function. This simplistic device was based on energy transfer between two cyanine 
dyes constituting a FRET pair: Cy3XXV (donor) and Cy5XXVI (acceptor).197 The triplex 
forming strand, had been covalently modified with Cy3, infusing the photonic 
functionality to the construct upon binding. Via coupling to Cy5, already 
incorporated in the structure, energy transfer could be induced. As stated above, the 
pH sensitivity of the TFO binding provides an opportunity to switch the signal as a 
function of proton activity. By monitoring emission of the acceptor (Cy5) upon 
excitation of the donor (Cy3) at different pH, an estimation of the FRET efficiency 
was obtained. Reliable quantitative data of the efficiency could not be obtained 
since the stoichiometric relation between donor and acceptor bound to the same 
construct was difficult to estimate. Nevertheless, the FRET experiment showed two 
things. Firstly, that the TFO binds to the construct at low pH, since the presence of 
energy transfer correlates with the FRET-pair being in close proximity (R0=60 Å for 
Cy3:Cy5, according to Iqbal et al.198). Secondly, that it is possible to turn this signal 
ON and OFF, by switching the pH from 6 to 8, at least for the duration of three 
cycles (Figure 4.18). 

It is apparent when evaluating the estimated FRET efficiency as a function of 
pH that the process was not totally reversible. As expected, the initial high FRET at 

                                                  
XXV Cy3: Abs εmax=547 nm; Em λmax=564 nm 
XXVI Cy5: Abs: εmax=648 nm; Em λmax=670 nm 
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pH 6 decreased significantly as the pH was increased to 8. The low FRET state is 
equivalent with the emission intensity of directly excited Cy5. This suggests 
complete dissociation of the TFO from the structure. The subsequent return to pH 
6, causing TFO re-association, resulted in a corresponding increase in efficiency, 
which was again diminished at elevated pH. Though the system may be switched 
ON and OFF, each cycle displays a continuous loss of FRET efficiency, indicating 
inadequate reversibility. Control experiments indicated that the reason for this 
decrease is a gradual loss of material. Presumably the rather harsh treatment of 
strong acid and base, due to alternating additions of NaOH and HCl (1 μl of 5 M), 
or undesired adhesion to pipette tips used in the experiment. The latter originates 
from nonspecific affinity of the TFO to such surfaces. 

 
Figure 4.18. Switching between ON (pH 6) and OFF (pH 8). The output signal is 
the emission of Cy5 (670 nm) based on FRET from Cy3 upon binding of the TFO 
to DNA-naphthalene. The signal at pH 8 is equal to direct excitation of Cy5. 
Emission has been normalized so that the start value is unity. 

We have, since the publication of Paper II, expanded the study of triplex 
recognition on a slightly altered system. The DNA template of the extended study is 
also a two-ringed structure but instead the two rightmost rings of DNA-anthracene 
from Paper III (Figure 4.5 & 4.6). The polypurine triplex address is thus positioned 
in the centre of the construct (Figure 4.19), as opposed to on the edge as in Paper 
II. Changing the conformation in this manner presents an opportunity of probing 
triplex targeting to a more structurally confined address, interesting from a 
versatility perspective. The design of this system also includes an additional 
fluorophore, suitable as energy donor in respect to Cy3 situated on the TFO. 
Furthermore, this arrangement has potential for two-step FRET process across the 
nanostructure, mediated by TFO in the bound state (Donor-Mediator-Acceptor 
system, Figure 4.19). Alexa488XXVII is an appropriate choice of energy donor, since 

                                                  
XXVII Alexa488: Abs εmax=495 nm; Em λmax=518 nm 
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its photophysical properties are insensitive to pH change. This system will here on 
be referred to as “DMA-naphthalene”.XXVIII 

The binding constant of a triplex forming strand to a double helix is expected 
to be lower compared with the association affinity of the duplex itself. Addition of 
TFO in large excess is therefore not uncommon when studying triplex interactions 
(e.g. 12 equivalents in Rusling et al.21). To avoid undesired surplus of unbound TFO, 
an addition of only 1.25 eq. was used in Paper II. It is difficult to estimate the 
degree of labeling in this case, not knowing the binding constant of the triplex 
recognition to the nanostructure. A simple experiment varying the stoichiometric 
relation between the added TFO and the nanostructural target was therefore 
performed on the DMA-naphthalene system with the triplex address located in the 
middle of the structure (Figure 4.19). 

 

 
Figure 4.19. (Top right) Structure of DMA-naphthalene displaying positions of the 
photonic components: Alexa488 (Donor, D), Cy3-TFO (Mediator, M) & Cy5 
(Acceptor, A). (Left) Gel showing TFO binding to DMA-naphthalene at different 
stoichiometric relations. (1) 0 eq TFO, (2) 0.75 eq TFO, (3) 1 eq TFO, (4) 1.5 eq 
TFO, (5) 2 eq TFO, (6) Alexa488 reference, (7) Cy3-TFO reference & (8) Cy5 
reference. The figure is a compilation of three color-coded images corresponding 
to each dye in the system (D=blue, λex=488 nm, filter=520 BP; M=green, λex=532 

nm/filter=580 BP; A=red, λex=633 nm/filter=670 BP). The middle band on the gel 

corresponds to the desired DMA-naphthalene with the presence of all three dyes, 
in lane 2 to 5. Electrophoresis conditions are the same as described in Paper II, 
the gels were visualized using a Typhoon 9410 (GE Healthcare). (Bottom right) 
Combined emission data from gel (black triangles) and photometric titration (red 
circles) showing binding of TFO at different stoichiometry. Photometric titration 
monitoring the emission of Cy5 upon excitation of Alexa488 (ex: 470nm), as a 
function of TFO addition. The intensities have been normalized in respect to the 
intensity at 1 eq TFO.  

                                                  
XXVIII “DMA” is an abbreviation of Donor-Mediator-Acceptor, and “naphthalene” refers to the two-ringed 
DNA template. 
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The gel image in Figure 4.19 shows the result from an electrophoresis 
experiment with varied amount of TFO added to the structure. The middle band on 
the gel corresponds to the desired DMA-naphthalene with the presence of all three 
dyes, in lane 2 to 5. Interestingly, this is not the slowest migrating structure. The top 
band on the gel is equivalent with the unbound TFO (green). The reason why this 
short oligonucleotide of merely 10 bases displays the lowest electrophoretic mobility 
is due to its charge. At pH 6 both AT and MeP should be protonated resulting in a 
zwitterionic entity, with no net mobility in either direction. However, the pKa may 
not be uniform over all bases in the TFO. It is plausible that some of the 
aminopyridine bases have become deprotonated in this pH regime, rendering 
slightly anionic species. The phenomenon was also observed and discussed in Paper 
II. 

Going from left to right, the amount of added TFO is increased (from 0 eq. in 
lane 1 to 2 eq. in lane 5). Analyzing the emission intensity of Cy3 from the middle 
band, the level of bound TFO can be estimated. Evidently, the amount of triplex 
forming strand in the bound state increases with increasing addition of the 
oligonucleotide, indicating that the system has not reached saturation in this 
stoichiometric window (albeit the number of data points are rather limited). 
Combining this with data from a photometric titration experiment gives results in a 
more conclusive picture. Monitoring the emission of the energy acceptor Cy5 as a 
function of TFO addition upon excitation of Alexa488, the triplex forming 
efficiency can be estimated, based on the same principle as the FRET-experiment in 
Paper II. Relating the emission intensity of samples in both experiments to the 
sample with 1:1 stoichiometry, results in comparable data, given in Figure 4.19. The 
results indicate that the triplex address is saturated at approximately 2-3 eq. of TFO. 
Keeping in mind the large cohort of unbound TFO with modest anionic character 
visible on the gel, a minute decrease in pH could possibly increase binding affinity. 

 
The idea of the DMA-naphthalene is to create a switchable photonic device, 

based on a two-step energy transfer process. To optimize the FRET efficiency and 
implement an alternative switch strategy, driven by hybridization energetic “DNA-
fuel”121, 199, the DMA-system was modified in two ways. (1) The fluorophores Cy3 
and Cy5 were replaced by Alexa594XXIX and Alexa647XXX, respectively, resulting in a 
system based exclusively on Alexa dyes. The reason being that the overall energy 
transfer efficiency is expected to increase due to larger Förster distances (R0). R0~60 
Å between Alexa488 (D) and Alexa594 (M) for the first step and 85 Å between 
Alexa594 (M) and Alexa647 (A) in the second step.XXXI (2) The TFO was also 
modified. 5-methyl-cytosine (MeC) with the same 2'-aminoethoxy-functionalization 
as AT was incorporated, instead of 3-methyl-2-aminopyridine (MeP) recognizing 
guanine. This base-shift provides an alternative to the pH dependent switch. Since 
MeC, as opposed to its pyridine analogue, can form stable normal duplex it could 
                                                  
XXIX Alexa594: Abs εmax=590 nm; Em λmax=617 nm 
XXX Alexa647: Abs εmax=650 nm; Em λmax=665 nm 
XXXI Invitrogen – Molecular Probes (www.invitrogen.com/site/us/en/home/References/Molecular-Probes-
The-Handbook/tables.html) 
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potentially be used in a device driven by “DNA-fuel”. The basis of the switch 
would be a competition between triplex/duplex hybridization, driven by sequential 
addition of “fuel” and “anti-fuel” strands, similar to many toehold driven DNA 
machines.118-120, 200 The pKa of MeC is expected to be slightly lower than MeP, 
potentially affecting triplex formation negatively, hence the addition of a stabilizing 
aminoethoxy-group at 2'-position. Furthermore, the mediating fluorophore 
Alexa594 was attached on opposite end of the TFO, positioned closer to the donor 
fluorophore (Figure 4.20). 

 
Figure 4.20. (Top left) Normalized absorption (solid lines) and emission (dash 
lines) spectra of the three Alexa dyes: Alexa488 (blue), Alexa594 (green) & 
Alexa647 (red). (Top right) Structure of DMA-naphthalene displaying positions of 
the photonic components: Alexa488 (Donor, D), Alexa594-TFO (Mediator, M) & 
Alexa647 (Acceptor, A). (Bottom left) Emission spectra of different dye 
combinations of the DMA system, excited at 470 nm. With the mediator TFO (M) 
bound to the construct, quenching of Alexa488 (D) is observed along with 
increased Alexa594 (M) and Alexa647 (A) emission (DMA vs DA). (Bottom right) 
Extracted acceptor emission coefficients from the spectrum to the left, using 
equation 4.3. Coefficients have been normalized so that the DMA value (red) is 
set to 100. 

Before dynamic switching properties of the device are tested, the static ON 
and OFF states of the system need to be characterized. The energy transfer process 
from donor (D) to acceptor (A) was therefore studied, in the absence and presence 
of the mediating TFO (M). A theoretical prediction of the two-step energy transfer 
efficiency provides an idea of what experimental values to expect.  The distances 
between the fluorophores can be estimated with a simple geometric interpretation 
of DMA-naphthalene. Assuming a distance of 70 Å in the first step and 80 Å in the 
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second, results in a total energy transfer efficiency of approximately 17%.XXXII It 
should be clarified that this estimation presumes freely rotated fluorophores, i.e. 
κ2=2/3, which may be an oversimplification on the crowded environment of the 
nanostructure.  

Emission spectra of DMA-naphthalene samples containing different 
combinations of the fluorophores were recorded in order to evaluate energy 
transfer efficiency in the system (Figure 4.20), upon excitation of the donor 
(λex=470 nm). The two primary constructs, representing ON and OFF, are 
constructs with both the donor and acceptor present, but with the difference of the 
mediator being present or not (DMA and DA, respectively). Furthermore, a sample 
containing only the acceptor was also assembled (A), to determine the effect of 
direct excitation of the dye. Another undesired pathway is the transfer to the 
acceptor from directly excited mediator, motivating the assembly of a construct 
with only these two fluorophores (MA). The resulting emission spectra are 
presented in Figure 4.20. The spectra of DA and DMA display clear differences. 
There is both a decrease in donor emission at 520 nm as well as an increase at 665 
nm equivalent with acceptor emission, indicating energy transfer between the two 
upon binding of the mediation dye attached to the TFO. As seen from the MA 
spectra, there is a substantial contribution from energy transfer from directly excited 
mediator. On the other hand, there is minute effect from directly excited acceptor, 
evident from the A spectrum. 

To estimate energy transfer efficiency the emission of the acceptor needs to be 
separated from the emission of the other fluorophores. Treating the recorded 
spectrum as a linear combination of spectra from individual fluorophores involved, 
can resolve the problem with spectral overlap of the participating dyes.  

 

 DMA λ( ) = dD λ( ) +mM λ( ) + aA λ( )  (4.3) 

 
DMA equals the recorded spectrum and the terms of the weighted sum 

correspond to the participating spectral components (Alexa488, 594 & 647, 
respectively). The same treatment has been utilized on similar systems.201, 202 The 
extracted contributions, i.e. coefficient in the linear combination, correlating with 
the acceptor emission from the different constructs are displayed in Figure 4.20. It 
is evident from the large difference between DA and DMA that the mediator 
indeed transfers energy across the nanostructure, a distance of approximately 15 
nm. However, there is also a substantial contribution from energy transfer by 
undesired direct excitation of the mediator, as seen for the MA structure. 

The overall yield of the process can be estimated by what portion of excitation 
energy from the donor that is emitted by the acceptor at the end. This black-box 
perspective on the two-step transfer process may be expressed as a fraction of 
spectral integrals (F), taken the corresponding quantum yield (Q) into account: 

 

                                                  
XXXII E1=0.28 and E2=0.59 
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 E =
FA QA

FD QD

 (4.4) 

 
Important to note is that the emission of acceptor (FA) in the numerator has 

been corrected for undesired secondary effect, i.e. transfer from directly excited 
mediator (substantial), direct excitation of the acceptor (minute) and direct transfer 
from the donor (negligible). The total efficiency is estimated to approximately 4% 
for the DMA-system presented in Figure 4.20, based on this analysis. This is 
significantly lower than the theoretically expected efficiency of 17%. There are a 
considerable number of reasons that could explain this deviation, including 
preferential orientation of the fluorophores or environmental variations affecting 
photophysical properties. However, the main reason for the low transfer efficiency 
is most likely the incomplete construct assembly. Based on the yield analysis in 
Paper III, the expected outcome of DNA-naphthalene assembly is less than 
50%.XXXIII The effective end-to-end energy transfer efficiency more than doubles, 
when taking the flawed self-assembly into account.XXXIV It is plausible that the actual 
efficiency of the process is even higher, bearing in mind that the degree of triplex 
formation probably is below unity. 

 
In conclusion, we have developed triplex recognition as a method of adding 

site-specific functionalizations to prefabricated addressable DNA-nanostructures. It 
has specifically been demonstrated in the context of photonics in this thesis, both in 
a simple pH-switchable FRET based device and a mediated two-step energy 
transfer system, potentially driven by “DNA-fuel”. These findings encourage 
further development of triplex recognition as a strategy for site-specific 
functionalization. The focus on energy transfer processes should not be viewed as 
merely a path towards photonic applications, but also an analytical method 
providing insight into system characteristics. Understanding triplex formation is 
vital for expanding high-precision functionalization to other arenas, e.g. reaction 
centers for synthetic assembly lines on the nanoscale. 

                                                  
XXXIII Y=0.9619=0.46 based on equation 4.1 
XXXIV By adding a loss factor in the denominator of equation 4.4, accounting for the fraction of excited 
donor molecules that is not part of a DMA-structure. 



 83 

5. Concluding Remarks - Does this 
really matter? 

In this thesis I have demonstrated how DNA can be employed as a structural 
material for molecular LEGOXXXV, a construction process based on the principles of 
self-assembly. The work includes fabrication as well as functionalization of DNA-
based nanoassemblies. Our development of the three-way oligonucleotide made it 
possible to assemble functional DNA nanostructures of minute size. This was 
demonstrated through the construction of a fully addressable DNA polycyclic 
nanonetwork (Papers I-III). We have also shown how application of a novel click 
fixation strategy can reinforce these constructs, creating robust structures that 
endure harsh conditions under which DNA normally is denaturated (Paper IV). We 
introduced triplex recognition as a method to add site-specific functionalizations to 
prefabricated structures, something that we demonstrated in terms of photonics 
(Paper II). Furthermore, this thesis also includes two studies that have taken us 
closer to useful applications. We have used a concept we call soft-surface 
nanotechnology, to achieve controllable integration of fabricated DNA 
nanostructures to lipid membranes (Paper V-VI). By the use of intelligent design on 
the molecular level, as well as clever use of chemical construction tools, we have 
demonstrated that it is possible to assemble non-mundane DNA nanostructures 
with built-in functions.  

All the papers included in this thesis demonstrate concepts of great importance 
for the ongoing development of the DNA nanotechnology field. But, during the 
course of this work, we have also identified a few significant challenges related to 
the employed strategies. One example is relying on precise stoichiometric relations 
between the molecular LEGO-bricks in the assembly process. In this regard, the 
folding approach of DNA origami assembly provides a clear advantage, since the 
equilibrium is shifted towards the desired folded state by a huge excess of staple 
strands. Furthermore, it is plausible that there is an evolutionary advantage in 
avoiding extensive secondary structure formation of the M13 genome, i.e. evolution 
promotes inherent orthogonal sequence design in this case. To establish a detailed 
understanding of the elusive criteria of orthogonality that evolution has rendered 
could potentially help in future development of better algorithms. Another related 
topic, discussed in this thesis, is the assembly of networks through 
thermodynamically favorable processes, as manifested in effective ring-closure 
reactions. This is connected to recent reports about bundle formation of repetitive 
tiles, where a competition between intra- and inter-structural associations occurs, 
                                                  
XXXV The Danish toy manufacturer coined the brand name LEGO® in the 1930s, based on the Danish phrase 
“leg godt” (“play well”). It was later realized that the word also had a Latin meaning: “I assemble”.  
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and where certain concentration regimes can promote the former. Gaining further 
insight in the thermodynamic and kinetic aspects of complex DNA self-assembly 
could hopefully provide more efficient future fabrication methods. An alternative 
assembly approach that has been discussed in this thesis is based on modular build-
up. The formation of robust nanostructures that can serve as structural 
intermediates, and with long shelf-life, could provide a facile method of assembling 
larger nanostructures and provide an alternative to one-step formation if need be.  

The last two papers included in this thesis demonstrate how DNA 
nanotechnology can be used to build active devices, thus taking a step closer to 
applications. By combining soft-surface integration with photonic functionalities, 
interesting DNA-based platforms for organization of various reaction centers can 
be envisaged. A lipid membrane provides dual separation possibilities, both 
membrane partitioned volumes and the phase separation between inside and outside 
the lipid bilayer. The creation of a structural scaffold for maintaining reaction 
centers in close vicinity to each other can also provide some directionality and 
circumvent certain problems associated with diffusion limited processes. Another 
advantage of developing soft-surface nanotechnology is that it paves the way for in 
vivo as well as biomimetic applications. Creation of surface-active functionalized 
nanodevices could open opportunities to mimic, and probe, processes in vivo. The 
fact that DNA is biocompatible may be both an advantage and a disadvantage in 
this context, and need to be carefully considered. Nature organizes many 
biochemical processes in the different membranes of cells, e.g. the photosynthesis of 
green plants, and this has been an inspiration for this work. Indeed, a completely 
artificial photosynthetic reaction center aiming at fuel production can easily be 
imagined building on the results presented in this thesis. Furthermore, facilitating 
high-precision localization at an interface could also provide junctions for different 
reaction centers in e.g. multi-step organic synthesis or catalytic cycles. 

Our triplex recognition study shows that although promising, it needs further 
development to become a more versatile tool in the context of site-specific 
functionalization of DNA nanostructures. Incorporation of base analogues that 
recognizes all four bases is needed to expand the number of available target 
addresses beyond polypurines.21 In addition, functionalizations outside the context 
of light-induced energy transfer remain to be demonstrated. One potential 
application is “molecular imprinting”, where the high-resolution localization of an 
addressable DNA nanostructure is transferred to a solid support. Using triplex 
forming oligonucleotides, functionalized with surface anchoring moieties, it may 
prove possible to transfer these strands to a surface in a specific geometry defined 
by the nanostructural template, thus leaving a molecular imprint on the surface with 
the same high information density as in the template. Analogous to stamping, the 
DNA nanostructure then constitutes the “stamp” and the associated triplex strands 
represent the “ink”. 

Finally, one of the corner stones in this ongoing endeavor of nanoscience, 
should be mentioned: Integration. This may be discussed from many perspectives. 
First of all, the “bottom-up” and “top-down” fabrication strategies should not be 
viewed as two competing strategies, but instead, as two complementary methods 
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with different strengths and weaknesses, which combined could provide solutions 
to scientific (and possibly technological) problems. Developing integration methods 
based on the different approaches is therefore of outmost importance, generating 
complex hybrid systems. Indeed, some work has already been performed aimed at 
bridging this gap between top-down and bottom-up, including a recent study 
interconnecting Au-discs on a lithographic pattern using DNA origami nanotubes 
with thiol functionalizations.203 This thesis also demonstrates another important 
perspective of integration; The incorporation with 2D surfaces. One may envisage 
either hybrid systems where the DNA nanostructure remain an integrated part of 
the device or that the structure permanently transfers a function with molecular 
resolution to a lithographic pattern, similar to the imprinting suggested above. 

In conclusion, the work presented here has explored and provided insight into 
a few of the most fundamental aspects of self-assembled DNA nanotechnology. 
Some of the future challenges of this ever-growing research field have been 
identified, and suggestions on how to address them have been discussed. A couple 
of possible future applications utilizing the strategies outlined have been envisioned, 
but the only true limit for how much this may matter in the future is the 
imagination of the scientists continually developing this research field.  
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