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Abstract

DNA is used for the storage and propagation of genetic information in all living
organisms. It is the programmability and molecular recognition properties of DNA which
make this possible. Taking advantage of these properties, researchers have developed
DNA self-assembly as a highly predictable method of bottom-up nanofabrication. The
resulting nanostructures have the potential to solve important problems in diverse fields,
from nanophotonics to gene therapy. To date most DNA nanostructures have been made
purely from unmodified, natural DNA. To achieve structural complexity needed for
functional devices, researchers have created intricate designs which often require a large
number of DNA strands of different sequence,with increased cost and assembly error
rates. This thesis examines the chemical modification of nucleic acids and their
integration into DNA nanostructures. This approach is expected to simplify design and
significantly reduce the number of DNA components, while adding functional complexity.
Specifically, the introduction of orthogonal supramolecular interactions to DNA
nanostructures and the resultant properties of these hybrid systems is investigated.
Firstly, the synthesis of novel dendritic DNA amphiphiles and their self-assembly
properties are investigated. The site-specific positioning of the amphiphiles on a cubic
DNA scaffold allows the anisotropic organization of hydrophobic ‘residues’, in a manner
similar to the side-chains on a protein backbone. A new set of self-assembly rules is
discovered, in which these nanostructures show a geometry-dependent inter- or intra-
molecular association. This is used to create the first example of a DNA nanostructure
which can encapsulate and release small molecule drugs, an important challenge in
nanomedicine. Secondly, this synthetic methodology is developed to produce a family of
DNA-polymer conjugates, with sequence-defined polymers appended to DNA. These
conjugates exhibit tunable self-assembly properties, dependent on the sequence of
monomers in the polymer portion. Finally, the modular synthetic approaches developed
are used to produce novel gold-binding DNA conjugates. The organization of these on
prismatic DNA scaffolds creates patterns of DNA strands which can be efficiently
transferred to gold nanoparticles. This template-guided ‘printing’ approach provides
control over the number, directionality, geometry and sequence asymmetry of DNA
strands bound to gold nanoparticle. Overall, the development of new synthetically
modified oligonucleotides and their incorporation into nanostructures is shown to

augment the field of DNA nanotechnology, introducing protein-inspired interactions and
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providing new tools for the creation of functional nanodevices for applications in the
fields of nanophotonics, nanoelectronics and biological sensing, as well as drug and

oligonucleotide delivery.

Résumé

L’ADN est utilisé pour stocker et propager l'information génétique dans tous les
organismes vivants. Ce sont les propriétés de programmabilité et de reconnaissance
moléculaire de ’ADN qui rendent cela possible. Ces propriétés ont été mises a profit par
les chercheurs qui utilisent I'auto-assemblage de 'ADN comme méthode hautement
prévisible pour la nanofabrication ascendante. Les nanostructures résultantes ont le
potentiel de résoudre des problemes importants dans divers domaines, de la
nanophotonique a la thérapie génique. A ce jour, la plupart des nanostructures d'ADN ont
été faites uniquement a partir d’ADN non-modifié et naturel. Pour atteindre le niveau de
complexité structurelle nécessaire pour des dispositifs fonctionnels, les chercheurs ont
créé des modeles complexes qui nécessitent souvent un grand nombre de brins d'ADN de
séquences différentes, ce qui est associé a une augmentation du taux d'erreur et du colt
d'assemblage. Cette these examine la modification chimique des acides nucléiques et leur
intégration dans des nanostructures d'ADN. Cette approche devrait simplifier la
conception et réduire considérablement le nombre de composants ADN, tout en
augmentant la complexité fonctionnelle. Plus précisément, cette thése porte sur la mise
en place d'intéractions supramoléculaires orthogonales dans les nanostructures d'ADN
et les propriétés résultantes de ces systemes hybrides. La premiere partie de cette these
est dédiée a la synthese de nouveaux amphiphiles d'ADN dendritique et a I'étude de leurs
propriétés d'auto-assemblage. Le positionnement des amphiphiles sur certains sites
spécifiques d’'un échafaudage cubique d'ADN permet aux «résidus» hydrophobes de
s’organiser de fagon anisotrope, plus précisément d’'une maniere similaire aux chaines
latérales sur un squelette de protéine. Les nanostructures qui ont été générées ont une
géométrie qui est dépendante des associations intermoléculaires et intramoléculaires, ce
qui fait parti d'un nouvel ensemble de régles d'auto-assemblage. Grace a cette découverte,
le premier exemple de nanostructure d'ADN ayant la capacité d’encapsuler et de libérer
des médicaments a petites molécules a été créé. Ceci représente un défi majeur dans le
domaine de la nanomédecine. De plus, cette méthodologie synthétique a aussi été

développée pour produire une famille de conjugués polymeres-ADN, avec des polymeres

iv



a séquences définies attachés a I'ADN. Ces conjugués possedent des propriétés d'auto-
assemblage modifiables selon la séquence de monomeéres présente dans les polymeres.
Enfin, les approches synthétiques modulaires développées ont aussi été utilisées pour
produire de nouveaux conjugués d'ADN qui ont la capacité de se lier al’or. L'organisation
de ces derniers sur des échafaudages d'ADN prismatiques crée des motifs de brins d'ADN
qui peuvent étre efficacement transférés a des nanoparticules d'or. Cette approche qui
est basée sur « I'impression » guidée par une matrice permet de controler le nombre, la
directivité, la géométrie et I'asymétrie de la séquence des brins d'ADN liés aux
nanoparticules d'or. Dans I'’ensemble, I'élaboration de nouvelles modifications
synthétiques d’acides nucléiques, et I'incorporation de celles-ci dans des nanostructures,
a permis de contribuer au domaine de la nanotechnologie de 'ADN. Ceci a notamment
débouché a l'instauration d’interactions semblables a celles généralement propres aux
protéines et a la mise en place de nouveaux outils pour la création de nano-dispositifs
fonctionnels qui pourront étre appliqués dans les domaines de la nanophotonique, la
nanoélectronique, la détection biologique et l'administration de médicaments et
d’oligonucléotides.

- Translation by Dr. Mehdi Belgnaoui
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Introduction

1.1 Origins

The dynamic organization of molecules and macromolecules is the underlying
theme which ties together all life. This important regime lies within the realm of
chemistry and molecular biology. Historically, chemists have sought to create, transform
and control new forms of matter. The assemblage of individual atoms into molecules of
almost any desired structure has been mastered, and as our capabilities have advanced
so have our ambitions. Inspired by discoveries in the natural world, many chemists are
now approaching the most complex forms of matter in an attempt to gain understanding,
and ultimately control over such materials. This challenging prospect requires that
chemists graduate from the creation of individual molecules to the precise engineering of
interactions between molecules and macromolecules - the realm of supramolecular

chemistry.

1.2 Bio-inspiration

It is clear that supramolecular chemistry is inspired by natural systems.
Supramolecular complexes are held together by non-covalent forces, analogous to the
receptor-substrate interactions seen in biological systems.! The creation of new synthetic
molecules which are rationally designed from basic chemical principles may have
produced the bulk of common materials used in current technology. However, the
majority of our chemical inventory is at least in some respect derived from biology,
whether it is the petrochemicals derived from decomposed biological matter or
pharmaceuticals based on natural products. As our goals as chemists become more
ambitious we look around us for inspiration from discoveries in biology. For example, to
address energy concerns we look into photosynthesis,? to create new therapies we look

into inherent regulatory mechanisms present in biological systems.3



1.3 The machinery of Nature

Upon looking at biological systems across all size regimes a common theme is
evident; function is dependent on structure. This is how the machinery of natural systems
works, whether looking at the height of a tree which can rise above the canopy of the
forest to harvest light, or the molecular structure of a lipid molecule which forces it to
create bilayer structures for compartmentalization. Chemists have gladly taken up the
challenge and tried to mimic some of the fundamental mechanization and computational
ability of biological components, and with a great deal of success. This begins with
understanding Nature’s design assembly strategy; how do things come together? The
answer is by self-assembly, both inter- and intramolecular, of different units into the
required structure. Fundamentally, this relies on local, weak interactions to guide the
reversible assembly of structures, thus retaining dynamic character.

One essential aspect of the self-assembled systems found in nature is the breadth of
interactions used to create the various components. This starts with covalent bonds
which make up primary structures, i.e. peptide linkages and phosphodiester bonds - the
backbone of our genes. Indeed, the making and breaking of covalent bonds is important
in growth, metabolism and reproduction of living organisms. However, of equal
importance, and arguably more far-reaching, are the variety of weak non-covalent
interactions which organize the molecules, transforming them into functional entities.
These consist of electrostatics, hydrogen bonding, dipole-dipole, Van der Waals and the
hydrophobic effect. Protein folding represents the most exquisite application of these
interactions in concert, to produce well-defined structures extremely selectively and
quickly. The efficiency of this process largely remains a mystery to researchers.*

As much as we would like to be able to produce self-assembling systems of this
complexity, we are limited by our understanding to produce a reasonable prediction of
the structure based on the components when so many interactions are involved - it’s
simply just too complicated. For this reason, as a starting point it is best to limit our palette
of interactions so that we can design building blocks with a good idea of the result of their
self-organization. DNA has emerged as a very promising candidate in this respect. The
concepts, assembly strategies and applications of the resulting DNA materials will be

discussed herein.



1.4 Structural DNA Nanotechnology

The use of DNA as a construction material in nanotechnology has become well
established since its inception in the ‘80s. As with many innovative ideas the inspiration
and original purpose of using DNA to build nanomaterials was overtaken by the broad
potential of the strategy, which has far-reaching practical applications. In 1982 Seeman
proposed that DNA could be a potential solution to the problem of protein
crystallization.5 The ideas and discoveries in this early work can be distilled into one
powerful concept: DNA scaffolds could be used to position other materials precisely on
the nanoscale. Building upon this idea has resulted in rapid expansion of the field in

recent decades.

DNA scaffold

—

macromolecule

/

Figure 1.1 - The concept of DNA nanotechnology. The original idea proposed by Seeman was to organize

proteins on a DNA framework to aid structure determination by x-ray diffraction.

Nature has developed proteins as the material of choice for construction of the
majority of structural and functional components, while nucleic acids hold the
information necessary to create that assortment of polypeptides. The reason that nucleic
acids are well-suited for information storage can be attributed to their incredible
molecular recognition properties. Upon determination of the structure of duplex DNA,
Watson and Crick proposed that the specific base-pairing seen between complementary
DNA strands may be the key to the copying mechanism which permits propagation of
genetic information.® This process is now well understood and forms the foundation for

the central dogma of molecular biology, Figure 1.2.7



DNA RNA

Protein

Figure 1.2 - The central dogma of molecular biology. The role of DNA in nature. Black arrows represent

the normal flow of genetic information and grey arrows represent special circumstances.

In the context of self-assembly it is the highly specific, and importantly,
predictable molecular recognition of DNA which makes it a fantastic building block for
nanofabrication. In fact, its specificity and efficiency of self-assembly is only rivaled by its
natural counterpart, the polypeptide. The structure of B-form DNA is shown in Figure 1.3.

As a starting point, let us consider the structural parameters of DNA from the
bottom-up. It is a polymer in which the repeat unit comprises a deoxyribose sugar ring
with a nucleobase attached through an N-glycosidic bond at the 1 position and a
phosphate group at the 5’ position. This monomer unit is termed a nucleotide (nt). Thus
it follows that long chains should be referred to as polynucleotides, although it is now
common to see the term oligonucleotide used for synthetic DNA molecules of various
lengths.

DNA sequences are determined by the identity and order of the four heterocyclic
nucleobases; the pyrimidines Cytosine (C) and Thymine (T), and the purines Adenine (A)
and Guanine (G). The canonical base-pairing is between A:T and C:G, and is mediated by
hydrogen bonding between the nucleobases. Free energies of the A:T and C:G bonds in
aqueous solution have been determined as -4.3 and -5.8 kcal/mol, respectively.8
Therefore the percentage of G/C bases (GC-content) is a useful indicator of the relative

stability of DNA duplexes. In the double helical structure of duplex DNA, electrostatic and



hydrophobic/Van der Waals interactions between the stacked bases also substantially
stabilize the duplex.

Purines Pyrimidines
g AiHe nucleobase H, o NH; 0 B-form DNA duplex
2 Ll NSy ~
HO. <N : N/) <’N IN’) mm, ¢Lo i g S
~L ~L i e
sugar
ring Adenine Guanine Cytosine Thymine

Nucleoside
Nucleobases
NH;

%o
.O,F:’

o
OH
N %y phosphate
.
OH 4
Nucleotide
0-P=0 ﬁ“ H'N—H—-u

Oligonucleotide Base-pairing 2nm

Figure 1.3 - Structure of DNA as a molecule. On the left are shown the individual building blocks of DNA,
nucleosides and nucleotides, which include a 5’ phosphate group. In the middle are the four nucleobases

and the Watson-Crick base-pairs A:T and C:G. On the right are the dimensions of duplex DNA.

Double-stranded DNA (dsDNA) has very well-defined dimensions, which make it
useful as a building block for nanomaterials. The most common conformation, B-form, is
coiled in a right-handed double helix with 0.34nm between each base and a helical pitch
of 10.5 base pairs. The diameter of B-form dsDNA is 2nm. At lengths of under 10nm
dsDNA behaves as a rigid-rod and over larger length scales it has a persistence length of
approximately 50nm.? These are important parameters with implications in the design

and resulting structures of DNA self-assembly.



1.4.1 DNA synthesis

Although an in-depth chronological discussion is beyond the scope of this
introduction, it is important to note that the thriving development of not only DNA
nanotechnology but biotechnology as a whole would not be possible if it were not for the
tremendous advances in oligonucleotide synthesis over the last fifty years. Now taken for
granted by researchers spanning various disciplines, the affordable availability of large
amounts of custom oligonucleotides has enabled a wealth of scientific progress which
would not have been possible otherwise.

As the application of solid-phase oligonucleotide synthesis in the creation of new
DNA-conjugates is an underlying theme in this thesis, the reasons for its success will be
briefly summarized here. The fundamental requirement for oligonucleotide synthesis is
quantitative coupling chemistry which can be carried out in a stepwise manner to allow
sequence definition. Comparable to peptide synthesis, a strategy employing monomers
with orthogonally protected functional groups has been developed. A crucial aspect of the
synthesis is that it is carried out on a solid-support, typically controlled-pore glass or
polystyrene beads. This has made the process amenable to high-throughput automation.

A variety of different approaches to the coupling chemistry have been researched, 10
with the most widely used now being the phosphoramidite method,112 see Figure 1.4.
Phosphoramidites are highly reactive, thus allowing each coupling step to be carried out
quickly in high yield. Another practical consideration is that a single chemical treatment
of the solid support can be used post-synthesis to liberate the molecules from the support
and remove the nucleobase and phosphate protecting groups. The use of base-labile
protecting groups and solid-support linkers allows this.

The synthetic cycle consists of four major steps, Deblocking, Coupling, Capping and
Oxidation (Figure 1.4). Deblocking, or detritylation, removes the trityl group from the 5’
hydroxyl under acidic conditions. The most commonly used trityl group is
dimethoxytrityl, which is removed easily with dichloroacetic acid. Coupling introduces
the next monomer as a 5 DMT-protected deoxynucleoside (2-cyanoethyl, N,N-
diisopropyl) phosphoramidite, this step is also carried out under acidic conditions,
typically using tetrazole derivatives as the ‘activator’. The capping step is important to
reduce side-products caused by unreacted 5’ hydroxyl groups. If free 5’ hydroxyl groups

were left uncapped they could participate in the next coupling cycle and produce a



complex mixture of products, thus complicating purification. Next, the oxidation step
converts the phosphite triester to a phosphate triester, this must be carried out after each
coupling step due to the instability of phosphite triesters to acid. The cycle then begins
again with deblocking and introduction of the next monomer, the process repeated until
the desired product is fully grown on the solid support. Finally, treatment with aqueous
ammonia or methylamine mixtures releases the oligonucleotides from the solid support
and removes the base-labile nucleobase and cyanoethyl protecting groups, giving the

crude oligonucleotide ready for purification.

ODMT
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Figure 1.4 Solid-phase DNA synthesis. The four stages of the phosphoramidite method are shown; 1)
Deblocking, 2) Coupling, 3) Capping and 4) Oxidation.

It should be pointed out that biologically derived and enzymatically synthesized
DNA can also be used in DNA nanotechnology, for example see DNA origami below. It is
also worth noting that the reasons for the use of DNA rather than RNA to create
nanostructures are mostly practical; RNA is much less stable as amolecule and it is harder
to synthesize in high yield. Additionally, RNA is more prone to forming stable secondary

structures, which can compete with the desired intermolecular interactions required to



form the target self-assembled structure. However, recently, RNA has also demonstrated
versatility as a building block for self-assembled structures.13

When constructing any larger object from smaller components there are some basic
criteria which must be met. At the simplest level, each building block must be structurally
well-defined, and there must be a way of connecting each block together. As DNA
hybridization is highly programmable this has allowed a variety of different strategies to
be used for the assembly of DNA nanostructures, these approaches are divided and

summarized below.

1.4.2 Assembly using branched junctions

While oligonucleotide sequences can be designed so that they recognize a
complementary strand and therefore form a double helical structure, the linear nature of
the duplex limits structural complexity. To apply DNA as a construction material it would
need to be adapted into 2D or 3D motifs. Branched DNA junctions are known to be a
crucial part of biological processes, but it was the visionary idea of Seeman to repurpose

these for structural applications.>
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Figure 1.5 - The Holliday junction and asymmetric analogues. a) A mobile Holliday junction is shown
which is prone to branch migration. b) An immobile branched junction is created using sequence

asymmetry, conceptual self-assembly via sticky end cohesion to produce a periodic 2D network.



Seeman’s original idea was that DNA junctions, assembled into a crystalline array,
could be used as a scaffold for the organization of macromolecules, such as proteins. For
this to be possible it is important that the junctions are stable, i.e. not prone to branch
migration as seen in the biologically derived junctions, Figure 1a. This problem was
overcome by the introduction of sequence asymmetry to create immobile junctions,
described in Figure 1.5b.14 Sequence asymmetry is an important design concept in DNA
nanotechnology, it involves the introduction of unique oligonucleotide sequences to
different parts of a structure to prevent dynamic rearrangement and allow site-specific
addressability. In the case of the immobile junctions this means a unique sequence is used
for each arm, shown as different colors in Figure 1.5b.

To facilitate the further assembly of these 2D building blocks into long-range
structures, short single-stranded (ssDNA) overhangs bearing complementary sequences
were positioned at the end of each arm, these are referred to as ‘sticky ends’. Through
base-pairing of the ssDNA sticky ends the building blocks can be expected to align into an
infinite 2D network. This experiment laid down a foundational concept for DNA
nanotechnology: long-range order can be achieved by using branched junctions and the
periodicity of the resultant structure could be manipulated by changes to the junction
used. Unfortunately, these structures were not able to form the expected network
structures and this was found to be due to intrinsic flexibility and conformational
mobility of the junction.15-17 Pre-assembly into more rigid architectures was later used to
create rigid building blocks for network assembly.1819 This led to the development of
more robust junctions and tile-based DNA assembly, which are discussed in more detail
in the next section.

Although flexibility prevents the use of Holliday-type branched junctions as the
basic individual components for 2D assembly, this flexibility enabled their application in
3D construction. The first 3D DNA nanostructure, with the connectivity of a cube, was
reported by Seeman in 1991, Figure 1.6a.20 Although synthesized through a series of
catenane-like intermediates which were enzymatically ligated, the final structure can be
broken down into essentially eight three-way junctions. This strategy was expanded to
produce simple structures, a trefoil knot,21 mechanically interlocked topologies,?2 and
larger structures such as a truncated octahedron,?3 and it was proposed that this
methodology could be used to produce a wide-range of polyhedra. Expansion of the

branched junction toolbox to five- and six-arm,24 and later eight- and twelve-arm
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junctions has also been achieved.25 The five-arm junction was applied in the construction
of large icosahedra which have been used for the encapsulation and controlled release of
macromolecular cargo.2627 However, the demanding synthetic procedures required to
create such structures have resulted in the development of other, simpler and more

modular, routes to 3D DNA nanostructures.
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Figure 1.6 - 3D DNA nanostructures. a) A DNA cube, the first 3D DNA nanostructure. Adapted
with permission from reference 15 (Nature Publishing Group, 2003) b) Icosahedron produced in

a modular fashion from 5-arm branched junctions. Reproduced with permission from reference

21 (Wiley-VCH, 2009)

1.4.3 Tile-based DNA assembly

The need for rigid components, which provide the necessary preorganization to
allow the formation of long-range DNA lattices, led to the use of double-crossover (DX)
junctions as building blocks.?829 DX motifs consist of two Holliday junctions which are
connected by helical domains. The helical domains can be parallel (DP) or anti-parallel
(DA), anti-parallel versions are commonly used as they are more stable. Another variable
is the number of helical half-turns between each crossover point, these can be odd (O) or
even (E). Thus, for example a DAE junction is a double-crossover molecule with
antiparallel helical domains and an even number of half-turns between each crossover
point, see Figure 1.7a. The DAE and DAO junctions were found to form robust 2D
networks by treating each DX unit as a programmable tile, using unique sticky ends to
drive network formation, Figure 1.7b-c.30 This use of rigid DNA tiles for the formation of
networks was expanded to a variety of crossover junctions/tile designs.3! With a robust

method for 2D crystallization of DNA, the applicability of these networks for the
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nanoscale organization of materials was investigated. The first example of periodic
organization of macromolecules on a 2D DNA network was the positioning of streptavidin
protein, using biotin-labelled DNA as the molecular recognition component.32 The same
DNA structure was used to template the growth of silver nanowires, showing the
versatility of 2D networks as scaffolds. To date, controlled arrangement of various
proteins and gold nanoparticles have been realized, introducing differing spacing and
periodicities by changing the tile design used. These nanoarrays have shown great

potential for use in enzyme cascades, biosensing, nanoelectronics and photonics.3133
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Figure 1.7 - Tile-based DNA assembly. a) Structure of the DX junctions DAE and DAO. b) 2D Network
assembly using DAE tiles. c) Atomic Force Microscopy (AFM) image of 2D DNA crystal formed from DAE
tiles. Adapted with permission from reference 25 (Nature Publishing Group, 1998)

The applicability of tile-based assembly is not limited to two dimensions. Mao used
the intrinsic curvature of three-point star tiles in a modular approach to produce a series
of discrete polyhedral Figure 1.8a.3435 An important aspect of these assemblies was the
use of a sequence symmetric approach; contrary to using unique sequences for the sticky
ends, the tile arms were designed to have equivalent and self-complementary ssDNA
overhangs. Sequence symmetry simplifies design, reduces costs and can reduce the
occurrence of assembly errors.3¢ Five-point stars were implemented to produce larger
structures, icosahedra, further highlighting the importance of tile flexibility in the
production of 3D structures.3” The expansion of this methodology to produce more
complex 3D architectures was recently reported, showing that tile-based assembly is a

valuable assembly strategy for the production of complicated structures.3® These have
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been used as model systems to answer fundamental questions about the stereoselectivity

of nanostructure assembly.3°
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Figure 1.8 - 3D structures from tile-based assembly. a) Self-assembled polyhedral from three point star
motif tiles. Adapted with permission from reference 29 (Nature Publishing Group, 2008). b) Tensegrity tile
used to create macroscopic 3D DNA crystals. Reproduced with permission from reference 35 (Nature

Publishing Group, 2009).

Long-range 3D tile-based assembly was realized by Mao and Seeman, who used
rigid 3D tensegrity triangles to produce a macroscopic crystal, Figure 1.8b.#0 The crystal
structure was resolved to allow structural characterization of this nanostructured DNA-
based material at high resolution. Although not strictly through tile-based assembly, a
precursor design which used non-canonical base-pairing to produce a 3D crystal has
recently been shown to undergo pH switchability and applied in biocatalysis.41.42

An important concept in the design of DNA tiles is the dihedral angle between each
unique dsDNA which makes up the complete tile structure. This angle is a consequence
of the consistent helical pitch in dsDNA, and can be varied by altering the spacing between
crossover points, or branched junctions, that tie the duplexes together. The tiles
described so far were designed to have an approximate 180° dihedral between duplexes.
However the creation of more rigid, 3D tiles in the form of helix bundles was achieved by
reducing the dihedral angles such that the tile folds on itself full circle, see Figure 1.9. The
reduction of the dihedral angle is achieved by changing the number of nucleotides
between the crossover points, divergence from full or half-turns alters the relative helical

pitch of the arms relative to each other. These bundles were shown to form into 1D
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nanotubes, with very small radii, which were used to template metallic nanowire
synthesis and also to form 2D Ilattices.#344 Additionally, applications in artificial
photosynthesis have been demonstrated, using seven-helix bundles as scaffolds to

arrange chromophores into an artificial light-harvesting antenna.*>
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Figure 1.9 - Changing dihedral angles within tiles. a) Three-helix bundles are formed with a 60° angle
between helices. Reproduced with permission from reference 39 (American Chemical Society, 2005). B)
Six-helix bundles have a 120° angle between helices. Reproduced with permission from reference 38
(American Chemical Society, 2005). C) Positioning of fluorophores on a seven-helix bundle produces an
artificial light harvesting antenna. Reproduced with permission from reference 40 (American Chemical

Society, 2011)

Another interesting aspect of DNA nanotechnology, especially tile-based assembly,
is its application in computer science.*® From this point of view, each unique unit can be
treated as a ‘Wang’ tile, an abstract mathematical concept which addresses the
arrangement of individual building blocks into an infinite 2D network. Wang tiles can be
represented as squares with unique edges that can only come together with their proper
edge partner. This is analogous to sequence asymmetric DNA tiles which have unique
sticky ends which allow specific tile-tile interactions. Assembly of the tiles results in an
ordered network which can be periodic or aperiodic in nature, depending on the set of
tiles used. When using certain sets of tiles, ‘algorithmic self-assembly’ is possible,*” which
can be used to carry out logical operations.*8 This relies on the use of different interaction
strengths between tiles, which can be achieved by altering the DNA sequence of each
sticky end. For example, Winfree used this concept to make a set of tiles which grow into
a 2D network with the discrete ‘Sierpinski triangle’ pattern.4? In these systems the growth
of the crystal depends on the current state of the crystal and can be equated to a series of

inputs, added tiles, creating a defined output, the growth pattern. Importantly, this means
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that DNA nanostructures can solve any computable problem and are therefore great
candidates for use in molecular computing. 50

The concept of tile-based DNA assembly has recently been reduced to its simplest
structural form by equating a single DNA strand to a tile, termed single-stranded tiles
(SSTs).51 The method uses a large number of unique asymmetric units, each SST having a
unique sequence, and therefore precise address, in the final structure. This is used to
create a large molecular canvas, approximately 60 x 100 nm in size, consisting of
individual pixels which can be omitted selectively to create a variety of complex shapes.
The SST assembly strategy has more recently been taken into the third dimension by the
introduction of a 90° dihedral angle between SSTs upon hybridization, Figure 1.10.52
Additionally, the introduction of strand displacement mechanisms to SST designs has

been shown to allow morphological reconfiguration.>3
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Figure 1.10 - 3D shapes from DNA bricks. a) Assembly of 3D nanostructures from single stranded tiles
(SSTs), each SST has a unique position in the final structures represented by different colored bricks.

Reproduced with permission from reference 47 (AAAS, 2012).

In summary, tile-based assembly has taken DNA nanotechnology from concept to
application. The wide array of tile designs available and the range of structures which can

be produced from them is impressive. The use of tile-assembled DNA nanostructures as
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scaffolds for the precise organization of other components has also been well established.
However, the majority of the 2D assemblies created from tile-based assemblies are
periodic structures, the introduction of more complexity is limited by the increasing
assembly error rate.>* For this reason, alternative approaches have emerged for creating

robust designer nanomaterials based with DNA.

1.4.4 DNA origami

Rothemund introduced the concept of scaffolded DNA origami to the community in
2006.55 This work built upon a design strategy introduced by Joyce and co-workers,
where a 1700nt single strand of DNA was folded into an octahedron, guided by 40nt
chaperones.>® The origami method makes use of a long scaffold strand, around 7000nt in
length, genomic DNA obtained from the M13 bacteriophage. This circular scaffold strand
is forced to fold into a specific shape through the introduction of around 250 unique
‘staple’ strands, less than 100nt, which pinch it together at specific sites. The staple
strands are added in a large excess, and need not be highly pure oligonucleotides. The
result are large 2D nanostructures, around 100nm across, with arbitrary shapes and a

resolution of 6nm, which is defined by the length of the staple strands.

Figure 1.11 - 2D Scaffolded DNA Origami. The long scaffold strand (black) is folded into a 2D shape by
the colored staple strands, resulting in the production of arbitrary 2D shapes. Adapted with permission

from reference 50 (Nature Publishing Group, 2006).

Conceptually, DNA origami bears a lot of similarities to the SST approach introduced

in the previous section, the SST method which appeared later was inspired by the
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structural complexity which could be achieved through DNA origami. Like the SST
method, the level of structural diversity available comes at the price of a very large
sequence pool. Although this makes DNA origami a costly endeavor it has still become
widely used by various research groups due its accessibility, high level of control and ease
of characterization of the assembled structures.

In 2009, three different strategies to take the origami method into three dimensions
were reported. The first involved directing six different regions of the scaffold strand to
form the six sides of a large cube, furthermore one side acted as a lid which could be
opened in response to a specific DNA input.>7.58 A similar strategy was used by Sugiyama’s
group to produce hollow prisms folded from multi-armed 2D structures.>® The second

involved the introduction of acute dihedral angles to fold the sheets over on themselves,
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Fig 1.12 - 3D Scaffolded DNA origami. a) Addition (blue) or deletion (orange) of nucleotides caused over
and underwinding of the helices to produce curvature in an origami bundle. Adapted with permission from
reference 56 (AAAS, 2009) b) Layering of origami sheets to create 3D structures. Reproduced with
permission from (Nature Publishing Group, 2009) c) Introduction of curvature across two planes to create

complex 3D nanostructures. Adapted with permission from reference 57 (AAAS, 2011).

creating a honeycomb lattice when viewed end-on, Figure 1.12b.60 The third method
described relied on the introduction of curvature though torsional strain caused by
under- and over-winding of dsDNA portions, producing curved and twisted constructs,

Figure 1.12a.61 The complexity of curvature was further developed by Yan et al. who
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introduced curvature across two planes resulting in structures reminiscent of these
produced from a potter’s wheel, Figure 1.12¢.62 Another approach for 3D construction
was the use of tensegrity, seen in tile-based assembly before, but on a larger scale to
produce discrete pre-stressed structures bearing similarities to macroscopic
architecture.®3

Unlike the infinite networks which are, in theory, possible with tile-based DNA
assembly, the size of a single origami is limited by the scaffold length of approximately
7000nt. The potential to expand the size was addressed by Rothemund, introducing
staple strands along the edges of single-scaffold structures, treating each origami sheet
as a tile to allow hierarchical assembly. However the yields were very poor due to the
need for careful stoichiometry of staple strands, which has led to other strategies.
Sugiyama’s group introduced the concept of shape recognition between origami tiles,
creating nanoscale ‘jigsaw pieces’ which fit together with specific orientations like
mortise and tenon joints.®* Yan and co-workers layered origami tiles over each other, in
a cross motif, and used them to create a square lattice via sticky end cohesion in a tile-
based fashion.t> Other polymerization methods were investigated, linking tiles into
ribbons by using ssDNA to zip up the seams between each single-scaffold structure.t®¢ A
very interesting discovery was that origami tiles could be connected using blunt-ended
stacking interactions.®’ This introduction of a different mode of assembly, expanding the
palette of interactions represented a step towards multiple, specific molecular
recognition events guiding self-assembly. The use of a longer scaffold strand, comprised
of more than 51,000 nt, has enabled researchers to produce origami structures seven
times larger than the conventional approach.®8 The most recent development was the use
of origami DNA tripods by Yin’s group, which mimic the three-point star tiles described
earlier and come together to produce an array of large polyhedra by changing the angle
of each corner origami piece.®® The dimensions of the structures are 100nm across each
edge, these are the largest discrete 3D DNA nanostructures yet created.

Due to its popularity DNA origami has been used to solve problems in various areas
of science and technology. A single origami tile has around 250 staple strands which can
be individually modified to allow site-specific placement of other materials. DNA Origami
can be thought of as a robust molecular pegboard to vary the spacing between functional
components. This has been used to create nanoscale rulers for microscopy,’? plasmonic

devices,’1-74 protein arrays,’>7¢ and for single-molecule analysis.”” Three-dimensional
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origami structures have been used to create smart drug-delivery devices,’87° artificial

ion-channels,8? and used as nanoscale foundries for gold nanoparticle synthesis.81.82

Figure 1.13 - Origami as a tool in nanoscience. a) An example of a 2D DNA origami as a molecular
pegboard, the relative positioning proteins is used to study chemical reactions at the single-molecule level.
Adapted with permission from reference 70 (Nature Publishing Group, 2010). b) 3D origami structure used

to create a stimuli responsive nanocarrier. Adapted with permission from reference 73 (AAAS, 2012).

Overall, DNA origami has rapidly become the most common construction method
used in DNA nanotechnology. This is due to the accessibility of the approach, which can
be carried out by non-experts, relying on computer-aided design and user-friendly
protocols. However, there are limitations to the origami approach, which will become
more important as the field develops. Due to the large number of strands needed to fold
a single structure and the need to use an excess of the staples, producing waste, the
economics may hinder scaling up the technology. Additionally, the yields of origami are
not ideal, especially for the more complex structures, and stability (in particular, in vivo
stability) can be an issue requiring specific buffer conditions.83 One final consideration is
that although the structure may appear well-formed, certain component strands may be
missing. The characterization of such structures is limited to qualitative assessment of
the structure, typically by microscopy. While these limitations have not prevented a great
deal of important research to be carried out thus far they will need to be addressed in the

future.
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1.4.5 Supramolecular DNA nanotechnology

The great variety of DNA self-assembly strategies described so far rely solely on
Watson-Crick base-pairing to provide structural definition. It is the fact that structural
DNA nanotechnology is only based on one type of interaction that has demanded
researchers to go to great lengths to increase complexity while retaining fidelity. As
alluded to earlier, the introduction of diverse interactions may be a way to increase
control over self-assembly, open doors to new structures which were not possible before,
while minimizing sequence space and simplifying design rules.

Supramolecular DNA nanotechnology combines the concepts of supramolecular
chemistry and DNA self-assembly, with the combining factor often being the chemical
modification to DNA strands. However, an overriding theme is that by introducing the
toolbox of supramolecular interactions to DNA nanotechnology we will open new
horizons of self-assembly. The chemical modification of DNA strands at the synthesis
stage can be used to introduce geometric control, create block-copolymer type
morphologies, add metal-coordination environments and allow the site-specifc
positioning of macromolecules and nanomaterials on a DNA scaffold.

The first instances of supramolecular chemistry being combined with nucleic acid
chemistry were the creation of DNA dendrimers.84 Initially branched RNA structures
were synthesized to investigate the role of these unusual structures in mRNA splicing, 8>
but the methodology was taken further and successfully produced 3rd generation DNA
dendrimers. This is a good example of the modularity of solid-phase oligonucleotide
synthesis, the introduction of branching monomers allowing access to unconventional
nucleic acids with a global molecular modification that goes beyond primary structure.
The development of non-nucleoside branching units gave rise to larger dendrimer
structures.86-88 The potential of these novel nanostructures to modulate the hybridization
properties of their oligonucleotide arms was realized,888° creating the supramolecular
DNA complexes shown in Figure 1.13.

The application of synthetic insertions to DNA during solid-phase synthesis is not
limited to the formation of branched structures. Divalent organic linkers were used to
link adenine or thymine tetramers at the 5’ end, creating supramolecular polymers
through Watson-Crick complementarity when combined.?® Bergstrom and co-workers

introduced rigid synthetic vertices to favour the formation of supramolecular cycles.!
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Sleiman’s group used this strategy to produce a supramolecular DNA hexagon which was

used as an organizational scaffold for gold nanoparticles.%2
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Figure 1.14 - Branched and cyclic DNA structures via synthetic insertions. a) Synthetic branching
units enable the synthesis of DNA dendrimers. Adapted with permission from reference 83 (Oxford
Journals, 1999) b) Rigid synthetic insertion which produces a variety of cyclic products via DNA
hybridization of the symmetric sequences. Adapted with permission from reference 86 (Wiley-VCH, 1997).
c) A sequence asymmetric system, with rigid organic vertices is used to produce a single, hexagonal
structure, shown here as a scaffold for gold nanoparticles. Adapted with permission from reference 87

(Wiley-VCH, 2006)

The vertex strategy was extended to 3D by firstly ligating cycles into various stable
polygons, adding linking strands to align the cycles and rigidifying them with bracing
strands to produce stable polyhedra.?3 Importantly, this modular approach represented
the first example of an assembly strategy which allowed access to a variety of different
3D DNA nanostructures from a limited set of building. Additionally, the design permitted
structural reconfiguration due to the stability of cyclic components. The modularity of
this cyclic DNA approach was further highlighted as it was applied to the construction of
high aspect-ratio structures, DNA nanotubes.?* A variety of previous strategies had
produced nanotubes that were composed entirely of dsDNA,?> the possibility of ssDNA
regions introduced dynamic capability and a way of tuning mechanical properties,
expanding the potential of tubular nanostructures which have wide-ranging applications.

This was taken advantage of to allow the capture and release of cargo, in the form of gold
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nanoparticles, in response to a specific DNA input.?¢ Greschner and Sleiman showed that
rigid organic vertices can significantly stabilize DNA hybridization and the structure of
the vertex profoundly affects the self-assembly outcome.?” They also showed that a small
DNA-interacting molecule can converge a library of equilibrating DNA structures into a

single product,®8 in a process reminiscent of dynamic combinatorial chemistry.??
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Figure 1.15 - Modular 3D DNA nanostructures. a) The ligation of cycles creates close polygons which
can be linked, giving modular access to a range of 3D prisms. Adapted with permission from reference 81
(Americal Chemical Society, 2007). b) Application of this methodology to the production of DNA nanotubes
which retain dynamicity due to the presence of single-stranded regions, allowing the loading and release

of cargo. Adapted with permission from reference 91 (Nature Publishing Group, 2010).

Replacing ‘passive’ organic vertices with metal coordinating chelates, such as
bipyridine for example, can introduce another supramolecular aspect to DNA assembly.
An abundance of remarkable coordination complexes have been self-assembled through
the combination of transition metal complexes with rigid, multivalent, organic ligands.100-
109 Considering dsDNA as a rigid linker, analogous complexes could be made, with the
advantage of having two orthogonal interactions to drive assembly; metal center
geometry and molecular recognition of DNA strands. Kondo et al. attached 2,2-bipyridine
(bpy) ligands to the termini of short oligonucleotides, mixing of bpy-Azo, bpy-T20 and Fe2+
coordination resulted in 2D or 3D networks with DNA struts and coordination complex
vertices. This strategy was applied to linear arrays, with multiple metal centers linked by

different oligonucleotide sequences.110 This introduces the prospect of using sequence
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asymmetry of DNA to create supramolecular complexes where each metal center is not
equivalent, i.e. the DNA sequence confers a unique address to each unit. Further
development in this area has produced branched structures and closed cycles.111-114 The
modification of individual nucleosides has been use to internally metalate DNA,115 this

was recently used as a method to stabilize three-way branched junctions.116
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Figure 1.16 - Incorporation of transition metals to DNA nanostructures. a) A supramolecular
coordination complex with rigid dsDNA arms. Adapted with permission from reference 108 (American
Chemical Society, 2004). b) Incorporation of metal coordination environments to a 3D DNA trigonal prism.
Adapted with permission from reference 115 (Nature Publishing Group, 2009). c) Stabilization of a 3-way
branched junction by internal metalation. Adapted with permission from reference 111 (Wiley-VCH, 2013).

While metal centers have historically been used as templates for supramolecular
chemistry,117.118 Yang and Sleiman introduced a cyclic metal-DNA structure where the
DNA hybridization first oriented (2,9-diphenyl)-1,10-phenanthroline (dpp) ligands,
ready for post-assembly metalation with labile metals.11® Applying this method to a the
assembly of a discrete 3D structure created a metal-DNA cage, reminiscent of
supramolecular coordination complexes.120 The introduction of sequence asymmetry
provided a chiral four-way junction, used to assemble metal-DNA nanotubes.!?1 This
strategy was extended to add metal selectivity, using 2,6-bis(2-pyridyl)pyridine (tpy) and
bpy to create metal complex terminated duplexes with a large enhancement in stability

which exhibited error-checking behavior.122
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The incorporation of metal centers to DNA provides functionality, which could be
due to the unique catalytic, photoactive, electronic or magnetic properties of transitions
metals.123 For example, the discovery of catalytic DNAs,124 or ‘DNAzymes’ has exciting
implications for the development of novel catalysts by transition metal incorporation to
DNA nanostructures. Alternatively, the introduction of metal centers may offer
mechanisms for charge transport, with applications in nanoelectronics, artificial
photosynthesis and sensing.125126

Another important concept from the world of supramolecular chemistry is that of
mechanical interlocking. Mechanically interlocked molecular architectures have shown
great potential in molecular devices, the potential to control intramolecular motion
allows them to mimic their macroscopic equivalents to produce motors, shuttles, ratchets
and switches.127 These supramolecular structures are interesting as their formation is
often guided by weak interactions but the final products are neither covalently bonded
or necessarily held together by non-covalent interactions, they are mechanically
interlocked. DNA catenanes are important in biology as they are involved in replication
of circular DNA.128-130 [n fact, the first 3D DNA nanostructure was a topologically complex
catenated structure, albeit held together strongly through hydrogen bonding.2°

More recently, Willner used ligation to covalently close interlocked DNA
macrocycles, producing polycatenanes, which were used to control relative positioning
of gold nanoparticles, fluorophores and proteins.131 Catenation of 3D DNA structures has
also been used as a strategy to increase structural stability for biological applications,
connecting susceptible nicked regions through ligation.132 Famulok’s group have
reported the synthesis of a wide variety of mechanically interlocked DNA structures,
creating a toolbox of components for use in nanomechanical devices.133.134

Other important non-covalent interactions which can be combined with DNA
assembly include aromatic stacking,3> and hydrophobic interactions.13¢ The role of
hydrophobic interactions is especially relevant to this thesis and is discussed fully in

section 1.5.
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Figure 1.17 - Mechanically interlocked DNA structures. a) DNA polycatenanes are used to position gold
nanoparticles. Adapted from reference 126 (National academy of Sciences, 2008). b) Complex
reconfigurability within an interlocked DNA olympiadane. Reproduced with permission from reference

129 (Wiley-VCH, 2014).

Overall, supramolecular DNA assembly has capitalized on the molecular tools from
decades of supramolecular chemistry to produce DNA nanostructures that would not be
accessible through strict DNA hybridization. Additionally, Structural DNA
nanotechnology now offers a plethora of different strategies to coax DNA into 2D and 3D
architectures, however these constructs, composed purely of DNA lack functionality
without the addition of active components. Supramolecular DNA nanotechnology
typically introduces new components at specific sites in the structures by chemical
modification to the oligonucleotides to produce a ‘handle’, whether for non-covalent or
covalent conjugation to an active unit. Thus, the combination of synthetic chemistry with
DNA assembly brings us one-step closer to applying DNA nanostructures in modern

technology.

24



1.4.6 Dynamic DNA nanotechnology

Self-assembled systems which retain dynamic character are the most promising
candidates for biomimetic molecular machines. As introduced very briefly earlier in this
chapter, DNA nanostructures can exhibit switchable, dynamic and reconfigurable
behavior. This has allowed researchers to create programmable molecular machines
from DNA nanostructures.

Toehold mediated strand displacement is a critical reaction which enables the
actuation of most dynamic DNA devices.137 The principle of strand displacement is that a
thermodynamically equilibrated system can be induced to reconfigure upon addition of
a specific DNA strand, Figure 1.18a. To a duplex which contains an ssDNA overhang,
referred to as the toehold region, is added an input strand which will bind first to the
toehold region and then undergo branch migration. Branch migration is a random walk
process which consists of a back-and-forth of pairing and unpairing of nucleobases
coming to an end when the most stable complex is reached. Therefore DNA sequences
can easily be designed to undergo strand displacement, by introducing overhangs and
input strands. Crucially, itis our ability to quantitatively calculate enthalpy contributions
from the hybridization of different sequences which makes this possible. The kinetics of
the strand displacement process are dependent on the length and GC-content of the
toehold region. Winfree has shown that the kinetics can be accurately predicted, with a

toehold region of 5nt or more being the optimum length for fast displacement.138
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Figure 1.18 - Dynamic DNA nanodevices. a) Schematic of the strand displacement reaction, a key concept
in dynamic DNA nanotechnology. Reproduced with permission from reference 132 (Nature Publishing
Group, 2011). b) An autonomous DNA motor which is powered by a DNA enzyme (enzyme cleavage site

indicated by the black arrowhead). Reproduced with permission from reference 135 (Wiley-VCH, 2004).
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The strand displacement concept was first applied in a DNA machine which
resembled a pair of tweezers, the input of DNA strands could be used to open and close
the device.13 Since then, ongoing development in this area has produced a variety of
structurally switchable DNA nanostructures which can emulate macroscopic machinery
such as motors and rotors,133140 walkers,141.142 and even a nanoscale ‘assembly line’.143
Strand displacement has also been used in the structural reconfiguration of 2D and 3D
DNA nanostructures,?3139.144 for example to aid encapsulation and release of cargo.>7.96
The introduction of toehold regions which contain biologically relevant sequences has
been used to create stimuli responsive drug-delivery vehicles, which ‘unzip’ in the
presence of a cancer marker RNA sequence.145

In summary, the reversible nature of the non-covalent interactions which hold
together DNA nanostructures enables the creation of dynamic nanodevices from DNA.
The modes of operation are not limited to strand displacement processes. Structural
changes in response to environmental factors, such as pH, or to other chemical species,
such as metal ions, have also been used to create DNA machines.146 The resulting dynamic
DNA assemblies have applications in sequence responsive drug-delivery, sensing and

molecular computing.

1.5 DNA amphiphiles

Block copolymer self-assembly is a useful fabrication method used to create
materials for wide-ranging practical applications such as nanolithography, drug-delivery,
and catalysis.¥7 Amphiphilic block copolymers self-assemble due to microphase
separation of two or more conjoined polymer blocks with differing solubilities.148 Driven
by the hydrophobic effect in aqueous media, micelles, rods and lamellae can be produced.
Furthermore, the resulting morphologies can be varied by tuning the relative lengths of
the constituent polymer blocks and the solvent conditions. Amphiphilic self-assembly can
create well-defined nanostructures using a completely different set of interactions than
structural DNA nanotechnology, and can introduce the capability of block copolymers for
long-range self-assembly.?>14° For this reason the combination of the two approaches
provides a powerful platform with great opportunities for novel, useful and dynamic

nanotechnology.
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DNA amphiphiles can be thought of as block copolymers; where the hydrophilic
block is an oligonucleotide and the hydrophobic block can vary from a simple lipid chain
to a high molecular weight synthetic polymer. In this section, the synthesis, self-assembly

and application of this relatively new class of materials is described.

1.5.1 Synthetic approaches

A variety of approaches to create DNA amphiphiles have been reported.13¢ These
can be loosely divided into two classes; pre-synthetic or post-synthetic. Pre-synthetic
approaches capitalize on the efficient solid-phase coupling chemistry used for
oligonucleotide synthesis, with addition of a hydrophobe to the DNA strand on the solid
support. The post-synthetic strategy involves the attachment of the hydrophobe to DNA
strands after they are fully deprotected and soluble in aqueous media. This usually
involves the addition of a functional group to the DNA strand during synthesis, which can
be used as a reactive handle for the subsequent conjugation. The variety of attachment

chemistries are shown in Figure 1.19.
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Figure 1.19 - Synthesis of DNA amphiphiles. The various possibilities of attachment chemistry are

shown. Reporoduced with permission from reference 130 (Royal Society of Chemistry, 2011).

Considerations for the synthetic strategy will largely depend on the hydrophobic
group that is to be attached. Importantly, if the pre-synthetic route is to be used then the

hydrophobe must be able to withstand the conditions used in phosphoramidite synthesis
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of the DNA strand. The main concerns are the acidic conditions used for deblocking, the
oxidation steps and the basic conditions typically used for cleavage from the solid-
support and removal of protecting groups. If stability is not a concern it should be noted
that the pre-synthetic route is generally the higher yielding and faster alternative. A
plethora of hydrophobic phosphoramidites and functionalized solid supports are now
commercially available, allowing 3’, 5’ or internal modification of oligonucleotides.
Another important consideration is that while solid-phase phosphoramidite coupling
works very well for small molecules it is not as well suited to long polymers. This is due
to the small solid support pore-sizes, typically 500-20004A, and the randomly coil
conformation of the polymer which impedes accessibility to the single reactive site. While
a post-synthetic method can be used to make DNA-polymer conjugates, solubility is a
major drawback demanding a careful balance to solubilize both oligonucleotide and

polymer.150

1.5.2 DNA amphiphile self-assembly

The morphology of a self-assembled amphiphiles aggregate depends on the ratio of
the hydrophilic and hydrophobic components. One advantage of using DNA as an
equivalent of a ‘polymer’ block is that complete control over the length of the DNA is
synthetically possible, whereas polymers will always exhibit some degree of
polydispersity. This was showcased by Tan’s group, who showed that the radius of
micelles could be tuned precisely by changing the DNA length, they also showed size-
dependent cellular uptake profiles.151 The introduction of an oligonucleotide component
to block copolymer-like assemblies also adds orthogonal molecular recognition, which
can be used to turn self-assembled aggregates into smart nanodevices. Dynamic DNA
assembly can be used as a tool to modulate these amphiphilic assemblies, with switchable
systems designed to respond to stimuli which act on the DNA.

Shape-shifting DNA micelles have been reported that respond to an input DNA
sequence by changing morphology. This can be due to changes in the cone-angle upon a
ssDNA to dsDNA transition (Figure 1.21a),152 thermal annealing of duplexes or enzymatic
processing of the oligonucleotide portion. Gianneschi’s group prepared DNA amphiphiles
of brush morphologies through ring-opening metathesis polymerization (ROMP) and

showed all three of these processes could in fact change morphology from spherical
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micelles to rods and back to spherical micelles.1>3 This has been shown for other types of
DNA-based micelles, including those made from DNA-polypropylene oxide (PPO)

amphiphiles, where cellular uptake profiles were found to be shape-dependent.154
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Figure 1.20 - DNA amphiphile self-assembly. a) DNA based micelles self-assemble from lipid-DNA
conjugates. Reproduced with permission from reference 146 (Wiley-VCH, 2010). B) Micelles formed from
DNA-polymer conjugates undergo stimuli responsive morphological changes. Reproduced with permission

from reference 148 (Wiley-VCH, 2010).

Interestingly, in the presence of lipid bilayers some DNA-amphiphiles exhibit a
preference to insert into the bilayer, packing with the lipid molecules, rather than self-
aggregating. Based on this behavior, lipid-oligonucleotides have been applied as tools for
vesicle fusion, mimicking the SNARE protein complex.1>> Insertion into biological
membranes is also useful for the delivery of nucleic acid therapeutics. There have been
an array of lipid-oligonucleotide conjugates used as to enhance stability and cellular
uptake of short interfering RNA (siRNA) or antisense oligonucleotides (ASOs) without the
need for toxic transfection agents.15¢ From in vivo studies the mechanism of uptake was
shown to be mediated by insertion of the nucleic acid amphiphiles into endogenous
lipoproteins and subsequent receptor-mediated uptake of the nucleic acid-lipoprotein
complex.157

Additionally, the organization of nucleic acids into unnatural, spherical
morphologies has been shown to increase the stability in biological media, due to the
dense packing of DNA which prevents access to nucleases. This was initially
demonstrated by using spherical gold nanoparticle scaffolds.1>8 However, the assembly

of DNA amphiphiles created from ROMP polymers into spherical micelles showed that
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the same effect can be achieved without the need for inorganic nanoparticles.1>® These
micelles have recently been synthesized with locked-nucleic acid (LNA) antisense
oligonucleotide coronas, and shown to successfully effect intracellular gene regulation.160
The cellular uptake and subsequent gene regulation of these nucleic acid containing
nanoparticles without the need for transfection, is one of very few examples of such
systems.161.162 This shows the potential of DNA amphiphiles as a solution to important
challenges in medicine. As well as delivering nucleic acid therapeutics on their corona,
DNA-based micelles can be used to encapsulate small molecule drugs in their cores. For
example, Herrmann'’s group showed encapsulation of doxorubicin in a micelle made from
DNA-polypropylene oxide (PPO) amphiphiles.163 The addition of a complementary DNA
strand conjugated to folic acid decorated the corona with a ligand for targeted delivery,
showing selective uptake in cancer cells. The nucleic acid portion can itself be
transformed into a targeting ligand by introducing an aptamer forming sequence, this
was used to produce micelles which displayed aptamers on their corona, exhibiting

strong and specific binding to receptors overexpressed on cancer cells.164
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Figure 1.21 - Applications of DNA amphiphiles in nanomedicine. a) DNA-PPO micelles can be
functionalized with a targeting ligand (red sphere) and loaded with small molecule drug (green sphere) for
targeted drug delivery. Reproduced with permission from reference 158 (Wiley-VCH, 2008b). b) Gene
regulating DNA-polymer micelles which bear LNA antisense on their corona. Reproduced with permission

from reference 155 (American Chemical Society, 2014).

Looking at the recent progress in the field it is clear that the incorporation of a
‘smart’ nucleic acid component in amphiphilic self-assembly is advantageous, especially
showing promise for diagnostic and therapeutic applications in nanomedicine. Another
exciting prospect is the integration of DNA amphiphiles with 2D and 3D DNA

nanoscaffolds, creating hybrid structures with novel, synergistic properties.
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1.5.3 Integration of amphiphiles with DNA nanostructures

From the point of view of DNA nanotechnology, DNA amphiphiles represent a new
way to interface DNA nanostructures with other materials, especially those of biological
relevance such as lipid membranes. One challenge in the field is to align DNA
nanostructures on surfaces. Historically, structures have been deposited on inorganic
surfaces for microscopy analysis, an issue with this is that irreversible surface adsorption
nullifies any dynamic character and can disrupt the structures. One solution to this
problem is to place DNA nanostructures on a ‘soft’ surface with some degree of fluidity.
This can aid characterization, allowing structures to be studied in a more ‘native’ state,
but is will also be important to create functional devices which are dependent on dynamic
assembly. Lipid bilayers have emerged as an excellent candidate for this purpose.

To direct nanostructures to lipid bilayers hydrophobic anchors must be used, these
are commonly introduced to the structures by substituting one of the constituent strands
with a DNA amphiphile. For example, Albinsson and co-workers used porphyrin-modifed
thymidine to introduce a hydrophobic anchor to DNA strands.1®> These were
incorporated into a 2D hexagonal DNA nanostructure and the number of anchors needed
to stably align the construct to a lipid bilayer was found to be three.16¢ This demonstrated
that just a relatively small modification to the DNA nanostructure can be used to give a
strong interaction with bilayers and that this is tunable, by changing the number of
anchors per structure. These structures are currently being explored for applications as
artificial photosynthetic systems, taking advantage of the redox activity of the porphyrin
moeities.167

Taking advantage of the fluidity of lipid membranes mentioned above, the study of
assembly processes between nanostructures is possible as they retain dynamicity. High-
speed atomic force microscopy (AFM) was used to study the interactions between
origami hexagons in real-time. Cholesterol anchors were used to align the hexagonal
structures on the bilayer and an azobenzene modification was used to allow DNA
hybridization to be ‘switched on’ or ‘off’ by irradiation with light.168 [n a similar vein, DNA
origami ‘barges’ were created, also with cholesterol anchors to allow association with a
lipid bilayer surface.16? Single-molecule fluorescence microscopy was used to evaluate

the random lateral diffusion of structures on the bilayer surface. The creation of artificial
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membrane channels made of DNA has also been explored. Another example, combining
DNA amphiphiles with 3D DNA nanostructures was the integration of cholesterol-
modified staple strands to a large DNA origami structure was used to create an artificial
ion-channel.8? More recently, a simpler design for DNA-based ion-channels was reported,

using porphyrin anchors to facilitate insertion into the bilayer.170

awiy
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Figure 1.22 - DNA nanostructure on lipid bilayers. a) A DNA hexagon is aligned to the lipid bilayer via
three porphyrin anchors. Reproduced with permission from reference 161 (Wiley-VCH, 2011) b) A DNA
origami tile functionalized on one side with cholesterol groups can ‘explore’ bilayers, as visualized with
single-molecule fluorescence microscopy. Reproduced with permission from reference 164 (American

Chemical Society, 2014)

The application of DNA amphiphiles with DNA nanostructures is not limited to lipid-
bilayer anchoring. Sleiman and co-workers have integrated DNA-amphiphiles into 3D
structures with applications in membrane biophysics, drug-delivery and fundamental
studies of orthogonal assembly modes working together. A critical aspect of the DNA
nanostructures used for these studies is the availability of multiple ssDNA regions which
can hybridize to DNA-amphiphiles. The use of a cubic DNA scaffold with addressable
ssDNA regions was used to position DNA-polyethylene glycol (DNA-PEG) block
copolymers generated by ROMP, precisely in 3D.171 This decoration with PEG chains was
found to enhance nuclease resistance of the DNA nanostructure. The extension of this
method to long-range assembly was achieved by the use of robust DNA nanotubes with
periodically spaced single stranded regions as the scaffold.172 The nanotubes were used
to longitudinally position micellar aggregates of DNA-PEG and DNA-polystyrene (DNA-
PS). These hybrid assemblies were stimuli responsive, with introduction of a specific DNA
sequence removing the DNA-polymer conjugates by strand displacement. Conway et al.

used a modular, DNA minimal scaffold to position varying numbers of cholesterol
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modified DNA and fluorophores.l’”? Combining dynamic DNA nanotechnology
approaches with lipid-bilayer bound nanostructures produced a stimuli responsive
platform with promise in artificial signal transduction, controlled protein interactions
and surface bound DNA nanodevices in general. Additionally, Simmel’s group have used
the hydrophobic association of cholesterol modified DNA to drive the folding of a hinged
DNA origami structure, like the closing of a book.174 O’Reilly, Turberfield and co-workers
integrated a temperature-responsive polymer-DNA conjugate with a DNA tetrahedron.150
The structure exhibited surfactant like behavior which could be reversed by temperature

control.

1.6 DNA-guided assembly of gold nanoparticles

DNA nanotechnology has produced a variety of scaffolds for the organization of
matter on the nanoscale. An important class of nanomaterial which can benefit from the
structural control and complexity available through DNA nanotechnology are gold
nanoparticles. Gold nanoparticles (AuNPs) have far-reaching potential for practical
applications in medicine, energy, photonics, nanoelectronics, catalysis and
computation.17> A full discussion of their physical properties is beyond the scope of this
thesis and has been well documented.176 However, it is important to note that these
unique nanomaterials exhibit special optical and electronic properties which are particle
size dependent.1’7 Additionally, these collective properties are highly dependent on the
geometry of nanoparticle assemblies, the precise control of which was previously a
challenge. As described briefly before, DNA nanotechnology has presented solutions to
this challenge. As such, the focus of this section will be a brief introduction to DNA-
mediated assembly of gold nanoparticles, which has developed into a large field in
itself.178179 The assembly strategies can be divided into two distinct approaches. The
method introduced by Mirkin relies on the use of poly-functionalized AuNPs; gold
nanoparticles with the highest surface coverage of DNA possible.18 These are used to
create long-range crystalline like assemblies. The alternative approach, pioneered by
Alivisatos, is the use of discretely functionalized AuNPs; gold nanoparticles with exactly
one or two DNA strands attached.181 The assembly relies uses DNA scaffold strands to
produce small clusters of well-defined numbers of nanoparticles. Both approaches will

be discussed.
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1.6.1 Conjugation strategies

An important consideration for the creation of DNA-functionalized gold
nanoparticles (DNA-AuNPs) is the attachment chemistry. The most common approaches
are based on the gold-sulfur bond, 182183 which requires modification of the DNA strands
to introduce a sulfur containing group. The first reported examples used DNA strands
modified with alkane thiols. These are typically introduced as a 3’ modification using a
specialized solid support which introduces the thiol as a disulfide, treatment with a
reducing agent activates the modification for conjugation to the gold surface. While these
anchors have been used successfully in a wide variety of studies, thermal stability and
resistance to reducing agents and salts commonly used in biological buffers is a concern

for some applications.
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Figure 1.23 - Gold binding moieties. a) Alkane thiol, b) lipoic acid, c) trithiol dendron, d) double stranded
strategy using lipoic acid, e) DTPA modification. Adapted with permission!84 (Royal Society of Chemistry,
2011).

The need for more stable DNA-AuNPs has resulted in the development of novel
anchoring groups. One approach is the use of cyclic disulfides, which can be introduced
to the oligonucleotide post synthesis, such as lipoic acid,85 or during the synthesis using

the common reagent dithiol phosphoramidite (DTPA), Figure 1.23. These modifications
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do not require activation and introduce significant stability due to their chelating ability,
and in the case of DTPA, multiple anchors can be put on one DNA strand to give very
stable nanoparticle conjugates.186 Multiple thiol groups can also be used, Mirkin and co-
workers synthesized a tri-thiol dendron using phosphoramidite chemistry, which
exhibited higher stability than cyclic disulfides. Another effective approach is to bring
multiple anchors together by hybridizing two DNA strands which are modified, one on
the 3’ and one on the 5’ ends, with cyclic disulfides. This method creates a rigid chelating

arm from dsDNA, preorganized for binding to the gold surface.187-189

1.6.2 Long-range assemblies

The first examples of DNA-mediated assembly of gold nanoparticles appeared in
1996. Mirkin’s group prepared two sets of gold nanoparticles, which were each poly-
functionalized with 3’ thiol modified DNA strands of unique sequences.189 A linker was
created, with a duplex portion flanked by 8nt ssDNA arms which were complementary to
each of the AuNP bound strands. The two populations of AuNPs could be mixed together,
existing as separate entities in solution. Upon addition of the linker DNA hybridization
occurred, resulting in aggregation of the nanoparticles. This work not only showed that
DNA may be used as the mediator for colloidal crystallization but revealed the potential
of DNA-AuNPs in biomolecule sensing. The dependence of inter-particle distance on the
optical properties of AuNPs results in drastic color changes when the linker DNA strand
is added. This was demonstrated soon after the initial discovery, by a slight change in the
linking strategy to allow 10fmol of a 30nt ssDNA to be detected colorimetrically.1°? These
initial discoveries have led to large efforts to develop DNA-AuNPs for bioanalytics and as
diagnostic tools.191

DNA nanostructures have also been used as scaffolds for the long-range
organization of gold nanoparticles, as described in section 1.4.4. This can be achieved by
sticky end cohesion between the DNA-AuNP and an ssDNA overhang positioned at a
specific location on the structure or by direct attachment of a component DNA strand to
the AuNP. The use of tile-based DNA assembly to create periodic arrays allows the
controlled patterning of AuNPs onto surfaces, with tunable spacing.192-194 Chiral helical
structures have also been created using tile-based assembly of nanotubes with AuNPs

aligned at specific points along the tubes.195 The incorporation of single AuNPs into the
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monomer unit of a DNA nanotube allowed access to both long-range and discrete
structures from a modular platform.18° As the overall properties of AuNP assemblies are
dependent on inter-particle spacing, the ability to tune this rationally is a crucial step in
the development of plasmonic devices for applications in sensing, information technology

and energy.
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Figure 1.24 - DNA approach to gold nanoparticle assembly. a) Mirkin’s original DNA mediated
nanoparticle assembly method. Reproduced with permission from reference 175 (Nature Publishing Group,
1996) b) The use of tile-based DNA assemblies to create long ranging, periodic and chiral AuNP

arrangements. Reproduced with permission from reference 190 (AAAS, 2009).

1.6.3 Discrete assemblies

There is also considerable interest in the production of discrete clusters of gold
nanoparticles. These plasmonic structures are an important class of material that display
unique structure dependent optoelectronic properties.178 There is particular interest in
these structures for applications in surface enhanced Raman spectroscopy (SERS).196 The
creation of electromagnetic ‘hotspots’ between particles produces large field
enhancements which can allow single-molecule detection with higher sensitivity than
fluorescence microscopy.1°7 DNA-mediated assembly represents a powerful strategy for

the production of AuNP architectures which exhibit such properties.
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Figure 1.25 - DNA-linked discrete gold nanoparticle clusters. a) The original method for DNA-mediated
discrete nanoparticle assemblies introduced by Alivisatos. Reproduced with permission from reference
176 (Nature Publishing Group, 1996). b) Switchable AuNP assemblies through the use of dynamic DNA
nanotechnology. Adapted with permission from reference 194 (American Chemical Society, 2007) c) A
chiral plasmonic nanoparticle cluster from a DNA origami bundle. Adapted with permission from reference

68 (Nature Publishing Group, 2012).

Alivisatos created the first discrete assembly of gold nanoparticles using DNA as the
linker in 1996.181 The key to the approach was the creation of a DNA-AuNP
monoconjugate. This was achieved by using thiol modified DNA and 1.4nm AuNPs which
displayed a single maleimide group. These were then organized on a template strand to
provide different relative spacings of the nanoparticles. It is important to note that a lot
of the early work in this area involved developing techniques for obtaining pure DNA-
AuNP monoconjugates, with agarose gel electrophoresis becoming the most commonly
used.198 The introduction of an extension strand strategy to improve resolution of
electrophoresis was an important development.144 The formation of discrete AuNP
clusters using DNA has since been expanded to 2D,%? dynamic,1°° and 3D chiral
structures,’3200 ysing all manner of DNA design methodologies, examples are shown in
Figure 1.25.201 Importantly, DNA mediated AuNP clusters have been shown to exhibit
unprecedented switchable optical properties,’3 create SERS active assemblies,22 and

plasmonic waveguides.203
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1.6.4 Anisotropic building blocks

The DNA-mediated assembly strategies for gold nanoparticles described so far have
involved either one or an isotropic coverage of DNA strands per particle. What this means
for the discrete assemblies is that all of the structural information is held by the DNA
nanostructures and not the nanoparticles themselves. The ability to program spherical
particles with structural information, such as valency and regioselectivity is much sought
after. To impart nanoparticles with discrete numbers of DNA strands, and furthermore at
specific positions on the nanoparticle surface has been proposed as a way to gain a new
level of control over nanoparticle assembly.204205 [n this respect the nanoparticles would
contain the information necessary to be treated like individual DNA tiles, allowing the
possibility of algorithmic assembly and self-assembly of complex architectures without

the need for an additional scaffold.
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Figure 1.26 - Ansotropic gold nanoparticles. a) A method to introduce regioselectivity to gold
nanoparticles using amphiphilic polymers, Reproduced with permission from reference 206 (American
Chemical Society, 2013). b) A method to control the spacing between two oligonucleotides on a gold

nanoparticle surface. Reproduced with permission from reference 199 (American Chemical Society, 2009).

With this in mind, various strategies to create such particles have been explored.
One dimensional DNA nanostructures were used as templates, positioning thiol modified
DNA strands to control the spacing between DNA strands on the AuNP surface.206-208
Another strategy involved immobilizing AuNPs on a surface to create Janus particles with
localized patches of DNA strands.209-211 Deaton’s group developed a stepwise solid-phase

approach which relies on electrostatic repulsion to produce geometrically defined DNA-
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AuNPs with a controlled number of strands.212 More recently, amphiphilic polymers have
been used to allow regioselective DNA functionalization on gold nanoparticles.213
However, the control of both discrete number, directionality and the introduction of
different sequences has not yet been achieved. This topic will be addressed fully in

chapter 4.

1.7 Context and scope of this thesis

Theoretically, DNA represents the most reliable, programmable and accessible
bottom-up nanofabrication material. However, in reality, the more complex the design
the more assembly errors will emerge. In fact, this was seen especially in the algorithmic
self-assembly of DNA tiles, where the more complex the algorithm the more error-prone
the output. Therefore, to strike a balance between complexity and fidelity has become a
major challenge in the field and begs the question — how much complexity do we really
need for functionality? In this vein, the stripping down of 2D, 3D and dynamic DNA
assemblies to minimal structural complexity but maximal functional capability has
spawned new approaches to DNA nanotechnology. One of these approaches, which is the
concern of this thesis research, is that of supramolecular DNA assembly.

Supramolecular assembly uses the introduction of chemical entities into DNA
strands, and their subsequent nanostructures, to provide new structural control and
functionality. The research covered in this thesis is specifically focused on the
introduction of orthogonal supramolecular interactions to DNA nanostructures and
investigation of the properties of the resultant hybrid systems.

In chapter 2, the design and synthesis of novel dendritic DNA amphiphiles and their
self-assembly properties are investigated. A DNA-minimal cubic scaffold with ssDNA
regions is used to site-specifically position the amphiphiles in 3D. This then used as a
platform to answer fundamental questions about the effect of nanoscale organization of
hydrophobic ‘residues’ on their self-assembly behavior. From the standpoint of
amphiphilic self-assembly this represents a route around conventional assembly rules,
such as critical micelle concentration, by the overwhelming effect of templation. These
structures also introduce an orthogonal assembly language which can be programmed to

carry out inter- or intra-molecular interactions, bringing together DNA nanostructures

39



through hydrophobic interactions or creating encapsulation environments for
controlled-release of small molecule guests.

Chapter 3 describes the extension of the synthetic methodology used in chapter 2
to produce a range of linear sequence-defined DNA-polymer conjugates. This modular
approach to DNA-amphiphile synthesis uses commercially available solid-phase
synthesis reagents, is facile and high-yielding. This approach to DNA-polymer conjugate
synthesis, the sequential coupling of oligomeric blocks via phosphoramidite chemistry,
allows the introduction of sequence definition in the polymer block as well as the
oligonucleotide portion. The creation of DNA-polymer conjugates with different patterns
of hydrophobic and hydrophilic patches within the polymer chain is used to explore the
effect of primary, molecular, structure on the resulting hierarchical self-assembly. The
result is a new platform for designing DNA-based micelles with tunable morphologies
and properties.

In chapter 4, the concept of organizing DNA-conjugates on the cubic scaffold is
expanded to applications in gold nanoparticle assembly. In this instance the DNA
conjugates contain highly reactive gold-binding moieties. Through their positioning on
the DNA scaffold, the ability to transfer a pattern of DNA strands to gold nanoparticles is
realized. This transforms the spherical colloid to an anisotropic building block, with
applications in DNA-mediated nanoparticle assembly. Geometric diversity is introduced
via a series of different DNA prisms, formed using the same modular ‘clip-by-clip’ strategy.
Sequence asymmetry in the parent scaffold is transferred to the gold nanoparticle, giving
rise to anisotropic nanoparticles which have well-defined molecular recognition
properties. The fidelity of the pattern transfer is investigated, as well as the self-assembly
properties of these unique nanoparticles.

In the appendix, the preliminary investigation into the effect of dendritic DNA
amphiphiles on the serum protein interactions of DNA nanostructures is described.
Evidence for the DNA amphiphile mediated binding of DNA nanostructures to bovine
serum albumin (BSA) is presented. This will have important implications in the

development of DNA nanostructures for biomedical applications.
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This chapter is composed mainly of work published as “Site-specific positioning of
dendritic alkyl chains on DNA cages enables their geometry-dependent self-assembly”,
Edwardson, T. G. W.; Carneiro, K. M. M.; McLaughlin, C. K; Serpell, C. ]. and Sleiman, H. F.
Nature Chem., 2013, 5, 868-875.

2.1 Abstract

The selective association of hydrophobic side-chains is a strong determinant of
protein structure. In this chapter, the discovery of a similar form of self-assembly within
3D DNA nanostructures is described. This was achieved by using small, DNA minimal
nanostructures as scaffolds for site-specific positioning of hydrophobic groups. Dendritic
DNA amphiphiles (D-DNA) were synthesized, containing an addressable oligonucleotide
portion and a hydrophobic alkyl dendron at the 5’ terminus. Two variations of D-DNA
were hybridized to the single-stranded edges of a DNA cube. It was found that anisotropic
organization of these hydrophobic domains on the 3D scaffold results in a new set of
assembly rules that are dependent on spatial orientation, number and chemical identity
of the D-DNA on the cubic structure. When four amphiphiles are organized on one cube

face, the hydrophobic residues engage in an intermolecular “handshake” between two
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cubes, resulting in a dimer. When eight amphiphiles are organized on the top and bottom
faces of the cube, they engage in a “handshake” inside the cube. This produces a
monodisperse micellar core within the DNA nanostructure, which can encapsulate small

molecules and release them in the presence of a specific DNA sequence.

2.2 Introduction

Nature uses a combination of non-covalent interactions to create a hierarchy of
complex systems from simple building blocks. The relationship between individual
recognition motifs and resulting macromolecular assemblies is simplified when limited
to a smaller set of assembly rules, and DNA nanotechnology has used this concept to
create a wide variety of self-assembled structures with high fidelity.1-> However, pure
DNA nanotechnology that relies on Watson-Crick base-pairing is limited by this very
simplicity, and ongoing efforts in this area have been focused on creating increased
complexity without introducing self-assembly defects.6-12

To this end, a range of orthogonal chemical interactions have been introduced into
DNA nanotechnology over the last few years.13-16 Of particular interest is the combination
of hydrophobic interactions with DNA self-assembly.17-19 Lipid-DNA conjugates can
confer unique stability and self-assembly properties.2? Their use as a membrane anchor
has been studied in the context of biophysical measurements on lipid-bilayers,21-23 as well
as a platform for DNA based light harvesting devices?* and a synthetic membrane
channel.2> Alkyl modification of oligonucleotides is also used to increase serum stability
and cell permeability for nucleic acid therapeutics.26 Recent reports of DNA amphiphiles
have showed that they are capable of both integration into lipid nanoparticles, and base
pair-mediated DNA strand recognition.27.28

While the importance of the hydrophobic effect in determination of precisely
defined discrete protein structures is well documented,29-31 to date it has not been put to
use so precisely in DNA nanostructures. Amphiphilic DNA assembly has been used to
produce micellar systems in which the DNA block forms a corona in aqueous media while
hydrophobic sections form bulk-like non-polar phases.32-34 The resultant structures have
been based around isotropic radial geometries, and display some degree of
polydispersity. Elsewhere in supramolecular chemistry, the hydrophobic effect has been

used in the formation of some well-defined and monodisperse local structure such as an
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organic trefoil knot,3> cyclodextrin inclusion complexes3¢ and the selectivity of host
systems for ions.3” However, very few studies have examined the positioning of
hydrophobic moieties in an anisotropic manner on a non-peptidic supramolecular

scaffold and its effect on self-assembly.25
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Figure 2.1 - The different modes of D-DNA assembly. D-DNA amphiphiles can spontaneously form
micelles in aqueous solution and encapsulate guest molecules in their core (left). Organization on a 3D DNA
scaffold below their critical micelle concentration allows access to a library of DNA nanostructures with
different number and orientation of hydrophobic D-DNA domains (middle). Particular numbers or
geometric arrangements allow access to further assembly mediated by D-DNA; intermolecular
hydrophobic assembly between DNA cubes with four D-DNA units on one cube face, or intramolecular
assembly to form scaffolded micelles within the DNA cage, which are capable of encapsulating small

molecules and releasing them in the presence of a specific DNA sequence (right)

In this chapter, the anisotropic integration of a new class of dendritic alkyl chain-
based DNA amphiphiles (D-DNA) within a 3D DNA nanostructure is described. It is found
that by combining the highly specific recognition of the oligonucleotide sequence with
the orthogonal association of hydrophobic moieties, a hybrid system is created which can
be induced to associate through its hydrophobic domains either inter- or

intramolecularly. The spatial orientation, number and chemical identity of these
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amphiphiles on the scaffold can drastically affect the resulting self-assembly; with the
positioning of four amphiphiles on one face of the cube a highly specific intermolecular
“handshake” of alkyl chains is observed forming stable dimers, while the decoration of
the cubic scaffold with eight amphiphiles results in an intramolecular collapse of
hydrophobic moieties within the cavity of the DNA cage. This forms a monodisperse
micelle which encapsulates small molecules and releases them specifically with an added

DNA strand.
2.3 Results and Discussion

2.3.1 Synthetic approach for alkyl D-DNA

An important consideration in the approach is to create DNA conjugates with a
distinct hydrophobic domain, while still retaining the ability of the DNA strands to
efficiently hybridize with their complementary partner. This can be complicated with
conventional lipid-DNAs as they aggregate at nanomolar concentrations.38 With this in
mind, a new class of DNA amphiphiles, D-DNA, were synthesized, which are less prone to

spontaneous micelle formation in solution.
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Figure 2.2 - Synthetic scheme for D-DNA synthesis. Here D-DNA-1 (D1) is given as an example. Two

stepwise additions of symmetrical branching phosphoramidite, followed by dodecane-diol
phosphoramidite after the oligonucleotide couplings produce the 5’ alkyl dendron modification. Cleavage
and removal of nucleobase and phosphate protecting groups under basic conditions results in the DNA

amphiphile. ([a] see Experimental Section 2.5.3)



This was achieved by extending the charged phosphodiester backbone from the
oligonucleotide portion into the hydrophobic modification. This also simplifies the
synthesis greatly as solid-phase DNA protocols can be used for the entire procedure, thus
opening the opportunity for automated, and high-yielding synthesis on a DNA synthesizer.
A divergent synthetic strategy was employed, in which branching units are introduced at
the 5’-end of the DNA strand twice, such that four C12-based carbon chains can be
attached at the DNA end, Figure 2.2.

This produces two dendritic DNA amphiphiles D-DNA-1 (D1) and D-DNA-2 (D2),
Figure 2.3, in good yield. The advantage of this approach is the modular and facile
synthesis from commercially available starting materials. By capitalizing on the efficiency
of automated synthesis and using phosphoramidite building blocks the limit of structural
diversity lies with the operator’s imagination. This is in contrast to the majority of DNA
amphiphile synthetic strategies which can require significant synthetic expertise to

obtain a single target structure.20

Figure 2.3 - Chemical structure of D-DNA modifications. The structure of dendritic DNA amphiphiles
D1 and D2 is shown, in each molecule the oligonucleotide portion is 19 bases long. D1 differs from D2 only

in the addition of two hexanediol spacers between symmetric branch units.
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D1 and D2 both contain four hydroxyl terminated dodecane (C12) chains as the
hydrophobic portion. D2 has no spacer between the first and the second branch points,
however D1 has additional 6-carbon spacers (1,6-hexanediol) between these branching
units, which introduce two more phosphodiester linkages. The amphiphiles can be easily
separated from the unmodified DNA by reverse phase HPLC. HPLC analysis shows that
the smaller D2 behaves like a more hydrophobic entity than D1 (Figure 2.4), and this is
corroborated by the studies below. It is possible that the four neighboring C12 chains in
D2 behave like a dense hydrophobic unit, while the additional hexanediol units in D1,
which are flanked by phosphodiester linkages, act as a flexible spacer and allow for a

greater distance between the four C12 chains.

D1 D2

) Unmodified DNA

Absorbance260

0 5 10 15 20
Retention time / min.

Figure 2.4 - HPLC traces of purified D-DNA. Reverse phase HPLC traces of the D-DNA products highlight
the difference in hydrophobicity of D1 and D2 (broad peak at 8 minutes due to buffer, based on controls).

Additional details can be found in Experimental Section 2.5.4.

2.3.2 Self-assembly properties of D-DNA

As a starting point it was important to understand the amphiphilic self-assembly
properties of D1 and D2 in solution as this would play an important role when the DNA
cube is introduced. Specifically, to address (i) whether the D-DNA structures
spontaneously form aggregates in solution, (ii) whether the oligonucleotide portion
retains its hybridization ability and (iii) whether D1 and D2 display a difference in their
aggregation properties, due to structural variation of the 5’ modification.

The critical micelle concentration (CMC) of both D1 and D2 was investigated using
fluorescence emission of a hydrophobic dye, Nile Red. This molecule is nearly non-

emissive in bulk aqueous media, but its inclusion in a non-polar microenvironment such
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as the core of a micellar structure results in an intense fluorescence signal.3° To
determine the CMC of each conjugate, fluorescence spectra of 2.5uM Nile Red in a tris-
acetate-magnesium (1xTAMg, [Mg2*] = 12.5mM) buffer were measured in the presence

of increasing concentrations of D1 and D2.
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Figure 2.5 - Self-assembly of D-DNA. a) Plot of maximum fluorescence at 640 nm versus Log
concentration for each conjugate; the intersection of the two gradients represents the critical micelle
concentration. The critical micelle concentration of D2 was determined to be 1.8 + 0.4 uM after multiple
measurements (see Experimental Section 2.5.8). D1 behaves as unmodified DNA with no apparent critical
micelle concentration in the range 10 nM-15 pM. d) The dynamic light scattering (DLS) histogram of D2
micelles at 10 uM D2 in 1xTAMg buffer at 25 °C, the measured hydrodynamic radius was 7.4 nm * 0.4 nm.
The inset shows the intensity correlation curve which is fitted to the raw data (see Experimental Section

2.5.9).

D1 showed little change in emission intensity with increasing concentration, similar
to the unmodified DNA control, consistent with little aggregation in the concentration
range of interest (10nM to 15uM). However in the case of D2 an increase in fluorescence
intensity was observed with increasing concentration. This, accompanied with a spectral
blue shift of the fluorescence emission, is indicative of inclusion of Nile Red into a
hydrophobic environment.4® Specifically, it was found that D2 aggregates with an
associated CMC of 1.8 + 0.4uM in the presence of 12.5mM Mg?* (Figure 2.5). Dynamic light
scattering (DLS) was used to investigate the size of the D2 micelles in solution. An
unmodified DNA control and D1 displayed no significant scattering in solution
(Experimental Section, Figure 2.23). However D2 displayed scattering above the
determined CMC with an associated hydrodynamic radius of 7.4nm * 0.2nm and low

polydispersity (Figure 2.5b).
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Additionally, when the same fluorescence and DLS experiments were carried out in
pure water (Experimental Section, Figure 2.22f) without Mg2* present, no evidence of
aggregation was observed for either D1 or D2. This highlights the need for counter ions
in solution to shield the charge repulsion between negatively charged phosphate moieties,
in both the core which contains the phosphodiester linked alkyl dendron and the corona
consisting of the oligonucleotide portion, to allow the intermolecular aggregation to take
place.

To determine if the ability of the D-DNA conjugates to hybridize to a
complementary DNA sequence was hindered by the 5’ modification, gel mobility assays
and thermal denaturation studies were carried out. These experiments indicated that the
addition of the hydrophobic moieties to the 5' terminus did not hinder duplex formation

of the oligonucleotide with its complementary partner, shown in Figure 2.6.
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Figure 2.6 - Melting curves of D-DNA. a) Typical sigmoidal melting curves are seen for the hybridization
of the 14 base region which is used to bind the amphiphiles to the cube. b) Melting curves for the full 19
base complement to the amphiphiles. In both cases there is little change in the melting temperature (Tm)
from the DNA control, showing that the 5' D-DNA modifications do not disrupt the duplex formation of the

appended oligonucleotide (Full details in Experimental Section 2.5.7)

2.3.3 Decoration of DNA scaffold with D-DNA

With the self-assembly properties of the individual D-DNA conjugates in solution
established the next section focuses on their organization on a DNA scaffold, and the
resulting characteristics of these DNA nanostructure-amphiphile hybrids. The approach
uses a DNA cage to precisely position the hydrophobic moieties in three dimensions, and

this requires that the scaffold meets certain criteria: multiple single-stranded regions
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available on each structure and the capacity to address each single-stranded region
specifically through the introduction of sequence asymmetry.

DNA nanostructures which meet these criteria have been developed previously by
the Sleiman group.** One such example is the DNA cube formed by a clip-by-clip
methodology shown in Figure 2.7. To assemble this cubic cage, four DNA strands (‘clips’)
are designed, such that the ends of each clip are brought together by hybridization with
the back edge of the next clip, cyclizing these strands into one face of the 3D-structure. To
close the cube, the ends of the fourth clip close on the back edge of the first clip (Figure

2.7). These 20 nt duplexes which form the structure are termed ‘clipping-regions’ herein.

O=2D=0D
— I SEEDIC

Figure 2.7 - Clip-by-clip assembly method. The DNA cube C-A1 is assembled in a one-pot thermal anneal
from four 80 nt ssDNA clip strands. This example has one ‘A’ binding site for binding of a complementary

D-DNA.

Using this method, cubes (C-Ax) assemble in a one-pot annealing protocol in
quantitative yield. A fundamental property of this architecture is that it contains eight
single-stranded 20 base regions which can be addressed individually by making each of
their sequences unique. DNA cubes, C-Ax, were synthesized with different numbers of
ssDNA sites that are complementary to D1/D2. For example, in Figure 2.7 the cube C-A1
contains one A binding site, shown as a red line, and can hybridize to a maximum of one
strand with the complementary sequence A".

As a starting point, the ability of these ssDNA regions to bind to their
complementary sequence was confirmed by gel electrophoresis. The unmodified DNA
strand A' is a 19nt oligonucleotide which hybridizes only to the 14 central bases of the

cube edge with a five thymine (5T) overhang. The addition of appropriate molar
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equivalents of A' to the cubes C-Ai1, C-A2, C-As and C-A4 produces a series of cubic
structures with increasing number of double-stranded regions and consequently reduced

electrophoretic mobility (Figure 2.8).
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Figure 2.8 - Site-specific addressability of DNA cube. Each single-stranded site on the cube structure
can be addressed individually by introduction of sequence asymmetry. c) Native 6 % Polyacrylamide Gel
Electrophoresis (PAGE) analysis of unmodified DNA sequence A’ addition to the cube scaffold: Lane 0, C-
A1; Lane 1, C-(A-A’)1; Lane 2, C-(A-A’)z; Lane 3, C-(A-A’)3; Lane 4, C-(A-A’)4 (The concentration of each
structure is between 500 nM and 1.25 pM depending on the number of appended A’).

To promote efficient binding of the amphiphiles D1/D2 to the DNA scaffold, only
the central 14 bases of each cube edge were used for hybridization, and a five 5T spacer
was added to orient the alkyl dendrons away from the crowded corners of the cubic
structure and introduce flexibility (Figure 2.9a). Using this design, the addition of D1 to
the cubic structure was carried out by annealing cubes C-A1 to C-A4 with appropriate
molar equivalents of D1 to give a final concentration of each structure between 500 nM
and 1.25 pM. The resulting single band species as seen by native PAGE (Figure 2.9b)
mirror those seen for the unmodified DNA control A'. This was expected as D1 does not
exhibit any amphiphilic aggregation in this concentration range, and we see that this
behaviour persists when organized on the scaffold. These alkyl functionalized DNA cages
could be especially useful for biological applications, as they may be able to interact with
lipid bilayers and improve the membrane permeability of the DNA structure, thus
increasing cellular uptake.2642 Each structure also retains four ssDNA sites available for

hybridization on the face opposite from the D-DNA.
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Figure 2.9 - Organization of D1 on cubic scaffold. a) Binding motif for the hybridization of D-DNA to the
cubic scaffold. b) Site-specific placement of the D-DNA on the cubic scaffold. c) Native 6 % PAGE analysis of
D1 addition to the cube scaffold: Lane 0, C-A1; Lane 1, C-(A-D1)s; Lane 2, C-(A-D1)z; Lane 3, C-(A-D1)s3;
Lane 4, C-(A-D1)a.

With the previous observation that D2 undergoes spontaneous micelle formation
around 1.8 pM, the decoration of the cube with D2 was carried out at reduced
concentration, between 147 nM and 435 nM of assembled structure (i.e. below the CMC
of D2). The same annealing procedure used for D1 was performed and the assembly
followed by native PAGE. Figure 2.10a shows the addition of one to three D2 strands to
the cube giving a ladder of decreasing mobility analogous to the results for D1.

However with the addition of four D2 to one face of the cube, a striking change in
assembly is observed: a single band with mobility corresponding to a much larger entity
is obtained (Figure 2.10b, lane 3). The experiments described in the next section are all
consistent with the identity of the structure as cube dimer 1 (Figure 2.10c), brought
together by the intermolecular hydrophobic association of amphiphiles between the

faces of two distinct cubes.
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Figure 2.10 - Organization of D2 on cubic scaffold. a) Native 6 % PAGE showing addition of varying
number of D2 to the cube scaffold: Lane 0, C-A1; Lane 1, C-(A-D2)s; Lane 2, C-(A-D2)2; Lane 3, C-(A-D2)3
(The concentration of each assembled structure is between 189 nM and 435 nM before loading on gel). b)
Comparison of DNA cube C-A1 (Lane 0) with the quadruple decorated cubes, Native 6 % PAGE: Lane 1, C-
(A-A")4; Lane 2, C-(A-D1)4; Lane 3, C-(A-D2)40n native PAGE (25 °C, assembled structure concentration of
147 nM) shows the marked difference in mobility of the C-(A-D2)4 species. ¢) Schematic showing proposed
assembly process for [C-(A-D2)4] 2; the arrangement of four D2 on one face of the cube creates a large

hydrophobic group which can aggregate specifically producing a ‘cube-dimer’ (see below for

characterization)
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2.3.4 Intermolecular assembly mediated by D-DNA

Upon discovery of higher-order association for the cube C-(A-D2)4, a number of control
experiments were designed to confirm the identity of the structure and nature of the
assembly. Firstly, a model cube dimer was designed and synthesized, using a simple
linking strategy to assemble two cubes. This used the linker strand LA which contained
two identical 20 base sequences that are complementary to the cube edge, separated by
a 20 nt of random sequence as an ssDNA spacer, Figure 2.11. Comparison of the
electrophoretic mobility of this model dimer with the C-(A-D2)4 species revealed that the

mobility observed was consistent with the proposed dimer structure, 1.
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Figure 2.11 - Cube-dimer control sample. The intermediate assemblies containing between one and
three clips are shown as a precursor to the fully formed cube, C-A1. The addition of a symmetrical linking
strand (LA), which has two binding sites with sequence A’ connected by a 20 base linker, produces linked
cubes when correct stoichiometry is used. This was used as a reference for the mobility of the dimer
structure Native 6% PAGE: [C-(A-D2)4]2. Lane 0- Clip1-AB, Lane 1 - (Clip1-AB, Clip2-T14), Lane 2 -
(Clip1-AB, Clip2-T14, Clip3-T14), Lane 3 - C-A1, Lane 4 - C-(A-LA)1 (1:1 stoichiometry), Lane 5 - [2(C-
Ai1)-LA] (2:1 stoichiometry), Lane L - Ladder.
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It was found that the dimer 1 is surprisingly robust; stable at 25°C under
electrophoretic conditions, Figure 2.10b. DLS was employed to further characterize this
novel hybrid structure, and scattering correlating to an Rn of 9.3nm #* 0.3nm was
observed, consistent with an estimated Rn of 9.2nm for 1 (Figure 2.12a). Additional
characterization was achieved by AFM, Figure 2.12b. Although surface drying effects and
shear forces could be expected to disassemble the dimeric structures, a number of dimers

with a 2:1 aspect ratio remained after deposition on mica.
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Figure 2.12 - Cube-dimer characterization. a) DLS measurements produce Rn which is consistent with a
two cube assembly in comparison with controls. b) AFM height images reveal that a population of dimeric

structures still persist after surface adsorption and drying.

Finally, in order to establish that this dimer self-assembly is mediated by
hydrophobic collapse of the alkyl chains across two intact cubes, four equivalents of
eraser strands (Ea) were added to 1, which are fully complementary to the cube edges.
This resulted in strand displacement of the D2 amphiphiles from the cube and restored

the band for monomeric cube C-A4, Figure 2.13.
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Figure 2.13 - Erasing D-DNA-2 to disassemble cube-dimer. The addition of a full complementary 20nt
Ea to the cube-dimer removes the D2 amphiphiles by strand displacement, causing disassembly of the cube
dimer and returning the discrete cubes with four Ea attached. The concentration of each assembled
structure is 147nM before loading on the gel. Lane 0- C-A4-Ea reference, Lane 1 - C-A4, Lane 2 - [C-(A-
D2)4]2, Lane 3 - [C-(A-D2)4]2 + Ea (8% Native PAGE, 7°C).

The dimer structure 1 represents a unique type of programmed self-assembly. By
orienting four D-DNA conjugates, corresponding to sixteen C12 alkyl chains, on one face
of the cube we confer amphiphilic character to an entire domain of the DNA
nanostructure. Furthermore, due to the templating effect of the DNA scaffold we obtain a
single monodisperse structure in very good yield. Similarly, shape transitions of DNA-
polymer conjugate assemblies have been observed before in response to DNA templation
and enzymatic treatment.#344 This hybrid structure highlights two points: amphiphiles
can be programmed to selectively give a desired arrangement using a 3D DNA scaffold,
and DNA nanostructures can be bound together selectively using hydrophobic collapse
of their residues in an analogous manner to proteins (e.g., a coiled coil motif). This

phenomenon occurs below the critical micelle concentration of the DNA amphiphiles.

66



Based on the discovery of the dimer 1, it was hypothesized that decoration of two
opposite faces of the cube with D2 may produce an extended one-dimensional track of
cubes. This would require hybridizing the D1 or D2 conjugates to all eight binding sites
of cube C-A4Ba4 (Figure 2.14a). Interestingly, the formation of large aggregated assemblies
was not observed. In fact both alkyl-modified cubes 2 and 3 exhibited higher gel mobility

than the unmodified cubes themselves, seen in Figure 2.14b.
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Figure 2.14 - Assembly of core-shell structures. a) Assembly scheme for the organization of eight
D-DNA on the cubic scaffold, which results in spontaneous intramolecular assembly. b) Native 6 %PAGE
analysis of fully decorated cubes: Lane 0, C-As4B4; Lane 1, C-(A-A")4(B-B')4'; Lane 2, 2; Lane 3, 3(The

concentration of each decorated cube is 250 nM).

DLS shows these structures to possess smaller hydrodynamic radii, 6.3nm * 0.2nm
and 6.4nm #* 0.2nm for 2 and 3 respectively, and lower polydispersity compared to the
all-DNA cube control, C-(A-A")4(B-B’)4; 7.7nm * 0.2nm. This is despite the fact that the
amphiphile-decorated cubes each have 32 additional alkyl chains, as compared to the
control cube. This is consistent with the hypothesis that these 32 alkyl chains have
collapsed inside the cube, resulting in contraction of the scaffold. The similarity in size
between 2 and 3 also suggests that the scaffold itself is the limiting factor packing the

lipidic chains into the central cavity.
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Figure 2.15 - Summary of DLS data for cube-core structure. Cube-core structures have smaller R, than
double stranded cube, suggesting compaction due to internal D-DNA collapse. Full details can be found in

Experimental Section 2.5.9.

AFM studies of the cube-core structures 2 and 3 showed no dimers, but discrete
well-defined cube structures that are stable to surface adsorption (Figure 2.16), with

heights and radii in range with cube controls, see Experimental Section, Figure 2.32.
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Figure 2.16 - AFM analysis of cube-core structures. AFM height images show populations of discrete
cube structures for the cube control a) C-A4B4, and the fully decorated cubes; b) 2 and c) 3. The contraction
of the individual cubes is particularly evident for 3 consistent with the solution based techniques (see

Experimental Section 2.5.15 for additional AFM images).
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These results suggest that by organizing eight D-DNA on a DNA cage, the
amphiphiles can assemble together and produce a micellar environment within the cage,
and that this occurs below the CMC of these amphiphiles. These structures differ from
standard micelles in that they are fully monodisperse and stabilized by the encapsulating

DNA cage.
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Figure 2.17 - Additional D-DNA loading in cube-core structures. a) Loading of additional D-DNA
amphiphiles with non-complementary sequence (green) into the hydrophobic core of 2 and 3. b) Plot of
normalized PAGE band intensity for 2 and 3 vs. number of equivalents of additional non-complementary
D-DNA. Both structures show an increase in intensity, consistent with inclusion of these D-DNA
amphiphiles. Beyond the addition of six amphiphiles, the loss in band intensity is due to aggregation caused

by excessive loading of material onto the gel. For further details see Experimental Section 2.5.16.

To further support the collapse of the alkyl chains into a hydrophobic core structure
within the cube, the potential to load additional amphiphiles into this core was first
examined. This was carried out using amphiphiles that have the same hydrophobic
portion as D1 or D2 but with non-complementary sequences to the cube, Figure 2.17a.
Addition of these cargo amphiphiles to the preformed structures 2 and 3 was followed by
native PAGE (Experimental Section 2.5.16). This revealed an increase in intensity of the
band corresponding to the cube core-shell structure, consistent with their incorporation
within the cube, Figure 2.17b. In contrast, addition of these non-complementary
amphiphiles to the naked cube does not result in their incorporation, and they remain as
separate entities in the gel. Both core-shell structures, 2 and 3 showed this loading of

additional amphiphiles to a similar extent.
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Finally, the potential of these structures to load small molecule cargo into their
hydrophobic cavity was examined, Figure 2.18. DNA nanotubes have been previously
shown to encapsulate gold nanoparticles, and DNA cages were conjugated to proteins
within their cavities.#>4¢ They have also been shown to bind DNA intercalators directly
on their duplexes.#” However, because of their relatively large pore sizes, DNA cages have
not been previously demonstrated to encapsulate small molecules.

For loading and release, Nile Red was used as the guest molecule and monitored the
fluorescence intensity upon titration with the cube-core micelle structures. Both
structures 2 and 3 caused significant fluorescence enhancement, consistent with their
ability to encapsulate Nile Red in their hydrophobic core, Figure 2.18b. In contrast, the
unmodified DNA cube, in its single or double-stranded form, did not enhance
fluorescence under the same conditions (see Experimental Section, Figure 2.37). Next, the
ability of these scaffolded micelles to selectively release the small molecule guest was

investigated.
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Figure 2.18 - Loading and release of Nile Red in cube-core structures. a) Loading of the hydrophobic
dye Nile Red which is highly fluorescent upon inclusion in a non-polar microenvironment such as the core
of the scaffolded micelle. The release mechanism is through strand displacement of the D-DNA by the 20nt
eraser strands Ea/Eg disassembling the hydrophobic core. b) Fluorescence emission spectra of Nile Red in
the presence of cubes C-A1Ba4, 2 and 3. c) Fluorescence emission spectra of Nile Red in the presence of cubes
C-A4B4, 2 and 3 after removal of the D-DNA by strand displacement (measured 30 minutes after addition
of eraser strands Ea/Eg). Both cube-core structures show a drop in fluorescence, the remaining low

fluorescence signal of the D1 sample is due to residual hydrophobic interactions. (see Experimental Section
2.5.17).
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Each edge in the cage is 20 bases long, but the eight DNA amphiphiles are only
complementary to 14 edge bases. To the cube-core micelles 2 and 3, we added DNA
strands that are fully complementary to the cube edges, Ea and Eg. This should result in
hybridization of these strands to the cube edges and displacement of the eight DNA
amphiphiles from the cube, and this result was confirmed by gel electrophoresis (see
Experimental Section, Figure 2.37). Monitoring this process by fluorescence spectroscopy
showed loss in the emission intensity of Nile Red, to the same range as the unmodified
cube, consistent with the release of this small molecule from the capsule, Figure 2.18c.

These experiments are consistent with encapsulation of small molecule guests
within the hydrophobic core of the DNA cube, and their release by de-aggregation of this
micellar core. It is of note that this phenomenon occurs below the critical micelle

concentration of the DNA amphiphiles.
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Figure 2.19 - Encapsulation of small molecules in cube-core structures. a) Fluorescence emission of
1,6-Diphenyl-1,3,5-hexatriene (DPH) in the presence of cubes C-A4B4, 2 and 3 after removal of
unencapsulated dye by centrifugation. b) Absorbance spectra of Dasatanib (Amax=325nm) in the presence
of C-A4B4, 2 and 3 after loading with Dasatanib and removal of excess by centrifugation. (see Experimental

Section 2.5.19)

With the loading and release potential of 2 and 3 determined, the loading capacity
of the hydrophobic cores was studied. Loading capacities of 5 (#1.4) molecules Nile Red
per 2 and 9 (*1.2) molecules per 3 were determined using fluorescence techniques (see
Experimental Section 2.5.18, Figure 2.38). These numbers compare very favourably with
those previously reported for larger amphiphilic assemblies.48 Additionally, the loading

capacity was investigated using another fluorescent probe, DPH (Fig 2.19a), which gave
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similar values of 7 (+0.6) molecules DPH per 2 and 10 (+0.8) molecules per 3 calculated
from the experimental data (Experimental Section 2.5.18, Figure 2.39).

The loading and release mechanism for hydrophobic cargo within a DNA
nanostructure should be applicable to other molecules as the host-guest recognition is
based on hydrophobic effect. It is expected to make DNA cages useful for drug delivery
applications, but also fundamentally as molecular hosts that confine their guest in
hydrophobic environments made up of a small, well-defined number of lipid-like chains.

As these structures have obvious potential in the loading and selective release of a
cargo for drug delivery applications the ability of the structures 2 and 3 to encapsulate a
more drug-like molecule was investigated. The tyrosine kinase inhibitor Dasatanib (DAS),
used to treat chronic myelogenous leukemia, was chosen as a model drug for
encapsulation as it is poorly soluble in aqueous media and could therefore benefit from
transport in a delivery vehicle.4? The encapsulation of DAS in cube-core micelles 2 and 3
was determined by absorbance spectroscopy, Figure 2.19b. It was found that both
structures 2 and 3 retained elevated amounts of DAS compared to controls (see

Experimental Section 2.5.19).

2.4 Conclusions

In summary, this chapter has revealed that the anisotropic positioning of
hydrophobic side-chains on a DNA scaffold can lead to unanticipated modes of orthogonal
association. Four amphiphiles gathered together on a DNA cube face can selectively
associate intermolecularly to dimerize two cubes. Eight amphiphiles come together
intramolecularly to form a micellar environment within the DNA cage. These structures
differ from standard micelles in that they are monodisperse and stabilized by the
encapsulating DNA cage, below the CMC of the amphiphiles. These scaffolded micelles
allow for encapsulation and release of hydrophobic small molecule cargo, as the core
forming units can be erased from the scaffold by strand displacement. They are
potentially useful for targeted drug delivery applications, as well as for the examination
of new reactivity in this confined space.

The simplified and modular synthetic scheme reported here can lead to a variety of
structures with diverse applications such as membrane anchoring, cell uptake,

encapsulation and release and directed hydrophobic assembly. As there are a total of
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eight potential binding sites on the cube, there are as many as 26 different structural
isomers for each amphiphile. Here only those which best exemplify the effect of the
orientation on the final product were discussed. This is done without changing the
scaffold structurally, however the scaffold is also a modular assembly and the size, shape,
flexibility and number of binding sites can be changed with ease. It is apparent that a
number of possible assemblies could be synthesized with differing properties. These can
augment the field of DNA nanotechnology with orthogonal interactions working together,

without increasing the DNA sequence space.

2.5 Experimental Section
2.5.1 General

Magnesium acetate, Stains-All®, acetic acid, tris(hydroxymethyl)-aminomethane
(Tris), formamide, urea, Nile Red and 1,6-Diphenyl-1,3,5-hexatriene were used as
purchased from Aldrich. Acetic acid and boric acid were purchased from Fisher Scientific
and used without further purification. Acetone ACS reagent grade was purchased from
Fisher. Ammonium citrate dibasic and 3-hydroxypicolinic acid were purchased from
Aldrich. Acrylamide/Bis-acrylamide (40% 19:1 solution) and TEMED were obtained
from Bioshop Canada Inc. and used as supplied. Derivatized (dA, dC, dG and T
nucleoside)1000A LCAA-CPG supports with loading densities of 25-40 pumol/g and
standard reagents used for automated DNA synthesis were purchased through
Bioautomation. Sephadex G-25 (super fine, DNA grade) was purchased from Glen
Research. 1xTBE buffer is composed of 90mM Tris and Boric acid and 2 mM EDTA with
pH 8.3. 1XTAMg buffer is composed of 45 mM Tris and 12.5 mM Mg(0Ac)2-6H20 with pH

adjusted to 7.8 using glacial acetic acid.
2.5.2 Instrumentation

Standard automated oligonucleotide solid-phase synthesis was performed on a
Mermade MM6 synthesizer from Bioautomation. UV-Vis quantification measurements
were performed with a BioTek Synergy HT microplate reader. A Varian Cary 300 Bio
spectrophotometer was used for melting temperature experiments. Gel electrophoresis
experiments were carried out on an acrylamide 20 X 20 cm vertical Hoefer 600

electrophoresis unit. Thermal annealing of all DNA structures was conducted using an
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Eppendorf Mastercycler® 96 well thermocycler. Mass determination was carried out
using Matrix-Assisted Laser Desorption/lonization Time-Of-Flight Mass Spectrometry

(MALDI-TOF-MS) on a Bruker Autoflex™ IIl MALDI-TOF mass spectrometer.

2.5.3 D-DNA synthesis

The D-DNA synthesis was adapted from a previously reported protocol.50 DNA
synthesis was performed on a 1 pmole scale, starting from the required nucleotide
modified 1000A LCAA-CPG solid-support. Derivatized (dA, dC, dG and T nucleoside)
1000A LCAA-CPG supports with loading densities of 25-40pumol/g and standard reagents
used for automated DNA synthesis were purchased through Bioautomation. Symmetrical
branching (cat.# CLP-5215), DMT-hexane-diol (cat.# CLP-1120) and DMT-dodecane-diol
(cat.# CLP-1114) spacer phosphoramidites were purchased from Chemgenes. For
symmetrical branching, DMT-hexane-diol and DMT-dodecane-diol (0.07-0.1M,
anhydrous acetonitrile) extended coupling times of 5, 10 and 15 minutes were used
respectively. Removal of the DMT protecting group was carried out using 3% v/v TCA in
dichloromethane. Completed sequences were deprotected in 28% aqueous ammonium
hydroxide solution for 16-18 hours at 60°C. The crude deprotected solution was
separated from the solid support and concentrated under reduced pressure at 60°C. This
crude solid was re-suspended in 0.5mL Millipore water and filtered through a 0.45um

syringe filter for reverse-phase HPLC purification.

Table 2.1 - Sequences used for DNA amphiphiles. Red T and A refer to non-complementary 5 base
spacers between cube complement and hydrophobic portion. Nonstandard amidite codes: (D=DMT-

dodecane-diol), (X=DMT-hexane-diol), (S=Symmetrical branching).

Name Sequence (5'-xx-3")
A TTTTTCAGTTGACCATATA
B’ TTTTACCATCTGGTATTAC
c TTTTTCTCGCAGTCGCGGT

D1-A DSXSTTTTTCAGTTGACCATATA
D2-A DSSTTTTTCAGTTGACCATATA
D1-B DSXSTTTTACCATCTGGTATTAC
D2-B DSSTTTTACCATCTGGTATTAC
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D1-C DSXSTTTTTCTCGCAGTCGCGGT
D2-C DSSTTTTTCTCGCAGTCGCGGT

A14 TATATGGTCAACTG

A19 TATATGGTCAACTGAAAAA

A20 TCCTATATGGTCAACTGCTC
Ea GAGCAGTTGACCATATAGGA

Es ACTCCATCTGGTATTACTAC

2.5.4 HPLC Purification

Solvents (0.22um filtered): 50mM Triethylammonium acetate (TEAA) buffer (pH 7.8) and
HPLC grade acetonitrile. Elution gradient: 0-50% acetonitrile over 20 minutes. Column:
Hamilton PRP-1 5 um 100 A 2.1 x 150 mm. For each separation approximately 1 ODz60 of
crude DNA was injected as a 100uL solution in 1:1 Millipore water:TEAA. Typical
retention times for the products are 16.5 minutes and 17.5 minutes for D1 and D2

respectively. The unmodified 19 nt DNA has a retention time of 9.5 minutes.
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Figure 2.20 - HPLC traces of crude D-DNA syntheses. HPLC traces of crude product mixtures from D-
DNA synthesis (red and blue traces) in reference to the unmodified 19 nt, A" (black trace). The prominent
n-1 peaks from the D-DNA correspond to failure of the last coupling, four dodecane-diol chains. Peak area
integration estimates yields of 55% and 50% for D1 and D2 respectively using automated synthesis with
manufacturers recommended protocols. An optimized synthesis using the ‘syringe technique’ gave

improved yields of 61% and 59% for D1 and D2 respectively.
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2.5.5 MALDI-TOF-MS characterization

The matrix used was comprised 0.7M 3-hydroxypicolinic acid and 0.07M
ammonium citrate in acetonitrile:water 50:50 v/v. solution.>! In each case 2uL of a 50-
100uM solution of HPLC purified DNA in Millipore water was mixed with 8uL of matrix
solution. Between 1-3uL of this final solution was spotted on an AnchorChip™ and
solvents removed by air drying prior to mass determination. In each case, the masses

observed for the D-DNA and DNA controls matched well with the calculated values.

Table 2.2 - MALDI-TOF-MS Table Calculated and experimental m/z values for all DNA amphiphiles

synthesized including the unmodified oligonucleotide controls.

Name Calculated m/z ([M-H]" ion) Measured m/z

A 5766.8 5798.3

B' 5742.8 5718.2

c’ 5775.8 5761.1
D1-A 7646.5 7650.7
D2-A 7286.2 7294.9
D1-B 7622.5 7754.8
D2-B 7262.2 7228.2
D1-C 7655.5 7787.4
D2-C 7295.2 7264.6
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2.5.6 PAGE analysis of D-DNA hybridization

Native 12% PAGE analysis was carried out at 7°C for 2.5 hours at a constant voltage
of 250V. Sample loading was 0.02-0.04 OD260 DNA per lane. Complementary strands were
annealed at 25°C for 1 hour to give 2.5uM of the duplex in 1XTAMg. The DNA bands were
visualized by incubation with Stains-All®. Both D1 and D2 show decreased mobility
relative to the DNA control as expected. The small difference in mobility between D1 and
D2 can be attributed to the number of charged phosphate groups associated with each

structure.

2 3 456 7 8

Figure 2.21 - D-DNA hybridization to complement strands. Native 6% PAGE: Lane 1- A14, Lane 2- A20,
Lane 3- A14+A', Lane 4- A14+D1, Lane 5- A14+D2, Lane 6- A20+A’, Lane 7- A20+D1, Lane 3- A20+D2.
(12% Native PAGE, 7°C)

2.5.7 Melting temperatures

The hybridization of the DNA amphiphiles to their complement strands was also
confirmed by measurement of the thermal denaturation of the duplexes by UV absorption.
For each experiment equimolar amounts of DNA amphiphile and complement strand
were combined in 1xTAMg buffer to give a final volume of 150uL with a duplex
concentration of 2.5uM. Samples were annealed for 1 hour at 25°C before transfer to a
quartz cuvette. Absorbance at 260nm was monitored over the appropriate temperature

range.
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2.5.8 D-DNA CMC determination

A stock solution of Nile Red 0.1mM in acetone was used for all experiments. Series
dilutions of DNA sample (in the range 15uM to 0.75nM) were made up to a final volume
of 150uL, with a concentration of 2.5uM Nile Red in 1XTAMg in a 96-well top-read
microplate. The samples were left to incubate at room temperature for 3-16 hours. The
plate was read using a Biotek Synergy well-plate fluorimeter. Excitation was at 535nm

with a slit width of 9nm and emission was monitored between 560nm and 750nm.
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Figure 2.22 - Fluorescence spectra for Nile Red encapsulation. Fluorescence spectra of Nile Red with
varying concentration of a) DNA control A', b) D1 and c) D2 d) Plot of Logio[D-DNA] against maximal
fluorescence intensity for D-DNA in the presence of 5 M Nile Red. CMC behavior is only exhibited by D-
DNA-2. e) Same plot for D-DNA in the presence of 2.5 pM Nile Red. The CMC was calculated from the
intersection of the two linear fits shown on the graph. Triplicate measurements in the presence of both 2.5
UM and 5 pM Nile Red revealed no effect of Nile Red concentration on the estimated CMC for D2. f) Both D-
DNA amphiphiles showed no self-assembly behavior when the same experiment was carried out in pure
water. This reflects the highly anionic character of the phosphodiester backbone which requires Mg2+ for

charge compensation.
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2.5.9 Dynamic Light Scattering

DLS experiments were carried out using a DynaPro™ Instrument from Wyatt

Technology. Dynamic Light scattering was used to confirm the presence and determine

the size of the D2 aggregates above the CMC. Sterile water and 1xTAMg buffer were

filtered using a 0.45pm nylon syringe filter before use in DLS sample preparation. All

measurements were carried out at 25°C.
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Figure 2.23 - Dynamic light scattering on DNA amphiphiles. DLS regularization distribution histograms

and associated correlation functions for 10 uM solutions of a) DNA control A’, b) D1 and c) D2. The poor

intensity and correlation functions measured for A" and D1 are representative of little aggregation, only

individual strands in solution. In contrast the data for D2 reveals excellent correlation and higher scattering

intensity due to the presence of micelles. In each histogram the residual buffer peaks have been removed

for clarity.
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Figure 2.24 - DLS measurements of quadruple decorated cubes DLS regularization distribution
histograms and associated correlation functions are shown for a) C-As, b) C-(A-A")4, c) C-(A-D1)4 and d)
[C-(A-D2)4]2. It is possible that the slight contraction in size for C-(A-D1)4 compared to the DNA control C-
(A-A")4 is due to a partial collapse of the alkyl chains across the face of the cube rather than extending into
the aqueous medium. Each sample was studied at 625 nM of assembled structure in 1xTAMg buffer. The
clear jump in hydrodynamic radius for the dimeric [C-(A-D2)4]z structure mirrors the electrophoresis
results. The broader size distribution for the cube-dimer is consistent with the aspect ratio which deviates
from a spherical shape, and possibly the dynamic character of the hydrophobic intermolecular association

between the two cubes.
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Figure 2.25 - DLS measurements of cube core structures DLS regularization distribution histograms
and associated correlation functions are shown for a) C-(A-A") 4(B-B')4,b) C-(A-D1) 4(B-D1)4 and c) C-(A-
D2) 4(B-D2)4. Samples were studied at 420 nM of assembled structure in 1xTAMg buffer.

Table 2.3 - Summary of all D-DNA decorated cube DLS measurements. All samples were measured in
at least triplicate and the mean value for hydrodynamic radii and polydispersity of each sample are shown

below. Error margins were derived from the standard deviation of the multiple measurements.

Sample Mean hydrodynamic radius (nm) Mean polydispersity (%)
C-A4 6.0+0.2 248+34
C-(A-A")4 7.0+04 224 +6.0
C-(A-D1) 4 6.1+0.3 231+29
[C-(A-D2)4]2 9.3+0.3 23.6+6.2
C-(A-A") 4(B-B")s 77+0.2 22.55+3.7
C-(A-D1) 4(B-D1)4 6.3+0.2 142+6.4
C-(A-D2) 4(B-D2)4 6.4+0.2 16.1+ 3.6
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2.5.10 Synthesis of clip strands

DNA synthesis was performed on a lumole scale, starting from the required
nucleotide modified 1000A LCAA-CPG solid-support. Coupling efficiency was monitored
after removal of the dimethoxytrityl (DMT) 5’-OH protecting groups. DMT-hexaethyloxy-
Glycol phosphoramidite (cat# CLP-9765) was purchased from Chemgenes. Removal of
the DMT protecting group was carried out using 3% DCA in dichloromethane. Completed
sequences were deprotected in 28% ammonium hydroxide solution for 16-18 hours at

60°C.

Table 2.4 - Sequences used for cube clips. Nonstandard amidite codes: (H= (-CH2CH2-0-)s-OP(02)0-)).
The hexaethyloxy-Glycol spacers are used as flexible junctions to allow the cube structure to form. The T14

tracks are inserted in the single-stranded regions to act as non-binding sequences.

Name Sequence (5’-xx-3’)
Clip1-AB TCGCTGAGTAHTCCTATATGGTCAACTGCTCHGCAAGTGTGGGCACGCACA
CHGTAGTAATACCAGATGGAGTHCACAAATCTG
] CTATCGGTAGHTCCTATATGGTCAACTGCTCHTACTCAGCGACAGATTTGTG
Clip2-AB HGTAGTAATACCAGATGGAGTHCAACTAGCGG
Clip3-AB CACTGGTCAGHTCCTATATGGTCAACTGCTCHCTACCGATAGCCGCTAGTTG
HGTAGTAATACCAGATGGAGTHGGTTTGCTGA
Clipd-AB CCACACTTGCHTCCTATATGGTCAACTGCTCHCTGACCAGTGTCAGCAAACC
HGTAGTAATACCAGATGGAGTHGTGTGCGTGC
] TCGCTGAGTAHGCCTGGCCTTGGTCCATTTGHGCAAGTGTGGGCACGCACA
Clipt-C CHCGCACCGCGACTGCGAGGACHCACAAATCTG
] CACTGGTCAGHAAAACTCTGCCGTAAGAGGAHCTACCGATAGCCGCTAGTT
Clip3-C GHCGCACCGCGACTGCGAGGACHGGTTTGCTGA
) TCGCTGAGTAHTCCTTTTTTTTTTTTTTCTCHGCAAGTGTGGGCACGCACAC
Clip1-T14 HGTATTTTTTTTTTTTTTAGTHCACAAATCTG
) CTATCGGTAGHTCCTTTTTTTTTTTTTTCTCHTACTCAGCGACAGATTTGTG
Clip2-T14 HGTATTTTTTTTTTTTTTAGTHCAACTAGCGG
) CACTGGTCAGHTCCTTTTTTTTTTTTTTCTCHCTACCGATAGCCGCTAGTTG
Clip3-T14 HGTATTTTTTTTTTTTTTAGTHGGTTTGCTGA
] CCACACTTGCHTCCTTTTTTTTTTTTTTCTCHCTGACCAGTGTCAGCAAACC
Clip4-T14 HGTATTTTTTTTTTTTTTGAGTHGTGTGCGTGC
LA GAGCAGTTGACCATATAGGAAGCCACCGTCGTGACGTGTAGAGCAGTTGAC
CATATAGGA
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2.5.11 Purification of clip strands

Cube sequences were purified on 8% polyacrylamide/8M urea polyacrylamide gel
(PAGE; up to 20 ODz260 of crude DNA per gel) at constant current of 30mA for 1.5 hour (30
min at 250V followed by 1hr at 500V), using the 1x TBE buffer. Following electrophoresis,
the plates were wrapped in plastic and placed on a fluorescent TLC plate and illuminated
with a UV lamp (254nm). The bands were quickly excised, and the gel pieces were
crushed and incubated in 12mL of sterile water at 60 °C for 12-16 hours. Samples were
then dried to ca. 1.5 mL, desalted using size exclusion chromatography (Sephadex G-25),

and carefully quantified (ODz60) using UV-Vis spectroscopy.

150bp
- e g 100
75bp

—

50bp

Figure 2.26 - Analytical denaturing PAGE on cube clips. 8% polyacrylamide/8M urea analytical PAGE.
Run at constant current of 30 mA for 1.5 hour (30 min at 250 V followed by 1 hr at 500 V). In each lane
between 0.02-0.03 ODz60 of DNA has been loaded. Lane 1-Clip1-AB, Lane 2- Clip2-AB, Lane 3- Clip3-AB,
Lane 4- Clip4-AB, Lane 5- Clip1-C, Lane 6- Clip3-C, Lane 7- Clip1-T14, Lane 3- Clip2-T14, Lane 9- Clip3-
T14, Lane 10 - Clip4-T14. (8% denaturing PAGE, >25°C)

2.5.12 Preparation of 3D structures

In each case, equimolar amounts of Clip1, Clip2, Clip3 and Clip4 were combined in
1xTAMg buffer with a total DNA concentration of 5uM (giving a final cube concentration
of 1.25uM). Samples were annealed with the following protocol: held at 95°C for 5
minutes then 80°C for 3 minutes, cooled to 60°C (2min/°C) and finally slowly cooled to
4°C (3min/°C).#1 For the different symmetrical variants reported in the manuscript

various different combinations of the clip strands were used as shown in Table 2.5.
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Table 2.5 - Sequence symmetrical cube variants. In each case the designation Clip#-X can be substituted
with its equivalent which differs only in the single stranded regions (e.g Clip1-AB can be replaced with
Clip1-C and the resulting structure will differ only in the sequence of the single stranded portion). The

complete cube structures are shown in open form for clarity.

Name Component strands Structure
Clip1-AB, Clip2-T14, Clip3-T14, Clip4-T14 a
A, || || || |
| I | |
b
Clip1-AB, Clip2-T14, Clip3-AB, Clip4-T14 a a
A, || || || |
i i
b b
Clip1-AB, Clip2-AB, Clip3-AB, Clip4-T14 a a a
C-As I| I| I| I
| I | |
b b b
Clip1-AB, Clip2-AB, Clip3-AB, Clip4-AB a a a a
C-A4B4(=C-As) I| I| I| |
i
b b b b
Clip1-C, Clip2-AB, Clip3-C, Clip4-AB a a
C-A:C: || || || I
| I | |
c b c b

01234L

e

300bp
[ UUMP
1?61-:p
100bp

75bp

Figure 2.27 - Assembled cubes with differing sequence symmetries. Lane 0- C-A4B4, Lane 1 - C-As, Lane

2 - C-Az, Lane 3 - C-Ay, Lane 4 - C-A2Cz, Lane L - Ladder. (6% Native PAGE, 7°C)
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2.5.13 Preparation of D-DNA decorated cubic scaffolds

Appropriate equivalents of required D-DNA (at concentrations between 1uM - 5uM)
are mixed with a pre-assembled cube (2uL, 1.25uM [cube]) in a tris (40 mM) acetic acid
(18 mM) Mg(0Ac)2 (12.5 mM) buffer (1xXTAMg buffer, pH 8) to give a final concentration
of the DNA structure (C-(A-D#)x(B-D#)x) between 147nM and 1puM. The D-DNA was then
annealed with the cube for 30-45 mins at 37°C and cooled to room temperature over 15
mins. Alternatively the four cube clip strands and appropriate equivalents of D-DNA were
combined and annealed together: held at 95°C for 5 minutes then 80°C for 3 minutes,
cooled to 60°C (2 min/°C) and finally slowly cooled to 4°C (3min/°C). The assembled
products were analyzed in reference to the cube control or GeneRuler™ Ultra Low Range
DNA Ladder (Fermentas Inc.) on native PAGE (6-8%, 250V, 70mA, 2-3h, 7-25°C) in
1xTAMg buffer and gel bands visualized with Stains-All®. Samples were then
characterized by gel mobility in reference to the cube structure which has been

previously characterized.?

2.5.14 Gel mobility shift assays

A number of electrophoresis experiments were carried out on the D-DNA
decorated cubes with variation in stoichiometry, concentration, annealing protocol and
DNA sequences. In each case native PAGE was carried out at 7°C or 25°C for 2.5 hours at
a constant voltage of 250V. Sample loading is approximately 2.5 picomoles of assembled
construct per lane. The optical density of one mole of each specific construct is dependent
on the number of bases present in the structure; this varies with addition of the varying
numbers of D-DNA. The DNA bands were visualized by incubation with Stains-All®. This
section contains additional PAGE experiments carried out to aid characterization of the

D-DNA decorated cubic scaffolds.
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Figure 2.28 - Decoration of cubes with D-DNA-2 above the CMC. The addition of one D2 to cube C-A1
(Lane 1), or two equivalents of D2 to cube C-Az (Lane 2) results in single band species. The concentration
of each assembled structure is between 500nM and 1.25uM. Addition of three equivalents of D2 to cube C-
A3 (Lane 3), or four equivalents of D2 to cube C-As at results in smeared bands showing a mixture of
aggregated products, including the cube-dimer. Lane 0- C-A1, Lane 1 - C-(A-D2)1, Lane 2 - C-(A-D2) 2, Lane
3 -C-(A-D2)3, Lane 4 - C-(A-D2) 4, Lane 5 - C-(A-D2) 2, Lane L - Ladder. (6% Native PAGE, 7°C)

.- -

Figure 2.29 - Titration of cube C-A4 containing four available identical binding sites, with D-DNA
molecules above the CMC. a) The addition of increasing equivalents of D2 (Lanes 0-5) and D1 (Lanes 6-
11) to the cube C-A4 at 2.5uM of the D-DNA. The concentration of each assembled structure is 500nM. The
major product for D2 is the cube-dimer, (Lanes 0-5) however additional bands attributed to the competing
assembly modes of micelle formation of individual D2 conjugates and hybridization to the cubic scaffold
are observed. For the addition of D1 (Lanes 6-11) conversion to a single monomeric product, C-(A-D1) 4,
is observed. Lanes 0-5 - C-A4+ D2 (0.7,1, 2, 2.7, 3.3, 4 equiv.), Lanes 6-11 - C-A4+ D1 (1, 2, 3,4, 5, 6 equiv.)
Lane 12 - C-A4 (6% Native PAGE, 7°C)
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Figure 2.30 - Titration of cube C-A4 containing four available identical binding sites, with D-DNA
molecules below the CMC. a) The addition of increasing equivalents of D2 (Lanes 0-6) and D1 (Lanes 7-
13) to the cube C-A4 at 800nM of the D-DNA. The concentration of each assembled structure is 147nM. The
major product for D2 is the cube-dimer, (Lanes 0-6) and at this concentration no other products are
observed. For the addition of D1 (Lanes 7-13) conversion to the single monomeric product, C-(A-D1) 4, is
observed as before. Lane 0 - C-A4, Lanes 1-5 - C-A4++ D2 (0.7, 1, 2, 2.7, 3.3, 4 equiv.), Lane 7 - C-A4, Lanes 8-
11-C-A2+D1(0.5,1, 2, 2.7, 3.3, 4) (6% Native PAGE, 25°C)
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2.5.15 Atomic force microscopy

AFM was carried out using a MultiMode8™ SPM connected to a Nanoscope™ V
controller from Veeco. All images were obtained using ScanAsyst mode in air with
ScanAsyst cantilevers (Nominal values: Tip radius - 2nm, Resonant frequency - 70kHz,
Spring constant - 0.4N/m) from Bruker. Samples were diluted to between 25nM and
50nM of assembled structure in 1xTAMg buffer and 5pL of this solution was deposited on
a freshly cleaved mica surface and allowed to adsorb for 1 minute. Then 50uL of 0.22um
filtered Millipore water was dropped on the surface and the excess aqueous solution
removed with filter paper after 1 minute. Samples were dried under vacuum overnight

and transferred to a desiccator 4 hours prior to imaging.
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Figure 2.31 - Statistical analysis of AFM images. Height histogram for the analysis of over 500 individual
particles is shown. Noticeably all samples exhibit reduced heights due to the strong surface adsorption of
the polyanionic molecules in the presence of Mg2*. The cube control C-A4B4has an average height of 1.4+0.3
nm. The average heights of C-(A-D1)4(B-D1)4 and C-(A-D2) 4(B-D2)4 are 1.7+0.4 nm and 2.3+0.2 nm
respectively. The large increase in average height for the C-(A-D2) 4(B-D2)4 sample can be attributed to
the presence of some aggregates which are likely mediated by the hydrophobic D2 chains as the surface
concentration increases with drying. However, overall both structures show a population of discrete
objects further indicating that the alkyl chains are packed into the central cavity of each structure. For this
reason it should be noted that the solution based results (Figure 2.23) are more representative as the

structures are in their native environment.
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Figure 2.33 - Additional AFM images II. Additional height and phase images of the cube-core structure
C-(A-D2) 4(B-D2)4 (=3). Some aggregation is visible and is reflected in the height statistics (see Figure
2.31).
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Figure 2.34 - Additional AFM images III. Additional height and phase images of the cube-dimer structure
[C-(A-D2)4]2. The wider field of view (top) shows a dispersion of small particles. The lower images reveal
the presence of small aggregate particles which correspond to two cubes, either in diameter or aspect ratio
as well as individual cubes. A preliminary examination of the non-monomeric particles shows an aspect
ratio of approximately 1.9, however it should be noted that under the conditions of drying and surface
adsorption on mica in the presence of divalent cations the intermolecular hydrophobic association is

expected to be mostly disrupted.
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2.5.16 Incorporation of additional amphiphiles

The fully D-DNA decorated cubes C-(A-D1)4(B-D1)4, C-(A-D2) 4(B-D2)4 and the
DNA control C-A4B4 were assembled in 1XTAMg at a concentration of 313nM. To 3L
aliquots of these solutions were added between 0.7 and 6 equivalents of D1/D2-C which
have the same D-DNA alkyl dendron but non-complementary sequence to the DNA cube.
The samples were incubated at room temperature for 1 hour before loading on native
PAGE for analysis. The DNA bands were visualized with Stains-All® and the band

intensity was analyzed using Image] software on the raw scanned images of the gels.
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Figure 2.35 - Representative native PAGE of additional amphiphile loading. The addition of increasing
equivalents of non-complementary D-DNA (green) to the cube-core structures a) C-(A-D1)4(B-D1)4 (Lanes
0-4) and b) C-(A-D2) 4(B-D2)4 (Lanes 6-10). The increase in intensity of the bands corresponding to the
cube-core structures indicates the presence of more DNA and the lack of change in mobility suggests that
the additional amphiphiles pack into the hydrophobic micellar core of the DNA cage. The individual D-DNA
conjugates are shown in lanes 12 and 13. Lanes 14-16 show the addition of an excess of the non-
complementary D-DNA to the naked cube structure C-A4+Bsand lack of interaction, thus demonstrating that
the interaction between the additional D-DNA and the cube-core structures is mediated by the hydrophobic
interaction. Additionally Lane 11 contains a mixture of C-(A-D1)4(B-D1)4 and C-(A-D2) 4(B-D2)4 showing

there is no crossover between these stable structures. (6% Native PAGE, 7°C)
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2.5.17 Loading and release of Nile Red

For the measurement of fluorescence intensity of Nile Red in the presence of the
DNA cube, C-A4B4, and cube-core assemblies, C-(A-D1)4(B-D1)4 and C-(A-D2) 4(B-D2)s4,
the following protocol was used. To a 97.5uL solution of DNA in 1xTAMg was added 2.5puL
of Nile Red solution (0.1mM in acetone) in a sterile black 96-well top-read MicroWell™
Plate. The resulting concentration of Nile Red is 5uM and the concentration of the DNA
structures was C-A4B4 (313 nM), C-(A-D1)4(B-D1)4 and C-(A-D2) 4(B-D2)4 (250 nM).
The sample solutions were gently shaken at room temperature overnight before the
fluorescence was read using a Biotek® Synergy well-plate fluorimeter. For removal of
the D-DNA by strand displacement concentrated solutions of 20nt eraser ssDNAs Ea and
Ep were prepared (120uM) to reduce the effect of dilution on the experiment and 1puL of
each was added to the 100uL samples of Nile Red encapsulating D-DNA cubes, after a 30

minute incubation the fluorescence emission was measured.
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Figure 2.36 - Additional fluorescence emission spectra of cube-core structures. The fluorescence
intensity of Nile Red was measured in the presence of a low concentration of the cube-core structures C-
(A-D1)4(B-D1)4 and C-(A-D2) 4(B-D2)4, control cube C-AsB4 and 1xTAMg buffer alone. a) In each sample
the total concentration of Nile Red is 2.5 pM, the concentration of the structures C-(A-D1)+(B-D1)4 and C-
(A-D2) 4(B-D2)4 is 125 nM and the cube C-A4B4is 600 nM. Even at this low concentration the cube-core
structures give elevated fluorescence of the Nile Red, signaling its inclusion into the non-polar core. The
naked cube shows baseline fluorescence close to that of the buffer alone. b) Control experiment to verify
the effect of increased number of double stranded regions on the cube on the observed fluorescence in the
presence of 5 uM Nile Red. The concentration of the cube structures C-A4B4 and C-(A-A")4(B-B")4 are 250
nM. It is apparent that the fully double stranded cube C-(A-A")4(B-B')s does not exhibit significantly

elevated fluorescence and remains close to the naked cube and buffer control.
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Figure 2.37 - Removal of D-DNA by strand displacement, PAGE analysis. The removal of the D-DNA
from the structure C-(A-D2) 4(B-D2)4 is shown by native PAGE. Lane 0- C-A4B 4, Lane 1 - C-(A-Ea)4(B-Eg)4,
Lane 2 - C-(A-D2)4(B-D2)4, Lane 3 - C-(A-D2)4(B-D2)4 (-D2), Lane L - Ladder (6% Native PAGE, 7°C).
The conversion of C-(A-D2)4(B-D2)4 to C-(A-Ea)4(B-Eg)s+ is marked by decrease in electrophoretic
mobility as the contracting effect of the hydrophobic core is no longer present and the resulting structure
is a fully double stranded cube (Lanes 3 and 4). The remainder D-DNA is also visible at high mobility,
corresponding to individual strands in solution after disassembly of the micellar core. The presence of
multiple bands for the D-DNA is due to the different sequences (A and B), and the presence of excess eraser

strands.
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2.5.18 Determination of Loading capacity

To determine the loading capacity of the cube-core structures C-(A-D1)4(B-D1)4
and C-(A-D2)4+(B-D2)4the hydrophobic dyes Nile Red and 1,6-Diphenyl-1,3,5-hexatriene
(DPH) were used as guest molecules. Optimal loading of the structures 2 and 3 was
obtained by one-pot thermal annealing of the DNA structure (125-250nM) in the
presence of a large excess of cargo molecule (250-500uM) using the standard protocol
(SI-VIa). Removal of un-encapsulated dye was achieved by preparative centrifugation
(15,000 x g, 4°C, 20min.) carried out between 2-5 times.#8 The supernatant was removed
and an aliquot of each sample was loaded on 12% denaturing PAGE along with samples
of known concentration to quantify the isolated yield of dye-loaded cubes. Additionally,
in each case a small aliquot of the purified cargo containing cube-micelles were loaded on
native 6% PAGE to confirm the fidelity of the assemblies, in every case the structures
remain intact. Fluorescence emission spectra of each sample were collected in triplicate
by mixing a 18.75uL aliquot of sample with 56.25uL of acetone and recording the
emission spectra (Nile Red: exc. 535nm, DPH: exc. 350nm) of the sample in a 75uL quartz
cuvette. A standard curve for [dye] versus maximal fluorescence intensity was used to
calculate the [dye] present in each sample. The ratio of dye to cube structure was used to

calculate the loading capacity as a mole fraction.

Similar loading values for the two different dyes strongly suggest a similar host
guest recognition which is due to the hydrophobic alkyl dendrons within the core of the
cube-micelle structure. It is possible that the difference in loading capacity between the
D1 and D2 cube-micelles is due to the difference in packing/organization of the alkyl
chains within the core. The smaller size of C-(A-D2)4(B-D2)4 suggests a more tightly
packed core which may be more similar in structure to the D2 micelles which are also
capable of encapsulation. The larger/looser D1 core may not be as organized for

encapsulation.
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Figure 2.38 - Exemplary data set for Nile Red loading capacity. a) Uncorrected emission spectra of
samples after centrifugation to remove excess Nile Red. B) Standard curve used for [Nile Red] calculation.
c) 6% Native PAGE showing intact samples after centrifugation; Lane 1 - reference cube, Lane 2 - C-A4Ba,
Lane 3 - C-(A-D1)4(B-D1)4, Lane 4 - C-(A-D2)4(B-D2)4, d) 12% Denaturing PAGE analysis of the samples
used for DNA quantification; Lane 1 - C-A4B4, Lane 2 - C-(A-D1)4(B-D1)4, Lane 3 - C-(A-D2)4(B-D2)4, Lane

4 - quantification standard (C-A4B4). €) Table showing quantification results from this data set.
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Figure 2.39 - Exemplary data set for DPH loading capacity. a) Uncorrected emission spectra of samples
after centrifugation to remove excess DPH. B) Standard curve used for [DPH] calculation. ¢) 6% Native
PAGE showing intact samples after centrifugation; Lane 1 - C-A4Ba4, Lane 3 - C-(A-D1)4(B-D1)4, Lane 4 - C-
(A-D2)4(B-D2)4, Lane L - DNA Ladder (100-700bp). d) 12% Denaturing PAGE analysis of the samples used
for DNA quantification; Lane 1 - quantification standard (C-A4B4), Lane 2 - C-A4Bs4, Lane 3 - C-(A-D1)4(B-
D1)4, Lane 4 - C-(A-D2) 4(B-D2)4. ) Table showing quantification results from this data set.
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2.5.19 Encapsulation of Dasatanib

The Dasatanib (Kind gift from Dr. Panasci) was prepared as a working solution of
10mM in DMSO for experiments. Loading of the structures C-(A-D1)4(B-D1)4 and C-(A-
D2) 4(B-D2)4 was obtained by one-pot thermal annealing of the DNA structure (125-
250nM) in the presence of an excess of Dasatanib (250uM) using the standard protocol
(SI-VIa), the final solution was 200uL with 2.5% DMSO in 1xXTAMg buffer. Removal of the
free drug was achieved by preparative centrifugation (15,000 x g, 4°C, 20 min.) between
3-6 times. For determination of the Dasatanib loading a 25uL of the supernatant was
mixed with 50uL of DMSO and the absorbance (200-500nm) was measured. The presence
of Dasatanib was monitored by the absorbance at 325nm using a Biotek Synergy HT well-

plate spectrometer.

2.5.20 Purification of cargo-loaded cubes

Several methods of purification were tested for the purification of cargo-loaded
cubes from the un-encapsulated cargo including: centrifugation, centrifugal filtration,
dialysis, size exclusion chromatography, submicron filtration and agarose gel
electrophoresis. In summary, it was found that preparative centrifugation (15,000 x g,
4°C, 20 min.) was best for the dyes Nile Red and DPH as these molecules precipitate in
the 1xTAMg buffer. In the case of more soluble guest molecules size-exclusion
chromatography using Illustra MicroSpin G-25 Columns (GE Healthcare) or similar
device is very effective at removing small molecules, although the recovery of DNA

nanostructures is not high using the manufacturer’s protocols.
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2.7 Introduction to chapter 3

In chapter 2, the site-specific positioning of hydrophobic residues precisely, in 3D,
on a nanoscaffold was shown to give geometry dependent inter- or intramolecular self-
assembly. The self-assembly studies carried out were made possible by synthesis of a
new type of DNA-amphiphile; D-DNA. Crucially, these molecules contained both the
information necessary to allow selective binding to a specific address on the DNA cube
structure, and a dendritic hydrophobic moiety capable of self-association in aqueous
media. As alluded to earlier, the modular synthetic strategy employed to produce D-DNA
could be used to produce a large library of similar DNA-amphiphiles. Furthermore, the
effect of small structure changes to the molecules on the resulting self-assembly
properties suggested that a range of molecules with tuneable self-assembly properties
could be accessed easily using this synthetic approach.

In chapter 3, the extension of this synthetic methodology to produce linear DNA-

polymer like conjugates and sequence controlled polymers attached to DNA is described.
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3.1 Abstract

Inspired by biological polymers, sequence-controlled synthetic polymers are
highly promising materials that integrate the robustness of synthetic systems with the
information-derived activity of biological counterparts. Polymer-biopolymer conjugates
are often targeted to achieve this union; however, their synthesis remains challenging.
This chapter describes a stepwise solid-phase approach for the generation of
completely monodisperse and sequence-defined DNA-polymer conjugates using readily
available reagents. These polymeric modifications to DNA display self-assembly and
encapsulation behavior, as evidenced by HPLC, dynamic light scattering, and
fluorescence studies which is highly dependent on sequence order. The method is
general and has the potential to make DNA-polymer conjugates and sequence-defined

polymers widely available.
3.2 Introduction

The control of monomer sequence in synthetic polymers is a major challenge for
modern polymer chemistry. The key processes in molecular biology are executed by
proteins and nucleic acids - natural sequenced polymers capable of storing data, and
generating complex structure and function. Synthetic sequence-controlled polymers
may find applications in the fields of data storage and biomedicine, and in the creation
of materials with precisely tunable bulk properties and function.! To date, a number of
strategies have been proposed for the synthesis of sequence-defined polymers,2-5
ranging from solid-phase sequential addition of monomers via peptide or other
coupling reactions,®’ to biomolecule-templated polymerization,8° to controlling the
polymerization mechanism such that addition of a one or few monomers to a growing
polymer chain is possible.1011 Solid-phase synthesis is especially powerful, as it allows
for the introduction of a variety of residues at specific positions on a polymer chain.12

An alternative method to introduce molecular recognition into synthetic polymers
is through biomolecule-polymer conjugation,!? where a conventional synthetic polymer
and an information-rich DNA or peptide/protein portion are covalently attached.* DNA
amphiphiles in particular are especially attractive, because they can self-assemble into a
variety of morphologies through microphase separation while retaining the ‘smart’ and
addressable biomolecule component,’5-1® and can result in attractive platforms for

functional nucleic acids such as aptamers and silencing RNA,2021 and as membrane
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anchoring and functionalization tools.22-24 However, the synthesis of amphiphilic DNA
polymer conjugates is fundamentally challenging, as it requires the end-to-end coupling
of a highly charged DNA strand with a hydrophobic polymer chain. Polymers can be
attached to DNA via solid phase synthesis, however the yields are suboptimal as these
methods and materials are designed for small molecule attachment.

In this chapter, a simple and versatile method for the synthesis of sequence-
defined polymers attached to oligonucleotides is described. The approach involves the
sequential coupling of short, well-defined oligomers to a DNA strand on a solid support.
This strategy allows the synthesis of monodisperse DNA-polymer conjugates with
hydrophilic and hydrophobic units attached to a DNA strand in high yields, and with
complete control over the length and sequence of the monomer units in the final

structure.
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Figure 3.1 - Synthetic methodology for DNA-polymer conjugates. Monomer phosphoramidites (blue
and red squares) are coupled to the 5’ end of the oligonucleotide on the controlled-pore glass support
(CPQG) in a stepwise fashion. This produces sequence-defined products with repeat units HE and HEG
(blue and red spheres). (Synthetic details can be found in the Experimental Section 3.5.3)
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3.3 Results and Discussion

3.3.1 Synthesis and characterization of HEx-DNA

Figure 3.1 illustrates the general synthetic route for DNA-polymer conjugates
using phosphoramidite chemistry.?> In each case, an oligonucleotide of mixed sequence,
comprising of 19 nucleotides, was first synthesized on the solid support using standard
automated procedures (Experimental Section, 3.5.3). Next, short oligomers of well-
known polymers were appended to the oligonucleotide chain, using the same
automated phosphoramidite chemistry.

Initially, commercially available dimethoxytrityl (DMT) protected dodecane-diol
phosphoramidite was used, which corresponds to a hexameric section of poly(ethylene)
- here labelled HE, hexaethylene - for the subsequent coupling steps. The resulting
DNA-polymer conjugate would therefore consist of a DNA portion functionalised at its
5' terminus with a series of HE units punctuated by phosphates. To probe the synthetic
limit of the length of these polymeric modifications to the 5' terminus of the DNA strand,

molecules with 1 to 12 successive additions of HE units were first synthesized.

12

ermin

Figure 3.2 - Reverse-phase HPLC traces of purified HEx-DNA conjugates. Bold numbers above each
peak refer to the number of HE units appended to the 5’ terminus of the oligonucleotide. The relationship
between number of HE units and retention time is logarithmic. (Crude traces can be found in the

Experimental section 3.5.5).

Since the coupling efficiency remains excellent (>97%), it is surely possible to

generate much longer polymers, however this initial study was limited to twelve units,
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due to the ease of division into blocks for sequence definition (vide infra). The
synthesized DNA block copolymers were cleaved from the solid support and the
protecting groups were removed under basic conditions (28% ammonia solution, room
temperature, overnight). Analysis of the crude mixtures by reverse-phase HPLC
(Experimental Section, 3.5.4) revealed a narrow product distribution where the target
molecule constituted 74-89% of the isolated DNA, a much greater yield than generally
found in couplings of full-length polymers to DNA strands. Reverse-phase HPLC analysis
of the products (Figure 3.2) revealed increasing retention time with number of HE
blocks, consistent with an increase in hydrophobicity with each addition of HE blocks to
the 5' terminus of the oligonucleotide. The identity of the modified oligonucleotides was
confirmed by electrospray mass spectrometry (ESI-MS), Table 1, and matrix-assisted
laser desorption ionisation mass spectrometry (MALDI-MS) (Experimental Section,

3.5.6).

Table 3.1 - ESI-MS characterization and percent yields of HE-DNA conjugates. [a] Attached to the 5’
terminus of DNA sequence TTTTTCAGTTGACCATATA [b] Percentage fraction of total DNA isolated (see

Experimental section, 3.5.4 for further details)

Conjugatel®  Product distribution [%]®!  Calculated mass [Da]  Mass found [Da]

HE1 89 6029.14 6029.13
HE: 85 6293.29 6293.29
HEs 86 6557.44 6557.45
HE4 84 6821.59 6821.61
HEs 83 7085.74 7085.69
HEe 83 7349.88 7349.83
HE12 74 8934.78 8934.68
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3.3.2 Self-assembly of HEx-DNA

With the HEx-DNA molecules characterized, the self-assembly behavior of these
block copolymer-like DNA amphiphiles was investigated, to confirm whether the
phosphate-punctuated HE section would behave as a hydrophobic polymer. To probe
the self-assembly in solution, DLS was used to determine the presence, and

hydrodynamic radius, of micellar aggregates.
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Figure 3.3 - Dynamic light scattering analysis of HEx-DNA. Representative DLS intensity correlation
functions for 10uM solutions of, a) HE12-DNA micelles and b) HEe-DNA micelles in comparison to c)
unmodified DNA control. The low scattering intensity and poor correlation functions measured for DNA
is characteristic of individual molecules in solution. In contrast the data for HE12-DNA and HEs-DNA

reveals excellent correlation and higher scattering intensity due to the presence of aggregates.

It was found that the HEx-DNA containing five or less HE units existed as discrete
molecules at 10 pM in magnesium containing buffer, indicated by poor scattering
intensities (Figure 3.3). However, for HE¢-DNA scattering correlating to a sphere with
an Rn of 6.5 + 0.4 nm was observed, Table 3.2. This size correlates with DNA-based
spherical micelles and is consistent with the tight packing of the HE chains in a
hydrophobic core with a charged corona made up of DNA.1° Assuming a linear DNA
geometry (6.1 nm), this result suggests that the HE¢ chain (1.9 nm/unit if stretched) is
folded on itself multiple times, potentially adopting a ‘concertina’ structure analogous

to that of phospholipid bilayers. HE12-DNA under the same conditions revealed an Rn
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of 11.3 # 0.1 nm, implying that the HE12 chain is more extended. Spherical morphology,
monodispersity, and relative size of micelles was confirmed by AFM, shown in Figure
3.4. Thermal and electrophoretic hybridization studies (Experimental sections, 3.5.8-9)
concluded that all of the HEx-DNA molecules retained their ability to hybridize to a
complementary DNA strand, highlighting the orthogonal nature of these modes of

intermolecular self-assembly.

Figure 3.4 - Atomic force microscopy of DNA-polymer micelles. Shown are a) HEs-DNA micelles and b)

HE12-DNA micelles in air (Additional images can be found in the Experimental Section).

To further show that the behavior of the conjugates was in line with block
copolymer assembly, encapsulation of guest molecules within the hydrophobic core of
the micelles was performed using Nile Red, a fluorescent dye which displays significant
fluorescence in hydrophobic media, but negligible emission in aqueous solution.2¢ An
increase in fluorescence was observed with increasing number of HE units in a 10uM
aqueous solution of the DNA conjugates, showing the expected dependence of the self-
assembled macromolecular structure on the component molecular structure.

It was therefore concluded that through phosphoramidite coupling, DNA-
poly(ethylene) conjugate mimics were produced in good yields with total control over
the degree of polymerization (up to 72 units), leading to molecularly monodisperse

products. The presence of phosphate moieties in the polymer backbone does not hinder
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the hydrophobic properties of the polymer section, producing spherical micelles

capable of encapsulating guests.
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Figure 3.5 - Nile Red encapsulation assay for HEx-DNA. Fluorescence of Nile Red in the presence of

10uM HEx-DNA. Blue spheres are HE blocks; fluorescence increases with the number of blocks.

3.3.3 Synthesis and characterization of HE/HEG series

Since the stepwise synthetic protocol is inherently sequential, it was decided to
explore whether a mixed system of hydrophobic HE blocks and hydrophilic
hexaethylene glycol (HEG, also available as a commercial DMT-protected
phosphoramidite reagent) blocks could be synthesized, and what self-assembly
properties the resultant sequenced polymers might exhibit. Five different modified
oligonucleotides, each containing a 5' modification of 12 units in length (six HE, six HEG)
were successfully synthesized. Each of these DNA strands differs in the pattern of the
HE and HEG units, being grouped into blocks of one, two, three, and six oligomers. For
the blocks of six, the position with respect to the DNA was also varied, producing two

triblock architectures, HEGe-HE6-DNA and HE¢-HEGs-DNA.
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Table 3.2 - ESI-MS characterization and percent yields of HE/HEG-DNA conjugates. [a] Attached to
the 5’ terminus of DNA sequence TTTTTCAGTTGACCATATA [b] Percentage fraction of total DNA isolated

(see Expoerimental section for further details)

Conjugatel® Product distribution [%]®!  Calculated mass [Da] Mass found [Da]
(HE-HEG)s 51 9414.63 9414.60

(HE2-HEG:2)3 62 9414.63 9414.58

(HE3-HEG:): 56 9414.63 9414.58
HEs-HEGs 67 9414.63 9414.58
HEGe-HE6 78 9414.63 9414.60

These modifications were synthesized under the same automated conditions as
described for the HEx-DNA versions and reverse-phase HPLC ascertained that one
major product was obtained for all sequences, in contrast to a non-sequenced control,

shown here in Figure 3.6.
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Figure 3.6 - Reverse-phase HPLC on random sequence control. This statistical copolymer
modification was made by performing 12 couplings at the 5’ terminus of the 19mer oligonucleotide using
a 1:1 (w/w) mixture of DMT-hexaethyloxy glycol and DMT-dodecane-diol amidites. The DMT* response
revealed high coupling efficiency of all 12 random units. The HPLC trace above shows a major distribution

of products centered on the retention times seen for the 12 unit sequenced products shown in Figure 3.7.

Typically, the best coupling efficiency occurs when the added monomer is the
same as the one before. It is anticipated that coupling protocols for monomer crossover

can be optimized through longer coupling times, increased monomer concentration, or
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solvent choice. A gradual increase in retention time on the HPLC column was observed
as block size increased from one in (HE-HEG)e to six in HEe-HEGe (Figure 3.7a),
indicating a gradual increase in overall hydrophobicity. This may be due to the fact that
a minimal number of adjacent HE are needed to create a hydrophobic pocket that is
available for interaction with the stationary phase, whereas hydrophilic groups flanking

each HEx block may diminish strong interactions with the stationary phase.

Another variable in the block pattern that affects the hydrophobic behavior is the
position of the HE and HEG blocks with respect to the hydrophilic oligonucleotide; this
is evident when comparing the molecules HEs-HEG6-DNA and HEGe-HEe-DNA (Figure
3.7b). In terms of the amphiphilicity of the different block patterns, HE¢-HEGes-DNA is a
typical amphiphile with a distinct hydrophilic DNA-HEG block and a hydrophobic HE
terminus. The bola-amphiphilic HEGe-HEs-DNA may adopt a structure in which the
oligonucleotide and the HEG blocks are more capable of shielding the HE portion from

the aqueous medium.
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Figure 3.7 -Reverse-phase HPLC traces of sequence defined HE-HEG polymers. a) HE/HEG block
sizes from 1 to 6. b) HE/HEG block positions for HEe-HEGe-DNA and HEGe-HE6-DNA with respect to the

DNA portion (Crude traces are available in the Experimental Section 3.5.5)
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To investigate the effect of block pattern on the amphiphilic self-assembly in
solution, DLS measurements were carried out for the HE/HEG series, revealing that the
trends in hydrophobicity observed by HPLC were amplified under self-assembly
conditions. The strands with polymer sequences (HE-HEG)s, (HE2-HEG2)3, and (HE3-
HEG3)2 did not exhibit self-assembly at this concentration. However strong scattering
was seen for HEe-HEGe-DNA with an associated Rn of 9.7 # 0.9 nm, although not for
HEGe-HE6s-DNA. It should be noted that AFM characterization was also attempted for
HE6¢-HEGs-DNA but was less conclusive than for the HE system, this is likely due to
different surface adsorption properties which may be mediated by the addition of HEG
blocks (Experimental section 3.5.13-14).
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Figure 3.8 - Dynamic light scattering analysis of HE/HEG series. Representative DLS intensity
correlation functions for 10uM solutions of, a) non-aggregating (HE-HEG)s-DNA and b) HE¢-HEG¢-DNA
micelles. The low scattering intensity and poor correlation functions measured for (HE-HEG)s-DNA is
characteristic of individual molecules in solution. In contrast, HEs-HEGs-DNA reveals excellent

correlation and higher scattering intensity due to the presence of micelles.

Firstly, the DLS observations lend further weight to the hypothesis that a minimum
block size of HEs is required to exhibit significant hydrophobic character. Furthermore,
the effect of the positioning of the blocks with respect to the oligonucleotide portion is
also a major factor in the self-assembly: the terminal HEe¢ results in micellization,
whereas a central HEe¢ block prevents aggregation. Again, thermal and electrophoretic

hybridization experiments confirmed the availability of the DNA (Experimental section).

The sequence-specific self-assembly was also assessed using encapsulation of Nile

Red (Figure 3.9). In this case a small increase in fluorescence was seen as the block size
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increased from one to three HE units, consistent with a degree of intramolecular
collapse of adjacent HE units, generating progressively larger hydrophobic domains as
the block size increases, akin to beads on a string. At a block size of six, both of the DNA-

sequence
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Figure 3.9 - Nile Red encapsulation assay for HE/HEG series. Fluorescence of Nile Red in the presence of
10puM HE/HEG sequenced modifications. Increasing intensity is observed with increasing block size. Blue

spheres; hydrophobic HE, red spheres; hydrophilic HEG.

polymers displayed a similar level of Nile Red fluorescence, although that of HEGe-HEe-
DNA was slightly lower. A small, but reproducible, red shift of the maximum emission
from the bola-amphiphile (640 nm) with respect to the linear amphiphile (645 nm) was
also observed, which is indicative of Nile Red in a more polar environment.2” This is
consistent with an intermolecular spherical micelle formed by HE¢-HEGe-DNA, and an
intramolecular hydrophobic domain being formed in HEGe-HE¢-DNA, resulting in a

lower volume-to-surface area ratio, and more exposure of the dye to the solvent.

Finally, the reversibility of the self-assembly process was investigated using DLS,
Figure 3.10. It was found that the presence of Mg?* was required for micelle formation
and could be used to ‘switch on’ and ‘off’ the aggregation. Upon addition of Mg?* to a
solution of discrete HEs-DNA, HE12-DNA or HEe-HEGe-DNA strands, assembly was
observed by DLS within 45 seconds. Furthermore, addition of EDTA to sequester Mg2+
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was found to cause de-aggregation over the course of 30 seconds. In both cases, non-

assembling sequence HEGe-HEs-DNA showed no change.
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Figure 3.10 - Micellization and de-aggregation of HE2-DNA. a) DLS intensity correlation functions for a
10uM solution of HE12-DNA before and after addition of Mg?" which induces micellization. B) The reverse
process is shown, using EDTA to sequester Mg?" ions and denature pre-formed micelles which require Mg?* for
assembly due to electrostatic repulsion of the negativity charge phosphates groups. The same experiment on

other samples and additional details can be found in the Experimental section 3.5.12.

3.4 Conclusions

In conclusion, this chapter describes a facile and high-yielding procedure for the
production of monodisperse amphiphilic DNA block copolymers using standard
automated techniques and commercially available materials. Such materials have been
previously extremely difficult to obtain in good purity, yield, and with reliable

characterization. Secondly, it has been shown that the same procedure can easily be
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used to create synthetic sequence-defined polymers, and that the variation in the
overall hydrophobicity, self-assembly, and encapsulation properties can be logically
altered by variation of the sequence. Control of sequence-specific hydrophobic intra- or
intermolecular aggregation within a polymer is an important result: the same process is
a major determinant of protein folding, and by mirroring that assembly here, the stage
is set for synthetic mimics of the complex structures and functions exhibited by
biological sequenced polymers.?829 The methods reported are accessible to any
researcher with the capacity for oligonucleotide synthesis, and in principle the scope
extends far beyond the HE and HEG components used here - other diols can be
converted into a DMT-phosphoramidite reagent and used similarly. Importantly, many
functional groups, such as amides, aryl halides, ethers, disulfides, maleimides, alkenes,
alkynes and protected amines are compatible with phosphoramidite coupling,
Oligonucleotide strands of up to 100 additions can typically be produced with standard
equipment, and since the coupling efficiency is excellent, the same maximum lengths
can be expected. This synthetic method has the potential to produce new
oligonucleotide conjugates for use in therapeutics, as supramolecular foldamers or
simple protein mimics for the study of complex self-assembly mediated by hydrophobic,

and other supramolecular interactions.
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Figure 3.11 - Combination of the approaches described in chapters 2 and 3. The varying length HEx-DNA
described in this chapter have been applied to create a hierarchy of 3D-DNA nanostructure/polymer hybrids.
(American Chemical Society, 2014)

Additionally, the organization of the polymer-DNA conjugates described in this

chapter on 3D structures was explored in a similar manner to the D-DNA in chapter 2.30
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This involved the combination of three modular approaches; 1) A selection of prismatic
3D DNA scaffolds with different geometries, 2) Site-specific organization of different
number of DNA-polymers on each of the prisms, and 3) Control over the exact length of
that DNA-polymer (e.g. HE1-HE12) and therefore the self-assembly properties. This
appraoch gave access to hierarchical family of nanostructures which are shown in
summary in Figure 3.11. These were shown to allow controlled capture and release of
individual nanostructures and act as scaffolds for efficient light harvesting antennae.
This work was published as "Precision Polymers and 3D DNA Nanostructures:
Emergent Assemblies from New Parameter Space." Serpell, C. ]., Edwardson, T. G. W,,
Chidchob, P., Carneiro, K. M. M. & Sleiman, H. F. . Am. Chem. Soc. 2014, 136, 15767-
15774.

Author contributions are stated here for clarity as this publication is not a major inclusion in
this thesis.

Christopher J. Serpell helped develop the project and primarily contributed to the production of
experimental data and writing of the paper. Thomas G.W. Edwardson designed and synthesized DNA-
polymer conjugates, clip strands and prism linking strands. Pongphak Chidchob carried out AFM
analysis and helped write the paper. Karina M.M. Carneiro assisted in DNA-polymer conjugate synthesis.

Hanadi F. Sleiman designed the project, guided interpretation of data, discussion of results and concepts

and co-wrote the paper.
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3.5 Experimental
3.5.1 General

Magnesium acetate, acetic acid, tris(hydroxymethyl)-aminomethane (Tris),
formamide, urea and Nile Red were used as purchased from Sigma-Aldrich. Acetic acid
and boric acid were purchased from Fisher Scientific and used without further
purification. GelRed™ nucleic acid stain was purchased from Biotium Inc. Acetone ACS
reagent grade was purchased from Fisher. Ammonium citrate dibasic and 3-
hydroxypicolinic acid were purchased from Aldrich. Acrylamide/Bis-acrylamide (40%
19:1 solution) and TEMED were obtained from Bioshop Canada Inc. and used as
supplied. 1 pmol Universal 10004 LCAA-CPG supports and standard reagents used for
automated DNA synthesis were purchased through Bioautomation. Sephadex G-25
(super fine, DNA grade) was purchased from Glen Research. 1xTAMg buffer is
composed of 45 mM Tris and 12.5 mM Mg(0Ac)2:6H20 with pH adjusted to 8.0 using
glacial acetic acid. TBE buffer is 90mM Tris, 90mM boric acid and 1.1mM EDTA with a
pH of 8.0.

3.5.2 Instrumentation

Standard automated oligonucleotide solid-phase synthesis was performed on a
Mermade MM6 synthesizer from Bioautomation. HPLC purification was carried out on
an Agilent Infinity 1260. DNA quantification measurements were performed by UV
absorbance with a NanoDrop Lite spectrophotometer from Thermo Scientific. A Varian
Cary 300 Bio spectrophotometer was used for melting temperature studies. Gel
electrophoresis experiments were carried out on a 20 X 20 cm vertical Hoefer 600
electrophoresis unit. Gel images were captured using a ChemiDoc™ MP System from
Bio-Rad Laboratories. Thermal annealing of all DNA structures was conducted using an
Eppendorf Mastercycler® 96 well thermocycler. Mass determination was carried out
using Matrix-Assisted Laser Desorption/lonization Time-Of-Flight Mass Spectrometry
(MALDI-TOF-MS) on a Bruker Autoflex™ III MALDI-TOF mass spectrometer. Liquid
Chromatography Electrospray lonization Mass Spectrometry (LC-ESI-MS) was carried
out using Dionex Ultimate 3000 coupled to a Bruker MaXis Impact™ QTOF. Fluorescence
emission spectra were obtained using an Agilent Cary Eclipse Fluorescence

Spectrophotometer.
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3.5.3 Oligonucleotide synthesis

DNA synthesis was performed on a 1 pmole scale, starting from a universal 1000 A
LCAA-CPG solid-support. Coupling efficiency was monitored after removal of the
dimethoxytrityl (DMT) 5’-OH protecting groups. DMT-dodecane-diol (cat.# CLP-1114)
and DMT-hexaethyloxy glycol (cat.# CLP-9765) phosphoramidites were purchased from
Chemgenes. DMT-hexaethyloxy glycol and DMT-dodecane-diol amidites were dissolved
in the appropriate solvent under a nitrogen atmosphere in a glove box (<0.04 ppm
oxygen and <0.5 ppm trace moisture). For DMT-hexaethyloxy glycol (0.1M, anhydrous
acetonitrile) and DMT-dodecane-diol (0.1M, anhydrous dichloromethane) amidites
extended coupling times of 5 minutes were used respectively using 0.25M 5-
(ethylthio)tetrazole in anhydrous acetonitrile. Removal of the DMT protecting group
was carried out using 3% dichloroacetic acid in dichloromethane on the DNA
synthesizer. Completed syntheses were cleaved from the solid support and deprotected
in 28% aqueous ammonium hydroxide solution for 16-18 hours at room temperature.
The crude product solution was separated from the solid support and concentrated
under reduced pressure at 60°C. This crude solid was re-suspended in 1mL Millipore
water. Sephadex G-25 column and 0.22pm centrifugal filter were then performed prior

to HPLC purification. The resulting solution was quantified by absorbance at 260nm.

Table 3.3 - Sequences used for DNA amphiphiles. Atypical amidite codes: (D= dodecane-diol), (H=

hexaethyloxy glycol).
Molecule Sequence (5'-xx-3")

DNA TTTTTCAGTTGACCATATA
HE1-DNA DTTTTTCAGTTGACCATATA
HE2-DNA DDTTTTTCAGTTGACCATATA
HE3-DNA DDDTTTTTCAGTTGACCATATA
HE4-DNA DDDDTTTTTCAGTTGACCATATA
HEs-DNA DDDDDTTTTTCAGTTGACCATATA
HEe-DNA DDDDDDTTTTTCAGTTGACCATATA
HE12-DNA DDDDDDDDDDDDTTTTTCAGTTGACCATATA

(HE-HEG)s-DNA DHDHDHDHDHDHTTTTTCAGTTGACCATATA
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(HE2-HEG2)3-DNA DDHHDDHHDDHHTTTTTCAGTTGACCATATA
(HE3-HEG3)2-DNA DDDHHHDDDHHHTTTTTCAGTTGACCATATA
HEe-HEGs-DNA DDDDDDHHHHHHTTTTTCAGTTGACCATATA
HEGs-HEs-DNA HHHHHHDDDDDDTTTTTCAGTTGACCATATA
Acomp TATATGGTCAACTG

3.5.4 HPLC purification

Solvents (0.22um filtered): S0mM triethylammonium acetate (TEAA) buffer (pH 8.0) and
HPLC grade acetonitrile. Elution gradient: 3-70% acetonitrile over 30 minutes at 60°C.
Column: Hamilton PRP-C18 5um 100 A 2.1 x 150mm. For each analytical separation
approximately 0.5 OD2¢0 of crude DNA was injected as a 20-50uL solution in Millipore
water. Detection was carried out using a diode-array detector, monitoring absorbance at
260nm. Retention times and yields (obtained from peak area integration) for the products are

summarized in Table 3.4.

Table 3.4 - HPLC data summary for all compounds. The product distribution presented is the
percentage of desired product with reference to the total DNA cleaved from the solid support (capped
failure sequences). This was determined by peak area integration of the HPLC traces. For this reason the
unmodified DNA is not stated as the RP-HPLC did not distinguish clearly between n-1 of natural
nucleosides. The isolated yield presented represents the total isolated OD2so from each 1umol scale

synthesis of DNA based on a 98% coupling efficiency.

Molecule Product Retention time / min. Isolated Yield / %
distribution / %

DNA n/a ~95 31
HE1-DNA 89 13.0 33
HE2-DNA 85 16.0 31
HEs-DNA 86 17.7 32
HE4-DNA 84 18.9 31
HEs-DNA 83 19.7 31
HEes-DNA 83 20.5 31
HE+2>-DNA 74 22.9 27

(HE-HEG)s-DNA 51 18.6 19
(HE2-HEG:)s-DNA 62 194 23
(HE3s-HEG:)2-DNA 56 19.9 21
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HEes-HEGs-DNA 67 21.0 25
HEGe-HEs-DNA 78 19.8 29

Retention time versus number of HE units

R,normalized to DNA/ min

0 2 4 6 8 10 12 14
Number of HE units

Figure 3.12 - Relationship between C12 blocks and hydrophobicity. For the homopolymeric HE
modifications (1-12) a plot of number of units versus the retention time shows a logarithmic trend (R2 =
0.9974). This is expected as the longer the modification the less influence each additional block has on the

overall hydrophobicity.
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3.5.5 Crude HPLC traces
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3.5.6 MALDI-MS characterization

The matrix solution was comprised of a 1:1 mixture of ammonium citrate solution
(50mM, water) and 2,4,6-trihydroxyacetophenone solution (sat., MeCN) solution. In
each case 1uL of a 50-100uM solution of HPLC purified DNA in Millipore water was
mixed with 1uL of matrix solution. Between 0.5-1pL of this final solution was spotted on
an AnchorChip™ and solvents were removed by air drying prior to mass determination.
Analysis was carried out in linear negative mode. In each case, the masses observed for

the DNA conjugates matched well with the calculated values.

Table 3.5 - MALDI-MS Table Calculated and experimental m/z values for all DNA conjugates synthesized.

Molecule Calculated m/z ([M-HJ) Found m/z ([M-H])
HE:-DNA 6027.13 6024.84
HE2-DNA 6292.28 6288.06
HE;-DNA 6556.43 6551.91
HEs-DNA 6820.58 6815.98
HEs-DNA 7084.73 7080.73
HEs-DNA 7348.87 7344.72
HE12-DNA 8933.77 8931.10
(HE-HEG)s-DNA 9413.62 9408.68
(HE2-HEG2)3-DNA 9413.62 9410.85
(HEs-HEG3)2-DNA 9413.62 9412.72
HEe-HEGs-DNA 9413.62 9412.00
HEGe-HEs-DNA 9413.62 9410.99

3.5.7 LC-ESI-MS characterization and data

The oligonucleotides were analyzed by LC-ESI-MS in negative ESI mode. Samples were run
through an Acclaim RSLC 120 C18 column (2.2uM 120A 2.1 x 50mm) using a gradient of
98% mobile phase A (100mM 1,1,1,3,3,3-hexafluoro-2-propanol and SmM triethylamine in
water) and 2 % mobile phase B (Methanol) to 40 % mobile phase A and 60% mobile phase
B in 8 minutes. The data was processed and deconvoluted using the Bruker DataAnalysis

software version 4.1.
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3.5.8 Melting temperatures

The hybridization of the DNA amphiphiles to their complement strands was confirmed
by measurement of the thermal denaturation of the duplexes by UV absorption. For
each experiment equimolar amounts of DNA amphiphile and complement strand
(Acomp, see Table 3.3) were combined in 1xXTAMg buffer to give a final volume of
150puL with a duplex concentration of 2.5uM. Samples were thermally annealed (95 to
4°C, 4 hours) before transfer to a quartz cuvette. Absorbance at 260nm was monitored

over the appropriate temperature range.

1.2
1.0

0.8

0.6 —— DNA

(HE-HEG),-DNA
—— HE,,-DNA

0.4

Normalized absorbance

80

T/°C

Figure 3.13 - Melting curves of DNA amphiphiles compared to unmodified DNA. Typical sigmoidal
melting curves are seen for the hybridization of the complementary strand Acomp to DNA control,
discrete (HE-HEG)es-DNA and HE12-DNA micelles. This shows that in both the case of discrete molecules
and self-assembled aggregates the oligonucleotide section is still available for hybridization, with little

change in melting temperature (3°C, between DNA and HE12-DNA).

3.5.9 Electrophoretic mobility assays

Denaturing Polyacrylamide Gel Electrophoresis (PAGE) was carried out at room
temperature for 30 minutes at 250V followed by 1 hour at 500V. TBE buffer was used
and the concentration of urea in the gel was 8M. For each lane 3uL of annealed sample
(10uM, 95 to 4°C, 4 hours) in 1xXTAMg was added to 7uL of 8M urea. Native PAGE was
carried out at room temperature for 2 hours at a constant voltage of 250V. Sample

loading was 0.01 OD260 DNA per lane. Single-stranded samples were annealed (95 to 4°C,
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4 hours) prior to loading on the gel to promote uniform assembly. Double-stranded
samples were similarly annealed (with Acomp, see Table 3.3) to provide 25uL of 10uM
duplex in 1xTAMg. The DNA bands for all gels were visualized by incubation with
GelRed™.ybridization of the DNA amphiphiles to their complement strands was

confirmed by measurement of the thermal denaturation

1 2 3 4 56 7 8 910111213 L
|

—
200bp

—
100bp

Figure 3.14 - Denaturing PAGE of DNA conjugates. Due to the lack of MgZ* and denaturing conditions
no aggregation is observed. A correlation between length of the 5’ modification and gel mobility is seen.
Lane 1-DNA, Lane 2- HE1-DNA, Lane 3- HE2-DNA, Lane 4- HE3-DNA, Lane 5- HE4+-DNA, Lane 6- HEs-DNA,
Lane 7- HEs-DNA, Lane 8- HE12-DNA, Lane 9- (HE-HEG)s-DNA, Lane 10- (HEz2-HEG2)3-DNA, Lane 11-
(HEs-HEG3)2-DNA, Lane 12- HE¢-HEGe-DNA, Lane 13- HEGe-HEs-DNA, Lane L- 100bp DNA ladder
(Axygen). (15% Denaturing PAGE)
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123456 78910111213 L

Figure 3.15 - Native PAGE of single-stranded DNA conjugates. The micelles formed by HEs-DNA (Lane
7) appear to collapse to a certain extent under the electrophoretic conditions, while HE12-DNA and HEe-
HEGe¢-DNA (Lanes 8 and 12) micelles remain intact exhibiting substantially reduced mobility. Lane 1-
DNA, Lane 2- HE1-DNA, Lane 3- HE2-DNA, Lane 4- HE3-DNA, Lane 5- HE4-DNA, Lane 6- HEs-DNA, Lane 7-
HE¢-DNA, Lane 8- HE12-DNA, Lane 9- (HE-HEG)s-DNA, Lane 10- (HEz2-HEGz)3-DNA, Lane 11- (HEs-
HEGs)2-DNA, Lane 12- HEs-HEGes-DNA, Lane 13- HEGe-HEs-DNA, Lane L- 100bp DNA ladder (Axygen). (6%

Native PAGE, room temperature)
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Figure 3.16 - Native PAGE of double-stranded DNA conjugates. In each lane the conjugate is duplexed
with the 14 base complement, Acomp. The mobility of the micelles formed by HEs-DNA, HE12-DNA and
HE6-HEGs-DNA (Lanes 7, 8 and 12 respectively) correspond well with the hydrodynamic radii
determined by DLS. Lane 1-DNA, Lane 2- HE1-DNA, Lane 3- HE2-DNA, Lane 4- HE3-DNA, Lane 5- HE4-
DNA, Lane 6- HEs-DNA, Lane 7- HE¢-DNA, Lane 8- HE12-DNA, Lane 9- (HE-HEG)¢-DNA, Lane 10- (HEz-
HEG2)3-DNA, Lane 11- (HE3-HEGs)2-DNA, Lane 12- HEs-HEGs-DNA, Lane 13- HEGe¢-HE¢-DNA, Lane L-
100bp DNA ladder (Axygen). (6% Native PAGE, room temperature)
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3.5.10 Dynamic Light Scattering

DLS experiments were carried out using a DynaPro™ Instrument from Wyatt
Technology. A cumulants fit model was used to confirm the presence and determine the
size of a monomodal population of micellar aggregates. Sterile water and TAMg buffers
were filtered using a 0.45um nylon syringe filter before use for DLS sample preparation.

All measurements were carried out at 25°C.

Table 3.6 - Summary of hydrodynamic radii data. All samples were measured in at least triplicate and
the mean values for hydrodynamic radii are shown below. Error margins were derived from the standard

deviation of the multiple measurements.

Mean hydrodyamic radius (nm)
Sample Single-stranded Double-stranded
HEes-DNA 6.5+0.4 5.6+0.1
HEq2-DNA 11.3+0.7 11.3£0.1
HEs-HEGe-DNA 9.7+0.1 10.0+0.2

Supporting Table ST5| Summary of raw scattering data. All samples were measured in at least
triplicate and the mean values for scattering intensity (counts per second) are given below. Numbers in

bold correspond to good correlation and the presence of self-assembled aggregates.

Scattering intensity (KCnt/s)
Sample Single-stranded Double-stranded

DNA 95 104
HE1-DNA 105 117
HE2-DNA 93 112
HEs-DNA 88 147
HEs-DNA 89 169
HEs-DNA 139 156
HEe-DNA 372 350

HE12-DNA 1550 2000
(HE-HEG)s-DNA 122 156
(HE2-HEG2)s-DNA 118 145
(HEs-HEG:)2-DNA 110 132
HEes-HEGs-DNA 516 741
HEGe-HEs-DNA 87 124
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3.5.11 Fluorescence of encapsulated Nile Red

DNA-conjugates (10uM) in TAMg buffer (60uL) were thermally annealed (95 to 4°C, 4
hours). The samples were transferred to glass vials and 1.5uL of Nile Red solution (0.1M,
acetone) was added, to give a final Nile Red concentration of 2.5uM. The samples were
vortexed briefly, sealed and incubated overnight at room temperature in the absence of light.
Fluorescence spectra were recorded at room temperature in a 50ul. quartz cuvette using an
excitation wavelength of 535nm, and monitoring emission between 560 and 750nm, with

excitation and emission slit widths both set at 10nm.

3.5.12 Reversibility of micelle formation

To investigate the reversibility of micelle formation and dependence on Mg2+
concentration additional DLS experiments were carried out. Samples of 10uM HEs-DNA,
HE12-DNA, HE¢-HEG6s-DNA and HEGe-HEe-DNA were prepared in TBE buffer and
thermally annealed. DLS measurements were obtained at 25°C for each 20uL sample,
then 2.22uL of 10xTAMg was added to raise the Mg2* concentration and the sample
scattering measured again. The reverse experiment was carried out by annealing
samples (20pL) in TAMg to form micelles and introducing 2.22uL. of EDTA solution
(125mM EDTA, pH adjusted to 8.0 using Tris) to observe de-aggregation. The data are

shown on the next three pages.
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Figure 3.17 - DLS on Mg2+ induced aggregation. DLS intensity correlation functions for 10 uM solutions
of a) HEe¢-DNA, b) HE12-DNA, c) HEs-HEG6-DNA and d) HEGs-HEs-DNA in 1xTBE buffer. The low
scattering intensity and poor correlation functions measured for all samples represent individual
molecules in solution. Upon addition of Mg+ buffer a rapid change is seen for micelle forming samples €)
HE6-DNA, f) HE12-DNA, g) HEs-HEGs-DNA giving good correlation and higher scattering intensity due to
the presence of aggregates. The control sample h) HEGe-HE6-DNA shows negligible change as it does not
form micellar aggregates. The hydrodynamic radii observed here (nm) are slightly larger than the

thermally annealed samples, which is to be expected as different products will be favored.
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Figure 3.18 - DLS on EDTA induced de-aggregation. DLS intensity correlation functions for 10uM
solutions of a) HEe-DNA, b) HE12-DNA, c) HE¢-HEGe-DNA and d) HEGe-HEe-DNA in TAMg. Good
correlation is seen for the micelle containing samples HEs-DNA, HE12-DNA, HEs-HEGs-DNA but not the
control HEGe¢-HEs-DNA (hydrodynamic radii were consistent with the values stated in Table ST4). Upon
addition of EDTA scattering intensity reduces and autocorrelation is lost for the micelle forming samples
e) HE¢-DNA, f) HE12-DNA, g) HE¢-HEGes-DNA indicating de-aggregation. The control sample h) HEGe-HEs-

DNA shows little change as it remains a discrete molecule in solution.
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Figure 3.19 - Raw scattering data for micellization and de-aggregation. Scattering intensity over time
for 10uM solutions of a) HE¢-DNA, b) HE12-DNA, c) HEs-HEGs-DNA and d) HEGe-HE6-DNA in TBE. The
green line represents the addition of Mg?* to the solution. An increase in scattering is seen for the micelle
forming samples HE¢-DNA, HE12-DNA, HE6-HEGs-DNA but not the control HEGs-HE¢-DNA. The HEi12-
DNA shows a gradual increase, possibly due to cumulative recruitment of more molecules into these
larger micelles. Upon addition of EDTA (red line) scattering intensity reduces and for the micelle samples
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3.5.13 Atomic force microscopy in the dry state

Dry AFM was carried out using a MultiMode3™ SPM connected to a Nanoscope™ Illa.
controller from Veeco. All images were obtained using tapping mode in air with
AC160TS cantilevers (Nominal values: Tip radius - 9nm, Resonant frequency - 300kHz,
Spring constant - 42N/m) from Asylum Research. Samples were diluted to 1uM in TAMg
buffer and 4uL of this solution was deposited on a freshly cleaved mica surface (ca. 7 x
7mm) and allowed to adsorb for 1-2 seconds. Then 50uL of 0.22um filtered Millipore
water was dropped on the surface and instantly removed with filter paper. The surface
was then washed with a further 200uL of water and the excess removed with a strong

flow of nitrogen. Samples were dried under vacuum for 15-30 minutes prior to imaging.

2.5 nm

1000 am.. . G ol o, AR > 5 1\,

2.5 nm

-2.5 nm

Figure 3.20 - Additional AFM images of HEs-DNA micelles under dry conditions. Average height 1.7 +
0.4nm and width 17.8 + 1.8nm. This flat and wide morphology is due to deformation of the micelles upon

surface adsorption and drying.
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Figure 3.21 - Additional AFM images of HE12-DNA micelles under dry conditions. Average height 6.0
+ 0.6nm and width 23.4 * 4.4nm. This size is larger in than the HEs-DNA sample, consistent with the

other characterization data. Again, the flat and wide morphology is due to deformation of the micelles

upon surface adsorption and drying.
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Figure 3.22 - AFM images of HEs-HEGs-DNA micelles under dry conditions. The poor surface
adsorption of HEs-HEGe-DNA micelles results in a very sparse coating of the surface with particles. This is
most likely due to the presence of the HEG blocks as the HEx-DNA showed rapid and robust adsorption
the mica surface. The few particles that were observed do fall in the range expected for these aggregates
(height 2.7 + 1.1nm, width 22.2 + 3.3nm) by comparison with the other micelle samples, however the DLS,

fluorescence and PAGE results remain more conclusive for characterization of the self-assembly.

140



1000 nm

Figure 3.23 - AFM images of HEG¢-HE-DNA control under dry conditions.

0.8 nm

-0.8 nm

Figure 3.24 - AFM images of DNA control under dry conditions.
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3.5.14 Atomic force microscopy in the liquid state

Fluid AFM was carried out using a MultiMode8™ SPM connected to a Nanoscope™ V
controller from Veeco. All images were obtained using ScanAsyst mode in fluid with
ScanAsyst-FLUID cantilevers (Nominal values: Tip radius - 20nm, Resonant frequency -
150kHz, Spring constant - 0.7N/m) from Bruker. Samples were diluted to 1uM in TAMg
buffer (0.2 um filtered) and 5pL of this solution was deposited on a freshly cleaved mica
surface (ca. 15 x 15mm) and allowed to adsorb for 1-2 seconds. Then 50uL of 0.22um
filtered Millipore water was dropped on the surface and instantly removed with filter
paper. The surface was then washed with a further 200uL. of water and the excess
removed with a strong flow of nitrogen. Finally, 50uL of 0.22um filtered Millipore water
was added to the cantilever on the fluid cell. The cell was immediately mounted on the

sample.

5nm 5nm

1000 nm

r— -5 nm -5 nm

5 nm 10 nm

-5 nm =10 nm

Figure 3.25 - Additional AFM images of HEs-DNA micelles in fluid conditions.
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Figure 3.26 - Additional AFM images of HE12-DNA micelles in fluid conditions
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Figure 3.27 - AFM images of HEs-HEG¢-DNA micelles in fluid conditions. Similarly to the dry AFM of

HEs-HEGs-DNA micelles poor surface adsorption results in a very sparse coating of the surface with
particles. The DLS, fluorescence and PAGE data give a more conclusive picture of the self-assembly

characteristics of this molecule.

1.7 nm 0.8 nm
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Figure 3.28 - AFM images of HEGs-HEs-DNA control in fluid conditions.

144



2.5 nm 2.5 nm
-2.5 nm -2.5 nm

Figure 3.29 - AFM images of DNA control in fluid conditions.
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Introduction to Chapter 4

Chapters 2 and 3 have described the synthesis of novel DNA-conjugates and their
organization on 3D-DNA prisms. One motivation for this work was to develop simple
and modular synthetic routes to DNA-amphiphiles. Another motivation is that the
organization of these DNA amphiphiles on the 3D-DNA nanostructure could be used to
add functionality, such as creating encapsulation environments and revealing new
modes of tuneable self-assembly. Finally, the incorporation of these amphiphiles with
DNA nanostructures was investigated with the aim of modulating the amphiphilic
assembly via templation on a nanoscaffold. Overall, this research highlighted the
advantages of combining additional supramolecular assembly motifs with DNA
nanotechnology.

The concept of DNA nanostructures as templates to regulate intermolecular
interactions is taken further in chapter 4. Another novel DNA conjugate is synthesized,
which does not display amphiphilic properties, but is instead designed to bind strongly
to gold surfaces. Using the same cubic scaffold introduced in chapter 2 as a template,
these reactive groups are organized into a predetermined geometry. This active DNA
nanostructure template is used to transfer well-defined numbers and patterns of DNA
to a gold nanoparticle. The transfer of structural information to the gold nanoparticle
breaks the isotropic nature of these interesting nanomaterials, creating building blocks
for advanced DNA-mediated gold nanoparticle assembly. In chapter 2 the use of a DNA
nanostructure as template for controlling hydrophobic interactions was described, in
chapter 4 this concept is extended to a hybrid DNA-gold nanoparticle system
highlighting the general applicability of hybrid DNA nanostructures as templates.
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DNA nanostructures as templates to control the
number, geometry and sequence asymmetry of

DNA strands on gold nanoparticles

This chapter is composed mainly of work submitted for publication as “Pattern transfer
from DNA nanostructures to gold nanoparticles: anisotropic control of directionality,
number, geometry and sequence asymmetry”, Edwardson, T. G. W.; Lau, K. L.; Bousmail,

D. B.; Serpell, C. ]. and Sleiman, H. F. Nature Nanotechnology (submitted Dec 12th, 2014).

4.1 Abstract

The self-assembly of nanoparticles into structures of predetermined size and
shape is valuable for nanophotonics, nanoelectronics, catalysis and biological sensing.
DNA-mediated nanoparticle assembly has produced functional materials, most often by
attaching isotropically functionalized particles to DNA nanostructures. On the other
hand, the ability to place DNA strands directly on spherical nanoparticles with arbitrary
control of their geometry is more challenging. This can give anisotropic particles that
behave as ‘atoms’ with specific valences, resulting in finer control of particle assembly
with minimal DNA strands. In this chapter, a method to efficiently transfer a pattern of
DNA strands from a 3D-DNA prismatic structure onto a gold nanoparticle is described.
This strategy produces highly stable particles labelled with strands of controlled

number, geometry, and asymmetric placement of different DNA sequences. The
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approach is potentially scalable as the DNA templates are recovered, and the resulting
particles display directional patterns with additional potential in cellular recognition

and therapy.

4.2 Introduction

A major challenge in nanoparticle and colloidal assembly is the introduction of
asymmetry to spherical particles.2 The potential of nanoparticles as building blocks for
advanced materials is currently restricted by our limited control over the interactions
between individual components. In particular, the construction of both discrete and
extended architectures of arbitrary geometries is challenging due to the inherent
isotropic nature of nanoparticles.3 In a bid to overcome this, there has been much effort
aimed at controlling the size, shape and surface chemistry of noble metal
nanoparticles.#10

Since the power of DNA as a chaperone for the assembly of AuNPs was first
exemplified,1112 it has been applied in the 1D, 2D and 3D organization of AuNPs.1314
However, there are limitations to the range of assemblies that can be achieved using
strictly mono- or poly-functionalized AuNPs. Recently, the ability to impart particles
themselves with the geometries and valences that we take for granted in molecular self-
assembly has been proposed as a solution, and it may open doors to new levels of
control over nanoparticle assembly.1516

With this in mind, the creation of AuNPs which possess anisotropic DNA patterns
has been highly sought after.1617 To date, advances towards these types of particles are
coming ever closer to producing building blocks with the information needed for
complex self-assembly. For example, controlled spacing between two or three DNA
strands on the AuNP surface has been achieved using 1D DNA templates.18-20
Microsphere clustering with in situ polymerization has been used to create DNA patches
on polymer colloids.2! Surface immobilization has also been used, creating Janus
particles with localized patches of DNA strands.?225 The combination of surface
techniques with a stepwise approach exploiting electrostatic repulsion has produced
geometrically defined DNA-AuNPs with a controlled number of up to six strands.26 More
recently, amphiphilic polymers have been used to allow regioselective DNA

functionalization on gold nanoparticles.2”
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While these methods have produced AuNPs with a significant measure of
anisotropic regioselectivity, the ability to position many different strands with
individual sequences into geometrically controlled patterns has remained elusive; this
is the keystone for accessing the full potential of DNA programmability for the creation
of predictable and well-defined aggregates via self-assembly.

DNA nanotechnology has been established as a powerful tool for the nanoscale
organization of materials.28-30 The broad applicability of DNA nanostructures as
templates for the arrangement of other functional molecules and macromolecules
makes them well suited as scaffolds for nanoparticles.3! By site-specifically binding
AuNPs at desired positions on DNA scaffolds, a wide range of DNA-AuNP architectures
have been realized, from small discrete structures32-34 to long range assemblies3>-3% and
chiral structures.40-43

A potentially powerful strategy to impart complex assembly information to
nanoparticles is to transfer the information contained in a template DNA nanostructure
directly and irreversibly to the nanoparticle. DNA nanostructures are ideal candidates
for this as they are monodisperse and can be assembled into arbitrary shapes and sizes
with tuneable physical characteristics. A template structure must also display strongly
binding chemical anchors, allowing irreversible and robust conjugation to the AuNP
surface. To facilitate the production of DNA-patterned AuNPs, surface passivation and
simple high-throughput methods to remove the template and isolate the desired
products must also be developed. The aim would be to produce a patterning technology
which provides control over the number, geometry, anisotropy and sequence
asymmetry of DNA on the nanoparticle surface.

In this chapter, a general method for transferring pattern information from a
parent three-dimensional DNA template to AuNPs is described. This represents a new
approach, the direct ‘printing’ of a DNA pattern onto gold nanoparticles from a 3D
nanoscaffold, and provides control over the number of strands, their relative placement,
directionality and sequence asymmetry. This creates directionally functionalized
AuNPs,> which can be used as components for the self-assembly of complex DNA

programmed architectures.
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4.3 Results and Discussion
4.3.1 Novel gold binding moieties

The goal is to produce a robust patterning of a well-defined number of DNA
strands on the nanoparticle surface. This requires anchoring groups appended to the
oligonucleotide which can bind strongly to the gold surface and remain so after
downstream processing and manipulation of the samples.1” With this in mind, a novel
DNA-conjugate was synthesized,*+4> terminated with two cyclic disulfide (CD) moieties
to allow AuNP-DNA conjugation, Figure 4.1. A divergent synthetic strategy using
standard automated DNA chemistry on a solid support was employed to produce the
bis-disulfide-DNA (Dx, where x refers to the unique sequence) in good yield. Pure Dx
were isolated easily by reverse-phase HPLC and characterized by LC-ESI-MS
(Experimental Sections 4.54-8).

Figure 4.1 - Chemical structure of cyclic disulfide modifications. a) The structure of single CD-DNA
(CD) which is often used for DNA-AuNP conjugation. b) The structure of bis-CD-DNA (Dx, where x will
refer to a unique DNA sequence), has two cyclic disulfide moieties positioned at the end of symmetrically

branched dodecane-diol spacers..

To compare the chemical stability of AuNPs functionalized with the bis-chelating
Dx vs. simple cyclic disulfide modified DNA (CD), a displacement assay was carried out
using 1,4-dithiothreitol (DTT).#¢ Figure 4.2 shows the absorption spectra of 10nm
AuNPs poly-functionalized with CD and Dxs in the presence of 10mM DTT. The redshift
of the plasmon resonance band coupled with its eventual loss in intensity is evident of
aggregation of the AuNPs as the DTT displaces the DNA strands. It was found that Dx

conjugation produced considerably more stable AuNPs than the equivalent CD strands.
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The Dx-AuNPs remained in solution for around 2 hours compared to less than 15

minutes for the CD-AuNPs (full experimental details in Experimental Section 4.5.11).
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Figure 4.2 - Stability assay for DNA-AuNPs. a) Schematic of DTT displacement assay used to assess the
stability of Dx stabilized AuNPs compared to CD. b) Time resolved UV-vis measurements of Dx compared
to CD with controls of naked AuNP and unmodified DNA. At time zero there is no DTT in solution, upon
addition of DTT (10mM) spectra were obtained at various intervals. The Dx stabilized AuNPs exhibit

substantially enhanced stability. Measurements were carried out at 20°C in 1XTBE, 150mM NaCl

Comparison of the gold binding ability of CD and Dx revealed that Dx bound to
AuNPs more efficiently with faster binding kinetics, Figure 4.3. The extending C12
portion may help to orient the DTPA moieties away from the highly charged DNA
backbone thus reducing electrostatic repulsion, which is a key factor in the
chemisorption of DNA strands to gold nanoparticles.#” Additionally, the ability of Dx to
hybridize to a partner strand was confirmed by thermal denaturation studies
(Experimental Section 4.5.10). It was found that 5’ modification with the bis-disulfide

moiety did not affect duplex formation with a complementary DNA strand. These results
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suggested that the Dx conjugates are well-suited to use in the patterning experiments to

follow.

Figure 4.3 - Conjugation Kinetics. Comparative binding assay of CD vs. Dx with AuNPs. Five equivalents
of CD or Dx were incubated with 10nm AuNPs (100nM) for different times and the conjugation yields
revealed by agarose gel electrophoresis (AGE). 3% AGE, odd numbered lanes correspond to Dx and even

numbers to CD.

4.3.2 DNA nanostructure template

The criteria set for the DNA nanostructure used as a template are as follows; it has
the potential for 1) geometric variation, 2) introduction of sequence asymmetry, 3)
positioning of different numbers of Dx and 4) can be removed easily after pattern
transfer. In chapter 2, and in other work from Sleiman’s group it has been shown that
DNA minimal ‘clip-by-clip’ based structures can be efficiently used to site-specifically
position hydrophobic DNA-conjugates and DNA-polymer conjugates.*54849 Here, the
same strategy is employed to precisely arrange gold binding DNA conjugates for pattern
transfer to a nanoparticle.

An important practical consideration for the DNA nanostructure is that it does not
require Mg2* for assembly, as gold nanoparticles with labile surface passivation (bis(p-
sulfonatophenyl)phenylphosphine (BSPP) or citrate) can undergo irreversible
aggregation in the presence of divalent cations. The cubic scaffold, shown in Figure 2,
self-assembles efficiently in buffers containing 2100mM NaCl. This salt concentration
was found to be compatible with phosphine ligand stabilized gold nanoparticles up to
13nm in size (Experimental Section, Figure 4.24).

The first step in the patterning process is to prepare the template, in this case a 3D

DNA scaffold decorated with the desired Dx for transfer to the AuNP substrate. As such,
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the organization of different numbers of Dx on the DNA scaffold was carried out to

produce a range of different letters for the printing process.
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Figure 4.4 - Dx Decorated DNA scaffold. a) The DNA cube, Cb, has eight ssDNA binding sites which can
be addressed site specifically to organize Da molecules. b) Native 6% PAGE analysis of Da addition to the
cube scaffold: Lane 0, Cb; Lane 1, Cb-Dai; Lane 2, Cb-Daz; Lane 3, Cb-Das; Lane 4, Cb-Da4; Lane L, 25-
700bp DNA ladder

The same design strategy described in chapter 2 was used. The single-stranded
regions of the cubic scaffold Cb are 20 nucleotides (nt) in length, with only the central
14 nt were used for the binding of the Dx which have a spacer of 5 nt to orient them
away from the crowded corners of the structure. It was expected that by orienting the
Dx away from the DNA scaffolds binding to AuNPs would be more favourable,
considering electrostatic and steric influences. This design also lowers the melting
temperature of this region to facilitate removal of the template after pattern transfer.

The structures shown in Figure 4.4b were assembled by one-pot thermal
annealing of appropriate molar equivalents of the component DNA strands in a TBE
buffer containing 100mM Na* (1xTBEN). Near quantitative yields of the desired
products Cb-Dax (x=1-4, cubes with 1-4 Da strands positioned on one face) eliminated
the need for purification of the DNA nanostructure prior to AuNP patterning (Figure

4.4b).
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4.3.3 Pattern transfer using symmetric cubic scaffold

Next, the ability of the functionalized DNA nanoscaffolds, Cb-Dax, to bind to AuNPs
and transfer the desired number of Da strands was investigated. Based on geometry
calculations, 10nm AuNPs (NP19) were used as they represent the best size match for
the cubic scaffold (Experimental Section 4.5.15). These systems may exhibit a
cooperative binding of the bis-disulfide moieties, due to the close proximity of the
reactive groups upon binding of the first unit. Gold nanoparticles (10nm, BSPP coated)
were incubated with Cb-Dax at a 1:1 molar ratio for 16 hours at room temperature
(1xTBEN buffer, 2ZmM BSPP). The resulting hybrid DNA cage-AuNP assemblies, NP10-
Cb-Dax, were analyzed by AGE with reference to a control of BSPP coated AuNPs.

1. NPY ©
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Cb-Da,
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NP*.Da,-EXT-A,

Figure 4.5 - Overview of patterning process. a) Exemplary reaction scheme showing the binding of Cb-
Das to NP0 to produce the template bound NP1°-[Cb-Das4], which is treated with octaethylene glycol
disulfide (OEG) for surface passivation before removal of the template by denaturing to produce NP1°-

Das, which can then hybridize to four EXT-A strands to produce the structure NP1°-Das-EXT-A4.

Electrophoretic mobility data for the reaction mixtures of Cb-Dax with NP10 (step 1)
are shown in Figure 4.6. The structure Cb-Da1 (cube with one DNA strand Da containing
the chelating bis-disulfide) exhibits negligible binding to NP19, while for Cb-Daz a bound
product with a small mobility difference is seen, which may be too small to be the
expected cube-bound nanoparticle NP10-[Cb-Daz]. However, in the case of both Cb-Das
and Cb-Das4 a product with mobility consistent with the NP10-[Cb-Dax] complex is
observed (see below for elucidation). Furthermore, the trend of increasing conjugation

yield with increasing number of Da positioned on the cube suggests a cooperative effect
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due to the spatial organization on the template. Controls of cubic scaffolds unmodified
with Dx strands showed no interaction with the AuNP, confirming that the binding was

mediated by the Dx organized on the DNA cube (Experimental Section, Figure 4.25).
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Figure 4.6 - Cube patterning analysis at step 1. a) Exemplary scheme showing step 1 patterning stage.
b) 3% AGE analysis of products obtained at step 1 for the Chb-Dax variants: Lane ctl, NP1%; Lane 1, Cb-Da +
NP190; Lane 2, Cb-Daz + NP19; Lane 3, Cb-Das + NP19; Lane 4, Cb-Das+ NP10,

To further stabilize the structures for downstream processing, the passivation of
the remaining surface of the AuNPs with a stable ligand was carried out. Short carboxyl
terminated octaethylene glycol disulfide (OEG) chains were used to cover the AuNP
surface and furnish particles that are resilient to higher salt concentrations and divalent
cations, in order to facilitate DNA assembly. It was found that this surface passivation
step could be carried out before or after removal of the template scaffold with no
observable difference to the assemblies (Experimental Section, Figure 4.26).
Interestingly, after this stage the patterned AuNPs were found to be remarkably stable

in sodium and even magnesium containing buffers (for weeks when stored at 7°C).

After surface passivation, samples were run on AGE and the product bands
excised and isolated by electroelution. The template scaffold was removed by disrupting
all DNA hybridization under denaturing conditions (3M urea, 1XTBE), followed by
centrifugation to isolate AuNPs. This process afforded purified NP1°-Dax, step 2

products, shown in Figure 4.7, with average isolated yields of 35% with respect to NP10,
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To determine the number of Dx strands transferred to the AuNP, and thus the
fidelity of the patterning process, extension strands (EXT-X, where X is complementary
to the Dx strands bound to the AuNP) were used to provide greater gel mobility
differences and aid characterization, see step 3 in Figure 4.7. Importantly, these also

probe the addressability of the Dx strands bound to the AuNP surface.
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Figure 4.7 - Cube patterning analysis at steps 2 and 3. a) Exemplary scheme showing step 2 and 3
patterning stage. b) 3% AGE analysis at step 2 for denatured product bands: Lane ctl, NP10; Lane 1, NP10-
Daz; Lane 2, NP10-Das; Lane 3, NP10-Das4. c) 3% AGE analysis at step 3 after addition of EXT-A for
resolution of products: Lane 1, NP10-Daz-EXT-Az; Lane 2, NP10-Da3-EXT-As3; Lane 3, NP10-Das-EXT-A4.

The EXT-X strands were designed to have a 17nt region of complementarity with
each Dx strand and an extending ssDNA tail of 43nt to provide sufficient resolution on
AGE. We will focus first on the coupling product NP10-Da4. This product was isolated
from the major band in Figure 4.6b (lane 4), and was characterized (Figure 4.7b, lane 3).
Aliquots of the samples were incubated with an excess of EXT-A strands (25 molar
equivalents) in tris-acetate-magnesium (1xTAMg) buffer for 2 hours at 25°C. The
resulting sample exhibits decreased mobility in comparison with NP10-Das starting
material, revealing that the Da strands transferred to the AuNP surface remain available

for duplex formation and retain practical hybridization kinetics (Figure 4.7c, lane 3).
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The process was repeated for NP1°-Das and NP1°-Daz in which the cube is bound
to the nanoparticle via three or two bis-disulfide DNA strands. Comparison of mobility
differences with the tetra-patterned sample NP10-Das4 revealed that higher fidelity
pattern transfer was achieved with higher numbers of Da on the scaffold, Figure 4.7. Cb-
Das and Cb-Da:z gave a distribution of patterned products, while the sample created
from the Cb-Da4 template gave one major product NP10-Das-EXT-A, exhibiting mobility
consistent with four Da strands bound to the surface, Figure 4.7c (the faint band above
the major product in Figure 4.7c (lane 3) is a result of the addition of excess EXT-A and

some non-specific binding, see Figure 4.12a).

To highlight the advantage of using a template scaffold to control the number of
strands transferred to the AuNP, a non-templated control sample was prepared. For this,
1 to 4 molar equivalents of Da were incubated with 10nm BSPP coated AuNPs under the
same conditions used for the preparation of NP10-Dax. These samples were then
incubated with EXT-A and analyzed by AGE. A statistical distribution of products with
between one and four Da strands bound to the AuNP was observed (Figure 4.8), which

is very different from the behavior of NP10-Dax.

NP

Figure 4.8 - Non-patterned control. Without organization on a template a statistical distribution of
products is seen, 3% AGE: Lane 0 - NP1, Lane 1 - NP10 + 1x [Da-EXT-A], Lane 2 - NP10 + 2x [Da-EXT-A],
Lane 3 - NP10 + 3x [Da-EXT-A], Lane 4 - NP10 + 4x [Da-EXT-A].

Additionally, DLS analysis of NP10-Da4in comparison to non-templated control,
which had four Da strands randomly distributed on the AuNP surface, was carried out,
Figure 4.9. The templated sample, NP10-Das, exhibited less than 10% polydispersity

compared to the control sample which gave more than 20%, corroborating the AGE
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results and suggesting regioselective control via the cube template (see Experimental

Section 4.5.18 for details).

w Correlation Curve
NP*-Da 1.7 e Cumuilants Fit
4

80 s'® s Regularization Fit
=45
P
50 2 214
2813
£ 40 32
§ 11
£ 30
£ il
# 100 1000 100.00 1.0E+3 10E+4
20 Time [ ps
10
0
0.10 1.00 10.00 100.00 1.0E+3
Hydrodynamic Radius / nm
w— Correlation Curve Control- w— Correlation Curve
NP"-Da -EXT-A, W == Cumulants Fit NP'-Da, '8 = Cumulants Fit
100 g1o — Regularization Fi 50 §14 w— Reguiarization Fit
= -
{14 X
23 23,
s 5
<, 1 30 <11
10 10
40 100 1000 10000 1.0E+3 1.0E+4 20 100 1000 10000 10E+3 10F+4
Time / ps Time / ps
20 10
0 0
0.10 1.00 10.00 100.00 1.0E+3 0.10 1.00 10.00 100.00 1.0E+3
Hydrodynamic Radius / nm Hydrodynamic Radius / nm

Figure 4.9 - DLS of anisotropically DNA-functionalized AuNPs. DLS measurements of the templated
product NP1°-Day at steps 2 and 3 in comparison to a control sample in which four Da are positioned

randomly on the nanoparticle reveals lower polydispersity, consistent with regioselectivity.

Another important consideration of this approach is that not only the number of
Dx strands bound to the AuNP is controlled by the parent template, but also the
directionality and spacing of the Dx on the AuNP surface, which are the direct result of
the geometry of the DNA template (see below). The preparation of Janus particles as a
strategy to introduce anisotropy to spheres has been used to produce a range of
asymmetrically functionalized AuNPs.22.2325.27.50 Although hemispherical separation can
be obtained, the number and placement of DNA strands on the AuNP is not precisely

controlled.
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4.3.4 Patterning using geometric variants

Based on the data showing that full decoration of one face of the DNA scaffold with
Da provided the best patterning templates, extension of the method to other prism
geometries was investigated. To probe the applicability of the patterning of different
numbers and geometries of scaffold, triangular (TP) and pentagonal prism (PP)
templates were synthesized in the same manner as for the cube. The TP and PP
scaffolds were decorated with Da strands to produce TP-Dasand PP-Das which were

incubated with 10nm BSPP coated AuNPs and then passivated with OEG.
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Figure 4.10 - Overview of patterning with geometric prism series. General scheme for the patterning
of AuNP using the DNA scaffolds TP-Das, Cb-Das and PP-Das to produce tri-, tetra- and pentavalent DNA-
AuNPs NP10-Das, NP10-Das and NP10-Das.

The resulting assemblies were compared to the products obtained from cubic
patterning. The prism-AuNP constructs were analyzed by AGE and a decrease in
electrophoretic mobility was seen with increasing DNA scaffold size, consistent with the
binding of the prisms to the AuNPs, Figure 4.11. In each case the second bands,
highlighted in Figure 4.10b, were determined to be the 1:1 complexes, e.g. NP10-[TP-
Das]. The band of lowest mobility was assigned as the 2:1 product, e.g. NP10-[TP-Das]z,

161



based on gel mobility (Figure 4.12b) and a titration assay (Experimental Section, Figure

4.27).
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Figure 4.11 - Step 1 products of geometric patterning. a) Native 6% PAGE analysis of Da decorated
prisms: Lane 0, TP; Lane 1, TP-Das; Lane 2, Cb; Lane 3, Cb-Das; Lane 4, PP; Lane 5, PP-Das; Lane L, 75-
300bp DNA ladder. ¢) 3% AGE analysis of crude products at step 1: Lane ctl, NP1%; Lane 1, TP-Dasz + NP19;
Lane 2, Cb-Da4 + NP19; Lane 3, PP-Das + NP10,

After purification and removal of the prism strands by denaturation, EXT-A was
added to resolve the number of strands transferred to the AuNP. In Figure 4.123,
electrophoretic mobility patterns reveal that 3, 4 and 5 strands were transferred by TP-
Das, C-Das and PP-Das, respectively. Additionally, products isolated from the band of
lower mobility in step 1, which corresponds to 2:1 prism:AuNP complexes are shown in

Figure 4.12b.
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Figure 4.12 - Single and double geometric products. a) Products which are derived from the binding
of one prism to one AuNP, with and without EXT-A strands: Lane 0, NP1°(OEG); Lane 1, NP10-Das; Lane 2,
NP10-Day; Lane 3, NP10-Das.; Lane 4, NP10-Da3-EXT-A3; Lane 5, NP10-Das-EXT-A4; Lane 6, NP1°-Das-EXT-
As. b) Products which are derived from the binding of two prisms to one AuNP, with and without EXT-A
strands: Lane 0, NP19(OEG); Lane 1, NP10-Dag; Lane 2, NP10-Das; Lane 3, NP10-Daio; Lane 4, NP10-Dae-
EXT-As; Lane 5, NP10-Dag-EXT-Asg; Lane 6, NP10-Da1o-EXT-A1o0.
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The expected trend and increase in mobility correspond the transfer of 6, 8 and
10 Da to the AuNP. This shows that the AuNP can be patterned from both sides and has
implications for the patterning of more complex 3D arrangements of DNA strands.

For additional characterization, the Rn of the patterned products, with and
without extension strands, were determined by DLS, Figure 4.13. In reference to
NP19(OEG), Rn = 6.9 * 0.2nm, a slight increase in hydrodynamic radii is seen with
increasing number of strands in the series TP-Das, C-Das4 and PP-Daswith Rn of 7.4 *
0.2nm, 7.6 + 0.2nm and 7.7 * 0.1nm, respectively. The addition of EXT-A strands
accentuated the trend, with Rr of 7.8 + 0.1nm, 8.8 + 0.1nm and 9.6 + 0.1nm, for NP10-
Das3-EXT-A3, NP10-Das-EXT-A4 and NP10-Das-EXT-As, respectively. Moreover,
comparing Rnr data of samples with 3, 4 or 5 Da per particle but no spatial control
revealed that templated products were less polydisperse than their non-patterned
counterparts, (Experimental Section, Figures 4.31-4.34 and Table 4.5). These data,
obtained for each step of the patterning process, demonstrate that well-defined
numbers of DNA strands can be transferred to the AuNPs by geometric variation of the

parent template.
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Figure 4.13 - Summary of DLS results for geometric series. DLS study of the products at step 2 and 3
of the patterning process - blue bars refer to step 2 products and red bars to step 3, after addition of EXT-
A. (Full DLS data can be found in the Experimental Section 4.5.18)
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4.3.5 Transfer of sequence asymmetry

Finally, the potential of this strategy to transfer a specific number of strands to the
nanoparticle, where the DNA sequence asymmetry can be varied, was investigated. The
preparation of DNA-AuNPs with a defined number of strands, each of which has a
unique sequence, has to date been unachievable using current techniques. These truly
asymmetric particles represent building blocks with great potential in the field of self-

assembled advanced materials.1516
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Figure 4.14 - Transfer of sequence asymmetry. General strategy for the production of sequence
specifically patterned AuNPs using asymmetric DNA scaffolds Cb-Da-d to transfer four unique Dx strands

to the AuNP.

A cubic scaffold with eight unique ssDNA binding sites Cb-Da-d was assembled
and decorated with four unique gold binding conjugates; Da, Db, D¢, and Dd, on the top
face. Incubation with 10nm AuNPs followed by OEG surface passivation, isolation of the
major product, NP10-[Cb-Da-d]:i, and subsequent removal of the cubic scaffold,

produced sequence asymmetric NP10-Dai1-Db1-Dci-Dd1 (NP10-Asym).

To confirm the correct four strand DNA sequence code had been transferred to the
AuNP, stepwise addition of four unique EXT strands, EXT-A to EXT-D, was carried out
as before. In Figure 4.15b, the stepwise binding and site selective addressability of
NP10-Asym is shown, in lane 3 the addition of EXT-A produces a particle with one
extension strand bound and Db, Dc and Dd available for further hybridization, E1. The
subsequent addition of the remaining three extension strands reveals a ladder of

decreasing mobility as each additional EXT binds to its specific site on NP10-Asym. This
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confirmed that the asymmetric pattern had been correctly transferred to the AuNP and

the Dx are individually addressable due to their unique sequences.

A control sample of AuNP incubated with one molar equivalent of each Dx strand
(Da-Dd) without organization on a template was prepared under the same conditions
as the patterned sample. This should produce a statistical mixture of number and
identity of Dx on the AuNP. Stepwise addition of the EXT strands A-D reveals this in
4.15c. This highlights the control of information transfer achieved by the use of the DNA

nanoscaffold template.
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Figure 4.15 - Uniquely addressable anisotropic AuNPs. a) Each Dx strand on NP10-Asym can be
targeted individually to produce E1-4. b) 3% AGE analysis of purified NP19-Asym showing the site-
specific binding of each unique EXT strand: Lane ctl, NP19; Lane 0, NP10-Da-d; Lane 1, E1; Lane 2, E2;
Lane 3, E3.; Lane 4, E4. ¢) 3% AGE analysis of template free control where one equivalent of each Da-Dd
was incubated with NP19, the addition of specific EXT strands reveals the statistical distribution of
number and sequence: Lane ctl, NP19; Lane 0, NP10-Dxp; Lane 1, NP10-Dx, + EXT-A; Lane 2, NP10-Dx, +
EXT-A/B; Lane 3, NP10-Dx, + EXT-A/B/C; Lane 4, NP10-Dx, + EXT-A/B/C/D.

To visualize the asymmetric pattern and regioselectivity by TEM, 6nm AuNPs (NP¢)
bearing complementary sequences (a’-d’) to the patterned NP10-Asym were used as

site-selective probes. The parent particle NP10-Asym was incubated with an excess of
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different NP¢-Dx’ to produce the structures shown in Figure 4.16. The decrease in
mobility upon sequential addition of NPé-Dx’ to NP10-Asym is analogous to that seen
with addition of extension strands, revealing the binding of the 6nm AuNPs to each
unique site on the parent particle, NP10-Asym. The bands highlighted were excised and
electroeluted for TEM analysis. The lower yields seen for the higher order structures are
not unexpected as there will be increased steric and electrostatic repulsion, this could

be overcome by varying the DNA length to optimizing the spacing between the particles.
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Figure 4.16 - AGE analysis of asymmetric satellite structures. Poly-functionalized NP¢ can bind
selectively to each specific strand on the asymmetrically patterned nanoparticle, NP10-Asym. 3% AGE:
Lane 0, NP1°(OEG); Lane 1, NP10-Asym; Lane 2, NP10-Asym + NP¢-Da’; Lane 3, NP10-Asym + NP¢-Da’ +
NP6-Db’; Lane 4, NP10-Asym + NP6-Da’ + NP6-Db’ + NP6-Dc¢’; Lane 5, NP10-Asym + NPé-Da’ + NPé-Db’ +
NPé-Dc’ + NPé-Dd’. The large band at highest mobility corresponds to the excess 6nm AuNPs.

®© NP-Da’

@® nNPe-Db’

® nNP.Dc’
@® NP-Dd’

Figure 4.17 - TEM images of asymmetric satellite structures. TEM images show the site-specific
addressability of the structure NP10-Asym by hybridization of NP® labelled with complementary strands
Da’, Db’, D¢’ or Dd’, the structure of these satellite structures shows the anisotropic nature of the

patterning (for additional TEM images and statistics see Experimental Section 4.5.19).
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To further investigate the sequence specificity imparted to the NP10-Asym
particles a fluorescence assay was employed. Two fluorophores were used; 6-
carboxyfluorescein (6-FAM) and cyanine 3 (Cy3), which have discernible
excitation/emission properties. We synthesized four 5’ dye- labelled DNA sequences a’ -
d’; Cy3-a’, Cy3-b’, 6-FAM-c’ and 6-FAM-d’. Incubation of 1.5 molar equivalents of
fluorophore to each unique binding site on NP10-Asym was carried out at room
temperature for 12 hours. This was followed by three centrifugation and washing cycles,

under native conditions, to remove any traces of unbound dyes, and produce F4 (Figure

4.18a).
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Figure 4.18 - Fluorescent labelling of AuNPs. a) Scheme showing the preparation of a fluorophore
‘barcode’ on the sequence asymmetric NP19-Asym using Cy3 and 6-FAM labelled oligonucleotides. b)
Fluorescence emission spectra of 6-FAM free in solution, in the presence of NP1°(OEG) and when bound
to the AuNP in structure F4 (Excitation; 490nm) c) Spectra for Cy3 free in solution, in the presence of

NP19(OEG) and when bound to the AuNP in structure F4 (Excitation; 545nm).

Steady-state fluorescence spectra of the nanoparticle bearing all four dye-
labelled DNAs (F4) were measured, Figure 4.18b-c, and compared to control samples
which contained the same concentration of dyes free in solution and in the presence of
an AuNP without complementary DNA strands, NP19(OEG). Firstly, a small decrease in
fluorescence is seen in the presence of NP19(OEG) compared to the free dyes, suggesting
some non-specific binding occurs. In contrast, for the sample F4, a large decrease in

emission is observed when the dye-labelled DNAs are bound to the nanoparticle by
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hybridization to their surface bound complements. The fluorescence quenching
observed is likely caused by both the AuNP as well as the close proximity of the dyes to
each other. 51

The efficient fluorescence quenching of the AuNP bound dyes allowed a
displacement assay to be monitored directly without the need for separation of the
AuNPs and liberated fluorophores at each step, Figure 4.19a. Four specific eraser
strands, Ea to Eq, were designed to remove the dye-tagged strands one-by-one from F4
by strand displacement, utilizing a 10nt toehold region for specificity and rapidity.
Figure 5d shows the cumulative addition of the different eraser strands, which will
release the dyes from the AuNP sequentially, giving an increase in fluorescence
emission of a specific dye at each step. For example, Ea is added to F4 to liberate Cy3-a’
and produce the structure F3. At this step an increase in Cy3 fluorescence is observed
with negligible change in the 6-FAM fluorescence. The following displacement steps
were carried out by alternating between the two dyes, in each case an increase in

fluorescence for one dye was seen.
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Figure 4.19 - Selective liberation of fluorophores. a) Scheme showing the sequential, site-specific
release of fluorophores ‘by stand displacement. b) Histogram produced from AGE analysis of sequential
strand displacement of dyes from F4 to finally produce F0. The order of eraser strands added was: E,, E,
Eb then Ea This corresponds to alternating removal of the two dyes starting with Cy3. The resulting
increase in fluorescence at each step was seen to be dye specific, through the sequence specific eraser

strands. (refer to Experimental Section 4.5.21 for additional details).
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These results further support that four DNA strands with unique sequences have
been transferred to the AuNP by the patterning method and presents a platform with
unique properties well-suited to biosensing. In particular, this method can result in a
very large and diverse set of ‘barcoded’ gold nanoparticles from a minimum number of
dyes of different colors, allowing efficient multiplexing of bioanalyte sensing

platforms.52

4.4 Conclusions

In this chapter, a method to encode gold nanoparticles with complex patterns
comprising number, geometry and positioning of different unique DNA strands was
described. The use of DNA nanostructures as transient templates for the creation of
patterned AuNPs is a general strategy which could be applied to a variety of inorganic
nanoparticles. For example, the application of this approach to non-spherical particles
could be used as a strategy for furthering complexity. As well as allowing the transfer of
different geometrical patterns to the AuNP, it is possible that the size ratio between the
different DNA scaffolds and the AuNP could be used to further control the surface
spacing and angle between DNA strands. In principle, this strand transfer should give a
chiral arrangement of the DNA strands on the gold nanoparticles, which will be useful
for the development of chiral plasmonic structures.

This method also presents the advantage of potential recycling of the template or
solid-support immobilization for high throughput, scalable generation of patterned
structures. The products of the templation, AuNPs with regioselective sequence specific
patterning of precise numbers of DNA strands have the potential to be used as building
blocks for the creation of designer nano-, meso- and macroscopic architectures. The
ability to program nanoparticle assemblies using the patterned building blocks has the
potential to provide access to advanced materials with pre-determined functionality
through rational design.

As well as applications in colloidal crystallization and biocomputing,>3 it is likely
that this method could also be applied to surfaces to guide nanoelectronic or photonic
circuitry or create robust anchors for positioning other functional components such as
aptamers and enzymes. It is becoming well understood that surface structure and ligand

placement are key factors to the cellular uptake of nanoparticles in vitro and their fate in
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vivo. This patterning creates a platform for exploring site-specific multivalent ligand-
receptor or cell-surface interactions in combination with nucleic acid functionalized

nanoparticles, for regulation of gene expression.>*

4.5 Experimental Section
4.5.1 General

PEG acid disulfide (OEG) (cas # 873013), magnesium acetate and triethylamine
were purchased from Sigma and used without further purification. Acetic acid and boric
acid were used as purchased from Fisher Scientific. Acrylamide/Bis-acrylamide (40%
19:1 solution), ammonium persulfate, TEMED, tris(hydroxymethyl)-aminomethane
(Tris), urea, EDTA and agarose were obtained from Bioshop Canada Inc. and used as
supplied. Universal 1000A LCAA-CPG supports with loading densities of 25-40 umol/g
and standard reagents used for automated DNA synthesis were purchased through
Bioautomation. Gold colloids were purchased from Ted Pella. Sephadex G-25 (super fine,
DNA grade) was purchased from Glen Research. GelRed™ nucleic acid stain was
purchased from Biotium Inc. 1xTBE buffer is composed of 90mM Tris and Boric acid
and 2 mM EDTA with pH 8.3. 1xTBEN buffer is composed of 90mM Tris and Boric acid, 2
mM EDTA and 100mM NaCl with pH 8.3. 1xXTAMg buffer is composed of 45 mM Tris and
12.5 mM Mg(0Ac)2:6H20 with pH adjusted to 7.8 using glacial acetic acid.

4.5.2 Instrumentation

DNA synthesis was performed on a Mermade MM6 synthesizer from
Bioautomation. HPLC purification was carried out on an Agilent Infinity 1260. DNA
quantification measurements were performed by UV absorbance with a NanoDrop Lite
spectrophotometer from Thermo Scientific. A Varian Cary 300 Bio spectrophotometer
was used for melting temperature studies. Polyacrylamide gel electrophoresis
experiments were carried out on a 20 X 20 cm vertical Hoefer 600 electrophoresis unit
and for agarose gel electrophoresis experiments Thermo Scientific™ Owl™ EasyCast™
B1 Mini Gel Electrophoresis Systems were used. Gel images were captured using a
ChemiDoc™ MP System from Bio-Rad Laboratories. Electroelution employed an
Elutrap® Electroelution System from Whatman®. Thermal annealing of all DNA

structures was conducted using an Eppendorf Mastercycler® 96 well thermocycler.
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Oligonucleotide mass determination by Liquid Chromatography Electrospray lonization
Mass Spectrometry (LC-ESI-MS) was carried out using a Dionex Ultimate 3000 coupled
to a Bruker MaXis Impact™ QTOF. DLS experiments were carried out using a DynaPro™
Instrument from Wyatt Technology. TEM Micrographs were obtained using a Phillips
Tecnai 12 120 kV microscope.

4.5.3 Synthesis of DNA-conjugates

The DNA synthesis was performed on a 1 umole scale, using universal 1000 A CPG
solid-supports (BioAutomation, cat.# MM1-3500-1). Dithiol phosphoramidite (cat.# 10-
1937), Cy3 and fluorescein (6-FAM) phosphoramidites (cat.# 10-5913 and 10-1963)
were purchased from Glen Research. Symmetrical branching (cat.# CLP-5215) and
DMT-dodecane-diol (cat.# CLP-1114) phosphoramidites were purchased from
ChemGenes. All non-standard amidites were dissolved to 0.1M in anhydrous
acetonitrile, extended coupling times of 10 minutes using manual ‘syringe technique’
under argon atmosphere were employed. Coupling efficiency was monitored after
removal of the dimethoxytrityl (DMT) 5'-OH protecting groups, using 3% DCA in
dichloromethane. Completed syntheses were deprotected in 28% aqueous ammonium
hydroxide solution for 16-18 hours at 65°C. The crude deprotected solution was
separated from the solid support and concentrated under reduced pressure at 60°C.
This crude solid was re-suspended in 0.5mL Millipore water and filtered through a
0.45pm syringe filter for HPLC purification. The resulting solution was quantified by

absorption at 260nm.

Table 4.1 - Sequences used for DNA-conjugates, unmodified cube binding strands and EXT. Non-

standard amidite codes: (C=Cyclic Dithiol), (D=DMT-dodecane-diol), (S=Symmetrical branching).

Name Sequence (5'-xx-3")
AT TTTTTCAGTTGACCATATA
BT TTTTACCATCTGGTATTAC
CT TTTTTGCCAGTATAGAAGA
DT TTTTTCTCGCAGTCGCGGT
Da CDSTTTTTCAGTTGACCATATA
Db CDSTTTTACCATCTGGTATTAC
Dc CDSTTTTTGCCAGTATAGAAGA
Dd CDSTTTTTCTCGCAGTCGCGGT
Da’ CDSTTTATATGGTCAACTGAAA
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Db’ CDSTTGTAATACCAGATGGTAA

Dc’ CDSTTTCTTCTATACTGGCAAA

Dd’ CDSTTACCGCGACTGCGAGAAA
CD-a CTTTTTCAGTTGACCATATA

EXT-A TTTTTTTTTTTTITTTITITTITITTITTITTITTITITITTITTTTITTTTTTTTTATATGGTCAACTGAAA
EXT-B TTTTTTTTTTTTITTTITITTITTTITTTITITTTITTTITTTTITTITTITTITTGTAATACCAGATGGTAA
EXT-C TTTTTTTTTTTTITTTITTTITTTITTTITITTITITITTITTTTITTITTTTTTTCTTCTATACTGGCAAA
EXT-D TTTTTTTTTTTTTTTTITTITITTITTITTITTTITTTITTTTTTTTTTTTACCGCGACTGCGAGAAA

Cy3-a’ Cy3GGACGGATGTTATATGGTCAACTGAAA
Cy3-b’ Cy3CTAGCTTTCGGTAATACCAGATGGTAA
6-FAM-c’ | 6-FAMTACTCACTTTTCTTCTATACTGGCAAA
6-FAM-d’ | 6-FAMCGCTCATCATACCGCGACTGCGAGAAA
Ea TTTCAGTTGACCATATAACATCCGTCC
Eb TTACCATCTGGTATTACCGAAAGCTAG
Ec TTTGCCAGTATAGAAGAAAAGTGAGTA
Ed TTTCTCGCAGTCGCGGTATGATGAGCG

4.5.4 HPLC Purification

For Dx modifications. Solvent system; A:TEAA buffer, B:Acetonitrile. TEAA buffer
(50mM Triethylammonium acetate, pH 8.0) was filtered through 0.22um cellulose
membrane before use. The elution gradient was 3-40% solvent B over 30 minutes.
Column: Hamilton PRP-C18 5 pum 100 A 2.1 x 150 mm. For each separation
approximately 0.5 ODze0 of crude DNA in Millipore water was injected and the
absorbance monitored at 260nm. The typical retention times for the Dx products were
around 36-37 minutes in contrast to unmodified DNA which eluted at around 9-10

minutes.

For dye-labelled DNA. Solvent system; A:TEAA buffer, B:Acetonitrile. TEAA buffer
(50mM Triethylammonium acetate, pH 8.0) was filtered using through 0.22Bm cellulose
membrane before use. The elution gradient was 3-30% solvent B over 20 minutes, then
30-95% over 50 minutes. Column: Hamilton PRP-C18 5 pm 100 A 2.1 x 150 mm. For
each separation approximately 0.5 ODz60 of crude DNA in Millipore water was injected
and the absorbance monitored at 260, 488 and 556nm. The Cy3 strands exhibited
longer retention times than 6-FAM consistent with the more hydrophobic character of

the dye.
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4.5.5 HPLC traces of crude Dx product mixtures
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4.5.6 HPLC traces of isolated Dx products
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4.5.7 HPLC traces of crude Dye-labelled DNA

Asterisks highlight the product peak which is characterized by LC-ESI-MS in Section
4.5.8.
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4.5.8 LC-ESI-MS characterization

The oligonucleotides were analyzed by LC-ESI-MS in negative ESI mode. Samples
were run through an Acclaim RSLC 120 C18 column (2.2uM 1204 2.1 x 50mm) using a
gradient of 98% mobile phase A (100mM 1,1,1,3,3,3-hexafluoro-2-propanol and 5mM
triethylamine in water) and 2 % mobile phase B (Methanol) to 40 % mobile phase A

and 60% mobile phase B in 8 minutes. The data was processed and de-convoluted using

the Bruker DataAnalysis software version 4.1.

Table 4.2 - LC-ESI-MS data for all DNA-conjugates.

Molecule Calculated (exact mass/Da) Found (exact mass/Da)
Da 6875.2022 6875.0875
Db 6851.1902 6851.1125
Dc 6949.2282 6949.1062
Dd 6884.1752 6884.1062
Da’ 6933.2332 6933.1000
Db’ 6958.2402 6958.1250
D¢’ 6860.2022 6860.0562
Dd’ 6929.2352 6929.1187
CD-a 5978.1822 5978.9875
Cy3-a’ 8889.7100 8889.6875
Cy3-b’ 8800.6840 8800.5625
6-FAM-c’ 8722.5140 8722.4875
6-FAM-d’ 8801.5540 8801.4625
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4.5.9 LC-ESI-MS data
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4.5.10 Melting temperatures

To confirm that the hybridization of the Dx conjugates was not impaired by the 5’
modification, thermal denaturation study of duplexes was carried out by UV absorption.
For each experiment equimolar amounts of Da and complement strand, either EXT-A or
A14 were combined in 1XTBEN buffer to give a final volume of 150 puL with a duplex
concentration of 2.5 uM. Samples were annealed by heating to 95 °C and cooling to 4 °C
over 2 hours, then transferred to a quartz cuvette. The absorbance at 260 nm was

monitored between 10 °C and 60 °C.
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Figure 4.20 - Hybridization of Dx compared to unmodified DNA. a) Characteristic sigmoidal melting
curves are seen for the 17 nt binding of EXT-A to unmodified AT and Da. b) Melting curves for the
hybridization of the 14 nt region which is used to bind Da to the prismatic scaffolds. The negligible
change in Tm between Da and AT in both cases reveals that the Dx modification does not disrupt the

duplex formation of the DNA portion.

4.5.11 Stability assay

The chemical stability assay was adapted from previous work by Mirkin et al.#6
Polyvalent 10nm AuNPs were first prepared by incubating 15 pmol of BSPP coated
AuNPs with 1.5 pmol of DNA (CD or Da) in 1xTBEN, final volumes were ca. 20 pL. The
samples were ‘salt-aged” up to 300mM NaCl over 2 hours with intermittent sonication
and left overnight at room temperature.*” Samples were then centrifuged (15000 x g)
and the supernatant removed and replaced with fresh 1xTBEN. This was repeated three
times to remove all excess unbound DNA strands. Samples were then quantified by
absorbance at 450nm. Samples were then diluted to 350 nM in 45 pL of 1XTBEN and the
absorption spectra measured. Then 5 pL of 0.1 M DTT solution (pre-prepared, Life
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Technologies) was added and absorption spectra were measured at time intervals over

4 hours.
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Figure 4.21 - Absorption spectra of polyvalent AuNPs. Shown here are the samples used for the
stability assay shown in Figure 4.2, before the addition of DTT. Spectra were recorded 1xTBE, 150mM
NaCl. A slight redshift was observed for the samples CD and Da compared to the controls (BSPP and DNA)

which is indicative of conjugation to the surface through the DTPA moieties.

4.5.12 Synthesis of clip strands

The DNA synthesis was performed on a 1 pmole scale, using universal 1000 A CPG
solid-supports (BioAutomation, cat# MM1-3500-1). DMT-hexaethyloxy-Glycol
phosphoramidite (cat# CLP-9765) was purchased from ChemGenes. Removal of the
DMT protecting group was carried out using 3% DCA in dichloromethane and
monitored for coupling efficiency. Completed sequences were deprotected in 28%
ammonium hydroxide solution for 16-18 hours at 65 °C. The crude deprotected solution
was separated from the solid support and concentrated under reduced pressure at 60 °C.

This crude solid was re-suspended in 0.2mL Millipore water ready for purification.
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Table 4.3 - List of clip sequences used. Non-standard amidite code: (H=hexaethyloxy-

glycol), these spacers are used as flexible junctions to allow the cube structure to form.

Name Sequence (5’-xx-3’)
CC1-AB TCGCTGAGTAHTCCTATATGGTCAACTGCTCHGCAAGTGTGGGCACGCAC
ACHGTAGTAATACCAGATGGAGTHCACAAATCTG
CC2-AB CTATCGGTAGTHCCTATATGGTCAACTGCTCTHACTCAGCGACAGATTTGT
GHGTAGTAATACCAGATGGAGTHCAACTAGCGG
CC3-AB CACTGGTCAGHTCCTATATGGTCAACTGCTCHCTACCGATAGCCGCTAGT
TGHGTAGTAATACCAGATGGAGTHGGTTTGCTGA
CC4-AB CCACACTTGCHTCCTATATGGTCAACTGCTCHCTGACCAGTGTCAGCAAA
CCHGTAGTAATACCAGATGGAGTHGTGTGCGTGC
TC3-AB CCACACTTGCHTCCTATATGGTCAACTGCTCHCTACCGATAGCCGCTAGT
TGHGTAGTAATACCAGATGGAGTHGTGTGCGTGC
PC4-AB TACCGGATCGHTCCTATATGGTCAACTGCTCHCTGACCAGTGTCAGCAAA
CCHGTAGTAATACCAGATGGAGTHCCGTAATTGC
PC5-AB CCACACTTGCHTCCTATATGGTCAACTGCTCHGATCCGGTAGCAATTACG
GHGTAGTAATACCAGATGGAGTHGTGTGCGTGC
CC1-AS TCGCTGAGTAHGCCTGGCCTTGGTCCATTTGHGCAAGTGTGGGCACGCA
CACHCGCACCGCGACTGCGAGGACHCACAAATCTG
CC2-AS CTATCGGTAGHAAAACTCTGCCGTAAGAGGAHTACTCAGCGACAGATTTG
TGHTCCTATATGGTCAACTGCTCHCAACTAGCGG
CC3-AS CACTGGTCAGHCCACCAGCTAGATGTTGAAGHCTACCGATAGCCGCTAGT
TGHCGCTCTTCTATACTGGCGGAHGGTTTGCTGA
CC4-AS CCACACTTGCHTACAGGTACGATTCACCACTHCTGACCAGTGTCAGCAAA
CCHGTAGTAATACCAGATGGAGTHGTGTGCGTGC
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4.5.13 Purification of clip strands

The clip strands were purified on 8 % polyacrylamide/8 M urea PAGE (one third of a
crude 1 pmol synthesis was loaded per gel) at constant current of 30 mA for 1.5 hours
(30 min at 250 V followed by 1 hr at 500 V), in TBE buffer. The product bands were
excized under UV shadowing on silica plates, and the gel pieces were crushed and
incubated in 12 mL of sterile water at 60 °C for 12-16 hours. Samples were then dried to
ca. 1.5 mL, desalted using size exclusion chromatography (Sephadex G-25), and

quantified (ODz260) using UV-Vis spectroscopy.

L 1 2 3 4 5 6 7 8 9 10 11
150bp

et

100bp
[

m Wemmee - o®e g

50bp
-—

Figure 4.22 - Analytical PAGE on purified clip strands. Gel: 8% polyacrylamide/8 M urea analytical
PAGE. Run at constant current of 30 mA for 1.5 hours (30 min at 250 V followed by 1 hr at 500 V).
Loading is 10 pmol of DNA per lane and bands were visualized using GelRed™. Lane L - DNA ladder, Lane
1 - CC1-AB, Lane 2 - CC2-AB, Lane 3 - CC3-AB, Lane 4 - CC4-AB, Lane 5 - TC3-AB, Lane 6 - PC4-AB, Lane
7 - PC5-AB, Lane 8 - CC1-AS, Lane 9 - CC2-AS, Lane 10 - CC3-AS, Lane 11 - CC4-AS.

186



4.5.14 Preparation of 3D structures.

In each case, equimolar amounts of appropriate clips were combined in 1xTBEN
buffer with a total DNA concentration of 5 pM (giving a final prism concentrations of
1.67, 1.25 and 1.00 uM for TP, Cb and PP respectively). Samples were annealed by
heating to 95 °C for 5 minutes and cooling to 4 °C over 6 hours. For each of the scaffold
variants reported in the manuscript, different combinations of the clip strands were

used as shown in Table 4.4.

Table 4.4| Clip combinations required for different DNA prisms.

Scaffold Clip strands Sequence structure
TP CC1-AB, CC2-AB, TC3-AB A A A
I| I| |
| | —
B
Cb CC1-AB, CC2-AB, CC3-AB, CC4-AB A A A A
I| I| |1
| I | Y |

@
@
m
m

PP CC1-AB, CC2-AB, CC3-AB, PP4-AB, PP5-AB A A A A A

Cb* CC1-AS, CC2-AS, CC3-AS, CC4-AS F H G
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4.5.15 Additional Geometry calculations

The dimensions of DNA structures shown here are based on idealized rigid B-form DNA,
e.g. 0.34nm per base pair. Gold nanoparticles are sized as perfect spheres of 6, 10 or 13

nm in diameter.

6nm AuNP 10nm AuNP 13nm AuNP

LA00 200 OGO

Figure 4.23 - To scale drawings of different prism variants and AuNPs.

4.5.16 Protocol for AuNP patterning

The 10 nm AuNPs were purchased from Ted Pella, 6 nm and 13 nm AuNPs were
synthesized through Turkevich-Frens syntheses, described in previous work.3? All
nanoparticles were subject to BSPP surface passivation before use in experiments.>> In a
typical patterning experiment 20 pmol of BSPP coated AuNPs were incubated with 20
pmol of DNA scaffold bearing Dx conjugates. Final sample concentrations were ca. 300
nM in 1xTBE with 100-150 mM NaCl and 2mM BSPP. Following Incubation at room
temperature overnight, 20,000 equivalents of OEG (ca. 0.2 M in 1XTBEN) was added to
stably passivate the surface. After a 30 minute incubation with OEG at room
temperature, samples were centrifuged (12000 x g) at 4 °C, the supernatant was
removed and fresh buffer added. This process was repeated at least twice before
loading the samples on gel. Gel bands were assigned, see Figures 2 and 3, and the
desired band carefully excised. Samples were extracted by electroelution in 1xTBE
buffer and subsequently concentrated by centrifugation (15000 x g) at 30 °C and
removal of supernatant. The ‘pellet’ was then washed with 3 M urea in 0.625xTBE three

times. This was followed by three washes with sterile de-ionized water. Finally, sample
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solutions were quantified by absorption spectroscopy, monitoring absorbance at 450

nm.

4.5.17 Gel Mobility shift assays

Agarose gel electrophoresis AGE was used as the primary analytical method to
follow the patterning experiments. In each case AGE was carried out at 25 °C for 1-2
hours at a constant voltage of 80 V. Typical sample loading is between 0.5 and 2 pmol],
with respect to AuNPs, per lane. A variety of studies were carried out to investigate the

patterning process, selected experiments are shown below.

Figure 4.24 - Effect of salt concentration on the binding efficiency of cube to AuNPs. Increasing salt
concentration is known to aid maximal loading of oligonucleotides AuNPs.#? Although maximal surface
loading is not required here, the effect of [Na*] on the products of the prism-AuNP binding was
investigated using the symmetric cube Cb-Das. Samples were incubated overnight at 1:1 molar ratio in
1xTBE buffer at room temperature with [Na*] between 100mM and 300mM. Lane 1 - NP1, Lane 2 -
100mM Nac(Cl, Lane 3 - 125mM Nac(Cl, Lane 4 - 150mM Nac(Cl, Lane 5 - 175mM Nac(l, Lane 6 - 200mM
NaCl, Lane 7 - 225mM NaCl, Lane 8 - 250mM NaCl. The photograph above the gel shows the samples
after overnight incubation, the colour change seen for samples 6,7 and 8 is a good indicator of aggregation
at this high Na* concentration. Based on these results DNA structures and patterning experiments were

carried out between 100 and 150mM to avoid aggregation and conserve yield.
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8 -8

© - -

Figure 4.25 - Naked cube control. Cubic scaffolds without gold binding conjugates, Dx, do not exhibit
binding to BSPP coated AulNPs, 3 % AGE: Lane 1 - NP1?, Lane 2 - NP1 + Cb, Lane 3 - NP10 + Cb-Daa.

0 1 2 3 4 5 6

OTP Cb PP TP Cb PP
[ | |1 | |

step 1 step 1
(no OEG)

Figure 4.26 - Effect of OEG treatment on prism-AuNP complexes. The effect of surface passivation
with OEG on the prism-AuNP complexes was probed comparing mobility patterns of patterning reaction
mixtures, step1, pre- and post-treatment: Lane 0 - NP19(QOEG), Lane 1 - NP1? + TP-Das Lane 2 - NP10 +
Cb-Das, Lane 3 - NP10 + PP-Das, Lane 4 - NP1? + TP-Da3(OEG), Lane 5 - NP10 + Cbh-Da4+(OEG), Lane 6 -
NP10 + PP-Das(OEG). (3 % AGE). The most obvious change in mobility is seen for NP10 + TP-Das (Lanes 1
and 4) which may be due to the fact it is the smallest prism and therefore more surface area is available

for OEG binding.
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NP1 NP*-[Cb-Da,],

NP-[Cb-Da,],

Figure 4.27 - Titration of NP1? against Cb-Das. The effect of stoichiometry on the product distribution
was investigated by titrations of Dx bearing prisms with NP10. Here Cb-Das is used as an example: Lane 1
- NP19, Lane 2 - NP10 + 0.125x Cb-Da4, Lane 3 - NP10 + (0.25x Cb-Dag, Lane 4 - NP10 + 0.5x Cb-Das, Lane 5
- NP10 + 1x Cb-Das, Lane L - NP1 + 2x Cb-Das. (3 % AGE). It should be noted that the complex consisting
of two prisms bound to one AuNP (NP1°-[Cb-Da4]z) is more favoured at higher Cb-Daa: NP1 ratio. This
suggests that the higher order structures are in fact two prisms to one AuNP (NP10-[Cb-Da4]z) and not
two AuNP on one prism ([NP19]z-[Cb-Da4]). This is also consistent with the cooperative binding of Dx

moieties, which would disfavour formation of a 2:1 complex of AuNP:cube.

NP'o
1 2 3

o-BlE-8

Figure 4.28 - Variation of particle size. Gel mobility comparison of cube Cb-Da-Dd binding to 6, 10
and 13 nm AuNPs (NP6, NP1? and NP13). Different equivalents of Cb-Da-Dd to AuNP were used to see any
differences in binding efficiency. In each case: Lane 1, 0.5 equiv. Cb-Da-Dd ; Lane 2, 1.0 equiv. Cb-Da-Dd;
Lane 3, 2.0 equiv. Cb-Da-Dd. There is an inverse relationship between the binding efficiency and particle

size, likely due to electrostatic reasons.
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4.5.18 Dynamic light scattering

All samples, water and buffer were filtered using a 0.45 pm nylon syringe filter
before use in DLS sample preparation. All measurements were carried out at 25 °C. A
cumulants fit model was used to determine the size of monomodal populations of
nanoparticles. The non-patterned controls were obtained from incubation of NP10 (30
pmol) with Da (210 pmol) and EXT-A (840) pmol overnight at 25°C in 1xTBEN, final
volume ca. 50 pL. The samples were worked up as for patterned samples described in

Experimental Section 4.5.16.

C

NP
(OEG)

Figure 4.29 - Preparation of DLS controls. Shown here is the agarose gel of the crude samples from
incubation of 7 equivalents of Da with NP19, in the presence of EXT-A. The bands corresponding to 3, 4
and 5 Da on the AuNP were used as number defined, but randomly positioned, control samples in the DLS

experiments shown below.
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Figure 4.30 - DLS measurements of AuNP controls. Shown here are representive DLS regularization
distribution histograms and the related correlation functions. a) NP19,b) NP10 (OEG). The increase in Rp

in consistent with surface passivation with the carboxylate terminated oligoethylene glycol disulfide.
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Figure 4.31 - DLS measurements of geometric series at step 2. Shown here are representive DLS
regularization distribution histograms and the related correlation functions. a) NP10-Das, b) NP10-Dag, c)
NP10-Das. There is little change in Rn without the extension strands bound, see table ST5 below for a

summary of results.
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Figure 4.32 - DLS measurements of geometric series at step 3. Shown here are representive DLS
regularization distribution histograms and the related correlation functions. a) NP10-Da3-EXT-As, b)
NP10-Da4-EXT-A4, c) NP10-Das-EXT-As. An increase in Rpis seen as the number of Da increases, see table

ST5 below for a summary of results.
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Figure 4.33 - DLS measurements of non-patterned control samples. Shown here are representive

DLS regularization distribution histograms and the related correlation functions. a) Control- NP1°-Das, b)

Control-NP19-Da4, c) Control-NP1°-Das. These samples exhibit smaller Rh with higher polydispersity

than their anisotropic templated counterparts, see table ST5 below for a summary of results.
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Figure 4.34 - DLS measurements of non-patterned control samples with EXT-A. Shown here are
representive DLS regularization distribution histograms and the related correlation functions. a) Control-
NP10-Das-EXT-As3, b) Control-NP10-Das-EXT-A4, c) Control-NP10-Das-EXT-As. These samples exhibit
smaller Rh with higher polydispersity than their anisotropic templated counterparts, see table ST5 below

for a summary of results.
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Table 4.5 - Summary of DLS measurements. Triplicate measurements were obtained for each sample,
mean values for hydrodynamic radii and polydispersity of each are shown below. Error margins are

derived from the standard deviation of the triplicate measurements.

Sample Mean hydrodynamic Mean polydispersity
radius (nm) (%)

NP1° 5.1+ 0.00 14.0+1.1
NP'°(OEG) 6.9+0.36 128+ 0.4
NP'°-Das 7.4 +£0.08 10.5+0.69
NP'°-Day 7.6+0.08 9.8+4.42
NP'°-Das 7.7+0.05 5.2+0.05
NP'°-Da3-EXT-A3 7.8+0.08 43+3.18
NP'°-Das-EXT-As4 6.4 +£0.08 14.0 £ 0.08
NP'°-Das-EXT-As 9.6 +0.05 11.7 £ 0.05
Control NP'°-Da; 5.6+£0.12 21.6+3.11
Control NP'°-Dag 6.5+0.09 22.6 +4.89
Control NP'°-Das 7.2+0.05 11.8 £ 0.60
Control NP'°-Das-EXT-A3 6.7 £0.19 13.7+£0.33
Control NP'°-Das-EXT-A4 7.6+0.12 23.5+1.96
Control NP'°-Das-EXT-As 8.1+0.12 22.9+0.36

4.5.19 TEM sample preparation

For the preparation of satellite structures polyvalent 6 nm AuNPs were used.
Typically, to 100 pmol of 6 nm BSPP coated AuNP was added 1 pumol of Dx’
(complement to Dx on the patterned AuNP) in 1xTBEN at a final volume of ca. 50 pL.
Samples were held at 50 °C for 1 hour and cooled to 20 °C over 30 minutes. Next, 10,000
equivalents of OEG (ca. 0.5 M in 1xXTBEN) was added. After a 30 minute incubation with
OEG at room temperature, samples were centrifuged (12000 x g) at 30 °C, and the
supernatant removed and replaced with fresh 1xTBEN. This washing step was repeated
three times to ensure removal of any excess OEG and DNA strands. Four different
polyvalent particles were made, functionalized with either Da’, Db’, D¢’ or Dd’. Satellite
structures were then assembled by incubating 5 pmol of NP10-Asym with 50 pmol of

each required NP¢-Dx’ overnight at room temperature in 1xTAMg buffer, total volume
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ca. 20 pL. Samples were then purified by 3% AGE and the product bands excised and gel
slices soaked in 1xTAMg buffer at 7°C overnight to extract the samples with minimal

disruption to the assembly.

Samples were prepared for imaging as follows; 5 pL of aqueous bacitracin
solution (0.5 mg/mL) was deposited onto the carbon-coated grid, after 1 minute the
droplet was removed using filter paper. A washing step was carried out by dropping 5
uL of sterile water (0.45 pm filtered) and wicking away immediately. Next, 5 pL of
sample ([AuNP] = 10-30 nM) was deposited onto the grid and left for 1 minute before
removal with filter paper. Finally, another wash step was carried out and the grid was

put under vacuum for 16 hours before microscopy.

Tabe 4.6 - TEM Statistics. The satellite structures imaged by TEM were purified by AGE before sample
deposition. As such TEM yields shown here are a representation of those samples which remain intact
after sample deposition and drying. The lower yields with increasing structural complexity correlate with
the AGE analysis suggesting lower stability of these more demanding structures. The yields were
calculated based on the fraction of NP10 found in product structures versus the number of NP10 found in
other structures, ignoring clusters of multiple 10nm particles. Due to low particle numbers for the 3:1 and

4:1 structures, the percent yield has low statistical significance.

Sample Yield Particles screened

NP*-Asym
+ NP®-Da’ & 70% 128

NP¥*-Asym

+ NP®-Da’, NP*-Db’ 87% 162

NP¥-Asym
+ NP®-Da’, NP-Db’,
NPS-D¢’, NP®-Dd’

38% 45

()
o0
NP¥-Asym
+ NP5-Da’, NPS-Db’, & 36% 28
NPé-Dc’ .
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4.5.20 Additional TEM micrographs
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4.5.21 Fluorescence assays

Fluorescently tagged sample (F4) was prepared as follows. To 3 pmol of NP10-
Asym in 1xTAMg buffer was added 4.5 pmol of each dye-labelled DNA strand (Cy3-a’,
Cy3-b’, 6-FAM-c’, 6-FAM-d’) in 1xTAMg at a final concentration of ca. 100 nM with
respect to the AuNP. The mixture was incubated at room temperature overnight. After
centrifugation (12000 x g) at 4°C the supernatant was removed, and 30 pL of 1xTAMg
was added. This process was repeated 3 times to remove any unbound dye-labelled

DNA strands.

For liberation of the dye-labelled DNA by strand displacement an excess of
required eraser strands was added to each sample. For example, to remove Cy3-a’: to 1
pmol of F4 in 1xTAMg was added 10 pmol of Ea in 1xXTAMg, total volume ca. 10 pL, and

the mixture incubated at room temperature for 1.5 hours.

F4 +E, +E, +E_ +E

EVAE

Figure 4.35 - Fluorescence imaging upon addition of single erasers. Single eraser strands (Ea-Eqd)
were added to F4 as individual samples to monitor the specificity of dye-tagged DNA release. Samples
were imaged directly using a fluorescence gel imaging system (ChemiDoc™ MP System, Bio-Rad
Laboratories). The excitation wavelength was by blue or green epi illumination and filters used were

538/28 and 605/50 for 6-FAM and Cy3, respectively.
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Figure 4.36 - AGE analysis of sequential fluorophore displacement. a) To monitor the cumulative
effect of dye-tagged DNA release different eraser strand combinations (Ea-Ed) were added to F4 as four
individual samples, producing F3, F2, F1 and FO, shown in panel. b) AGE analysis of the five samples
confirmed the release of the desired dye at each step: Lane 1 - F4, Lane 2 - F3, Lane 3 - F2, Lane 4 - F1,
Lane 5 - FO. The presence of Cy3 and 6-FAM in F4 (lane 1) is likely due to excess dye-labelled strands not
fully removed in the washing step. This was supported by careful analysis of the band mobility, which
revealed that the fluorescent bands in lane 1 have higher mobility than in the other lanes, thus suggesting
that they are indeed free Cy3/6-FAM strands not bound to an eraser. For this reason, to summarize the
data in Figure 5d these bands were ignored. For dye monitoring the excitation was by blue or green epi
illumination and filters used were 538/28 and 605/50 for 6-FAM and Cy3, respectively. ¢) AGE analysis of
the five samples looking at the AuNP under white light: Lane 0 - FO, Lane 1 - F4, Lane 2 - F3, Lane 3 - F2,
Lane 4 - F1, Lane 5 - FO. The ladder of increasing mobility is expected as dye-labelled strands are
removed from the AuNP sequentially from left to right. The small change in mobility is expected as the
dye-labelled strands have an overhang of 10nt, compared to 43nt for the extension strands used in other

experiments.
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Conclusions and Future Work

5.1 Conclusions and contributions to original knowledge

The work described in this thesis aimed to address the design and synthesis of
DNA-conjugates and their integration with DNA nanostructures. Overall it is found that
the introduction of DNA-conjugates to DNA nanostructures can introduce
unprecedented modes of assembly and provide new functionality. A key concept is that
the introduction of orthogonal supramolecular interactions to DNA nanostructures
expands the palette of interactions without increasing the DNA sequence space.

The research presented in chapter 2 addressed the integration of dendritic DNA
amphiphiles with DNA cages. The use of phosphoramidite chemistry to produce
dendritic alkyl-DNA was described. The development of the synthetic, purification and
characterization methods needed to produce D-DNA was a large part of the work
presented in chapter 2. Due to the accessibility and reliability of these methods, they are
now currently being applied by our group to produce DNA-conjugates for a variety of
different research projects. The integration of the DNA-amphiphiles with a 3D DNA
scaffold was shown to create a tunable platform which displayed a wide range of
assembly behaviors, dependent on the number, positioning and chemical structure of
the amphiphiles on the scaffold. This was used to drive intermolecular association
through hydrophobic residues, analogous to quaternary protein structure. The
intermolecular hydrophobically mediated association represents a new assembly
method for bringing together DNA nanostructures. The hydrophobic groups were also
shown to undergo intramolecular assembly, creating an encapsulation environment for
small molecule drugs. This is the first example of a DNA nanostructure which can load
and release small molecule cargo, and is therefore an important contribution to the field

of drug-delivery.
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In chapter 3, the development of a facile, modular and high yielding synthetic
approach for the production of DNA-polymer conjugates was introduced. The
implementation of phosphoramidite chemistry for the production of phosphate
punctuated polymer modifications was shown to be a powerful strategy for the creation
of monodisperse polymer-DNA conjugates with tunable self-assembly properties.
Hydrophobic DNA-polymer conjugates are typically difficult to produce. The
development of this efficient, and importantly, accessible method will expedite the
production of these interesting nanomaterials which have great potential in the areas of
drug and nucleic acid delivery. Additionally, the applicability of the method to create
different polymer sequences is an exciting discovery, which can be used to create a wide
variety of sequence-defined polymers with ease. The discovery of sequence-dependent
self-assembly properties is an important finding and can be used to create designer self-
assembling materials.

In chapter 4, the potential of DNA nanostructures to act as templates for the
transfer of assembly information to gold nanoparticles was investigated. The
development of a novel gold binding moiety which produced highly stable gold
nanoparticle conjugates was described. The positioning of the reactive groups on a 3D
DNA scaffold was shown to create templates which could effectively transfer a specific
pattern of DNA strands to gold nanoparticles. This represents the first example of gold
nanoparticles with defined number, geometry, directionality and sequence asymmetry
of bound DNA strands. The resulting ‘smart’ nanoparticles are ready for use as building
blocks in the self-assembly of discrete nanoclusters with arbitrary shapes. This
technology will be valuable for the creation of plasmonic architectures which could not

be created with isotropically functionalized particles.

5.2 Suggestions for future work

The encapsulation of small molecules in DNA cages as described in chapter 2 has
great implications for DNA-based drug delivery devices. As such, future work will be
focused on investigating the ability of these systems to carry and deliver therapeutic
cargo. This will involve scale-up and optimization of small molecule loading, work
which is already underway in our group. The generality of the approach to encapsulate

a range of different small molecule drugs would also be an important aspect to explore

212



as well as the potential of integrating nucleic acid therapeutics into the structure to
create dual-purpose delivery vehicles. To determine the cellular uptake profiles and
internalization pathway in vitro studies will be an important step for the further
development of these systems, as will an investigation into their stability in biological
media. Additionally, the hydrophobically mediated intermolecular assembly discovered
in chapter 2 could be investigated further. The specificity of the geometry and number
of hydrophobic residues needed to give intermolecular self-assembly can be used to
create dynamic DNA assemblies with unique molecular recognition properties.

In chapter 3, a new method to create DNA-polymer conjugates and sequence-
defined polymers was described. The resulting polymers were shown to assemble into
very well-defined micelles, which are capable of encapsulating small molecule cargo.
The development of these as drug-delivery vehicles is currently being investigated in
our lab with promising results. Additionally, the method can be expanded to the
creation of RNA-polymer conjugates, an exciting platform for carrier-free delivery of
nucleic acid therapeutics. The initial synthesis of sequence-controlled polymers focused
on the use of only two polymer building blocks, hexaethylene and hexaethylene glycol.
With these hydrophobic and hydrophilic monomers sequence-dependent self-assembly
was observed. However, the method is highly modular and applicable to a wide range of
different monomer units. This could be used to introduce other molecular recognition
motifs, such as metal-coordination centers, fluorophilic chains, chromophores or redox
active units. The incorporation of these can be used to create artificial protein mimics,
with potential applications in catalysis, light-harvesting and fundamental studies of
supramolecular foldamers.

The work in chapter 4 introduced the concept of DNA nanostructures as
templates for the printing of DNA strands on gold nanoparticles with specific number,
directionality and sequence asymmetry. The modularity of the approach opens up a
number of possibilities which can be rationally investigated. For example the effect of
DNA prism size and surface curvature of the particle on the relative spacings and angles
of the surface bound DNA strands could be investigated. For the asymmetric patterning,
the question of stereoselectivity remains unanswered and this would be an important
avenue to pursue. The extension of the printing method to gold surfaces could be used
as a tool to determine the chiral purity of the clip-by-clip DNA cages. The use of the

patterned nanoparticles, especially the asymmetric version, in the creation of discrete of
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long range plasmonic architectures will also be an important next step, as these
nanoparticles have the potential to create a variety of different 2D and 3D structures
which are not be accessible via other methods. Additionally, an investigation into the
multiplex sensing potential of the multiple fluorophore labelled nanoparticles will have

interesting implications for biosensing.
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Appendix:

Serum protein interactions of DNA
amphiphiles on DNA cages

This appendix is comprised of preliminary investigations into the serum protein
interactions of the D-DNA decorated cubes introduced in chapter 2. Thomas G.W.
Edwardson helped design the project and carried out all experimental work. Hanadi F.
Sleiman designed the project and guided interpretation of data, discussion of results and

concepts.
A.1 Abstract

DNA nanotechnology has shown great potential for the construction of smart, stimuli
responsive biomedical tools. There are major challenges which must be addressed
however. One of these challenges is to understand, and ideally be able to control, the
interactions of DNA nanostructures with biological systems. This appendix describes
preliminary studies into serum protein interactions of a cubic DNA scaffold. It is found
that DNA amphiphiles mediated the interaction with serum albumin and that there is the
potential to tune this interaction by spatial positioning of hydrophobic residues on the

DNA cage and the chemical identity of those hydrophobic groups.

A.2 Introduction

DNA nanostructures have emerged as a promising candidate for the production of
targeted drug-delivery vehicles. It is the complete control over structural parameters
such as size, shape, rigidity and presentation of functional groups which makes these
systems very valuable. There are however issues which must be addressed for the
successful development of DNA nanostructures in nanomedicine. The main challenges
are cellular uptake, serum stability and immunogenicity. As nucleic acids are negatively
charged macromolecules they exhibit minimal cellular uptake, this has been addressed in

the area of nucleic acid therapeutics in two main ways. One approach is the synthesis of
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nucleic acid amphiphiles, conjugating the nucleic acid to a hydrophobic group which aids
uptake via inclusion in lipoproteins and receptor mediated uptake.l2 Another approach
is to package the nucleic acid in a nanostructure, such as a spherical nucleic acid or 3D
nanostructure.3 These structures have been shown to exhibit enhanced cellular uptake,
which is shape dependent.*

The stabilization of DNA and RNA in biological media is largely achieved by
chemical modification, particularly to the sugar ring or phosphate backbone. A range of
chemical modifications have been shown to increase stability and potency of nucleic acid
therapeutics. Another method used to stabilize nucleic acid therapeutics in vivo relies on
the encapsulation of nucleic acids within liposomal systems or stable nucleic acid lipid
particles (SNALPs). Additionally, the close packing of nucleic acids in the corona of
spherical nucleic acids (SNAs) has shown to prevent access to nucleases, thus increasing
the stability in biological media.>

One consideration for any nanoparticle which is to be introduced to the biological
milieu is the interaction with proteins, this is especially important for molecules with
hydrophobic regions.® Biological serum contains high concentrations of proteins which
have the potential to interact specifically, or non-specifically, with exogenous
nanomaterials. With this in mind, the possibility to control interactions with proteins by
structural design is a powerful concept. In this appendix the discovery of a
supramolecular interaction between an amphiphile decorated DNA nanostructure and
bovine serum albumin (BSA) is presented. Preliminary investigations are shown which
suggest that the interaction is mediated by the DNA amphiphiles and could be due to
specific binding. This is a promising step towards understanding the role that size, shape

and surface functionality on nanostructures plays on their interactions with biological

systems.
A.3 Results and Discussion
A.3.1 DNA nanostructure

The DNA nanostructure used in this study is the same system described in chapter
2. This consists of a 3D DNA cubic scaffold decorated with differing numbers and spatial
orientations of dendritic DNA amphiphiles (D-DNA). Figure A.1 shows the structure of
the DNA amphiphiles D1 and D2.
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Figure A.1 - Chemical structure of D-DNA. The structure of dendritic DNA amphiphiles D1 and D2

is shown, see chapter 2 for full details of synthesis, characterization and self-assembly properties.

The nuclease resistance of DNA nanostructures is commonly studied by means of a
fetal bovine serum (FBS) stability assay.” FBS consists of a mixture of non-specific exo-
and endo-nucleases, as well as other proteins. The first experiment described here is the
FBS stability assay of D-DNA decorated cubic scaffolds. Three samples were prepared for
this purpose, shown in Figure A.2. The first structure (C-A4B4) is an unmodified DNA cube
with eight single-stranded regions. The second and third samples are cube-core
structures formed from the intramolecular association of eight D-DNA conjugates
hybridized to the single-stranded regions. The structure 2 has eight D1 amphiphiles and
the structure 3 has eight D2 amphiphiles. It is important to note that D1 and D2 exhibit

different self-assembly behavior, described fully in chapter 2.

a b c
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C-AB,  C-(A-D1)(B-D1), C-(A-D2),(B-D2),

=2 =3

Figure A.2 - DNA nanostructures. The structure of a) single stranded cube C-A4B4, b) Cube-core structure

2, with D1 amphiphiles and c) Cube-core structure 3, with D2 amphiphiles.
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The cubic scaffold (200nM) was incubated with 10% FBS in Dulbecco’s modified
Eagle’s medium (DMEM) at 37°C and aliquots were taken at time points of 0, 1, 5, 12 and
24 hours. At each timepoint the aliquot was treated with either EDTA (for native study)
or formamide (denaturing study) to deactivate the enzymes, and the sample kept at 4°C
until loading on gel. Figure A.3 shows the native and denaturing PAGE analysis of the C-
A4B4 FBS digestion assay. Panel a shows the native PAGE which reveals that the 3D
construct is mostly degraded after 1 hour. The denaturing analysis shown in panel b
reveals a typical degradation pattern over the course of 24 hours. It is noteworthy that
these iterations of the clip-cy-clip structures are not expected to be resistant to enzymatic
cleavage, methods to increase the serum stability have been previously reported by the

Sleiman group. 7
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Figure A.3 - FBS assay on single stranded cubic scaffold. a) Native PAGE analysis reveals rapid
degradation of C-A4B4, b) Denaturing analysis shows the degradation of the clip strands, apparent from the

loss of intensity of the highlighted clip band and appearance of higher mobility digested fragments.

Next, the cube-core structures were subjected to the same conditions and
analyzed by tandem native and denaturing gels. The resulting gel mobility patterns
revealed some unexpected behavior. Figure A.4a shows the native gel analysis of both 2
and 3 FBS digestion assays. The control samples (lane ctl) correspond to DNA structures
without the addition of FBS and exhibit the expected gel mobility for these structures

based on previous work. However, at time point 0 a mobility shift to a higher molecular
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weight assembly is observed (lanes 0). At the later time points the degradation of the 3D
structures is still observed, as it was for C-A4B4. The denaturing analysis shown in Figure
A.4b reveals more interesting band patterns. It should be noted that the amphiphiles D1
and D2 should not be visible on this gel as they are low molecular weight oligonucleotides
of 19 nt (see ladder, lane L). The degradation pattern for the clips strands is as expected
and is the same as was observed with the single-stranded cube C-A4B4. However the
appearance of a band at lower mobility is unexpected and must be due to the D-DNA
based on the control. Since the mobility of this band is too low to correspond to the
individual strands it was hypothesized that it was due to an interaction between the D-
DNA and some component of the FBS. It is worth noting here that there is a stronger band

for D1 amphiphiles compared to D2, suggesting that the binding may be sensitive to the
structure of the hydrophobic moiety.
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Figure A.4 - FBS assay on cube-core structures. Numbers above lanes correspond to time points (hours).
a) Native PAGE analysis reveals unexpected low mobility band for structures 2 and 3, (lanes 0) suggesting
an interaction with serum components. b) Denaturing analysis shows the degradation of the clip strands,
and the appearance of another low mobility band which is too large to be single D-DNA strands, further

suggesting serum protein binding.



To ensure that the behavior observed was in fact due to serum proteins and not
any other assay variable a control experiment was carried out. For this experiment only
the zero time point was investigated as the degradation pattern was not the focus. In
Figure A.5 the incubation of DNA structures with the same DMEM and EDTA
concentrations but differing percentages of FBS are shown in relation to a control sample
which is DNA structure assembled in 1xXTAMg buffer. For the cubic scaffold C-A4B4, an
increase in FBS concentration causes some band smearing but no higher-order
assemblies, consistent with only weak non-specific interactions. However, for 2 and 3 the
intensity of low mobility bands increases with increasing percentage of FBS showing that

the assemblies are likely mediated by serum proteins.
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Figure A.5 - FBS assay on single stranded cubic scaffold. The lanes ctl refer to the DNA structures in
1xTAMg buffer without the addition of DMEM and EDTA. Other lanes contain a varying percentage (v/v) of
FBS, indicated by the number above each lane. Cubic scaffold C-A4Bashows negligible interaction with the
FBS whereas the cube-core structures 2 and 3 show a strong interaction which is clearly due to a

component of the FBS.

With a clear indication that there was an interaction between the D-DNA
containing nanostructures and some component of the FBS, the next step was to
determine which specific component was causing this effect. The major protein
component of FBS is bovine serum albumin (BSA). This globular 65kDa transport protein
is present at concentrations of up to 1mM in FBS. Serum albumin transports fatty acids
to cells for lipid biosynthesis as a source of energy. Figure A.6 shows the crystal structure

of human serum albumin (HSA) bound to dodecanoic acid.8 As both D-DNA amphiphiles
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are terminated with dodecanol chains it seemed a likely hypothesis that this may be the
interacting component in the FBS and that the binding may be specific and mediated by
the dodecanol chains. The different binding affinity between D1 and D2 shown earlier
further suggested a specific binding interaction, which is sensitive to small structural

changes in the alkyl dendron.

a

Figure A.6 - Crystal structure of HSA. The structure of HSA bound to dodecanoic acid. a) Space-filling
model - hydrophobic regions are red and hydrophilic are blue. b) dodecanoic acid in binding pockets. c)

orientation of dodecanoic acid molecules in the complex. (Protein data bank code 1E7F8)

With this in mind the DNA structures were incubated with BSA and compared to
the results obtained with FBS. The same experimental conditions were used with the FBS
being replaced by a 40mg/mL solution of BSA in 1xPBS buffer, this is approximately the
equivalent concentration. Shown in Figure A.7 is the result of the incubation of cube-core
structure 2 with BSA and FBS. As expected the same mobility pattern is seen as for the

FBS confirming that BSA is the interacting component in the serum.
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Figure A.7 - Comparison of FBS and BSA. The interaction of the D1 functionalized cube with FBS and BSA
is compared to determine if BSA is the interacting component in serum. Similar mobility patterns are seen
for the incubation of cube-core structure 2 with FBS and with BSA, confirming that BSA binds to D-DNA. a)
Native analysis: Lane ctl, 2 in 1XTAMg, Lane 1, FBS, Lane 2, 2+ FBS, Lane 3, BSA, Lane 4, 2 + BSA and b)
Denaturing anallyis: Lane ctl, 2 in 1xTAMg (denatured), Lane 1, 0.5 x 2 + FBS, Lane 2, 2+ FBS, Lane 3, 0.5 x
2 + BSA, Lane 4, 2 + BSA.

With the interacting component of FBS established as BSA, a preliminary study of
the relative binding affinities of D1 and D2 was carried out. As noticed in the earlier
experiments, D1 appeared to exhibit a stronger interaction with BSA than D2. An
electrophoretic mobility shift assay (EMSA) was used to probe the relative binding
affinities of D1 and D2 to BSA. Aliquots of D1 and D2 (500nM) were incubated with
increasing equivalents of BSA in 1xPBS buffer at 37°C for 1 hour and run on non-
denaturing 12% PAGE. Figure A.8 shows the results of this assay which reveal that the
D1 conjugate has a higher binding affinity than D2. This is an interesting finding which
suggests that the structure of the alkyl dendron is important for the binding interaction,
suggesting specificity which may be due to the insertion of the dodecanol chains into the
fatty acid binding pockets. D1 is the more flexible of the two DNA amphiphiles and may

be able to adopt a more favourable conformation for binding to the protein.
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Figure A.8 - BSA binding comparison of D1 and D2. a) Titration of D2 with increasing equivalents of
BSA. The bottom portion of the gel shows the free D2 conjugates while the top portion shows the D2-BSA
complex. B) The same data is shown for D1 which exhibits a higher binding affinity.

Finally, the effect of differing orientations of D-DNA on the cubic scaffold on BSA
binding was investigated. In chapter 2, it was shown that site-specific positioning of the
D-DNA had a strong effect on the inter and intramolecular association of the hydrophobic
residues. As D1 exhibited a stronger interaction with BSA than D2 and does not undergo
intermolecular self-association it was used as for the initial experiments to probe the
effect of spatial organization. Figure A.9c shows preliminary evidence that changing the
orientation of D1 conjugates on the cubic scaffold alters the interaction with BSA. The
single-stranded cube control shows no interaction with BSA and exhibits the expected
mobility for the free DNA cube, lane 0. However, for the D1 decorated cubes, lanes 1-4, a
disappearance of the band corresponding to free DNA structures is observed.
Additionally, a ladder of decreasing mobility is observed with increasing number of D1
strands per cube. Although definitive assignments of the identity of these complexes
cannot be made at this point, mobility patterns suggest that cubes may bind to more than
one BSA molecule. Future work will focus on a systematic study of these complexes using
different characterization techniques to elucidate the structures of the complexes.
Furthermore the effect of number and positioning of D1 on the scaffold on the resulting

complexes will be studied.
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Figure A.9 - Effect of spatial organization on BSA binding. a) Example scheme of D1 decorated cube
binding to BSA. b) Native PAGE analysis of different numbers of D1 on the cubic scaffold, revealing the
expected mobility shift with addition of each D1 to the top face of the cubic scaffold. c¢) The products of the
BSA + DNA nanostructure are shown. The single-stranded cube C-A4B4 does not bind to BSA an acts as a
reference for gel mobility of the other structures, lane 0. The other structures shown in lanes 1-4 show high

molecular weight products which correspond to cube-BSA complexes.

A.4 Conclusions

In this appendix an initial study into the binding of DNA-cages to serum albumin was
presented using BSA as a model. It was found that while an unmodified DNA cube did not
bind to BSA, the decoration of the structure with D-DNA resulted in strong binding. The
D-DNA present dodecanal chains which may insert into the fatty acid binding pockets of
the protein. It was found that slight modification to the chemical structure of the D-DNA
modulates the binding affinity and the positioning of different numbers of D-DNA on the
cubic scaffold produced a different binding pattern. This suggests that polyvalency plays
an important role in the binding, and this may be used as a tool to alter the interaction
strength. It has been shown previously that strong binding of therapeutics to albumin
sequesters them, thus modulating bioavailability.? The preliminary results shown here
suggest that DNA nanostructures that present hydrophobic chains could be used as a
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platform to rationally tune serum protein interactions and therefore pharmacokinetics.
This is especially promising in the area of nucleic acid delivery as albumin has been
presented as a potential delivery vehicle for therapeutics.10-12 The ability to combine
serum albumin binding motifs with integration of siRNA or antisense oligonucleotides to
the DNA cage could be used as a tool to explore the effect of album in the transport on

therapeutic nucleic acids and develop new delivery strategies.

A.5 Experimental Section

The synthesis of DNA conjugates D1 and D2, assembly protocols for cubic scaffolds
and hybrid assemblies can be found in chapter 2, experimental section 2.5. All general
information pertaining to instrumentation and chemicals can also be found in in chapter

2, experimental section 2.5.
A.5.1 FBS digestion assay

Fetal bovine serum was purchased from Wisent corporation and Dulbecco’s
Modified Eagle Medium (DMEM) was purchased from Invitrogen. DNA nanostructures
were prepared as described in chapter 2, section 2.5.13. Samples were adjusted to 250nM
in 1XTAMg for the FBS assay. In a typical assay a cubic scaffold (200nM) was incubated
with 10% FBS in Dulbecco’s modified Eagle’s medium (DMEM) at 37°C and aliquots were
taken at time points of 0, 1, 5, 12 and 24 hours. At each timepoint the aliquot was treated
with either 50mM EDTA (for native study) or 25% (v/v) formamide (denaturing study)
to deactivate the enzymes. Samples were loaded on either 6% PAGE in 1xTAMg for native
conditions or 8% PAGE 1xTBE/8M urea for denaturing analysis. The bands were

visualized with stains-all.
A.5.2 BSA binding assay

BSA was purchased from Bioshop and used without further purification. Working
solutions of BSA were prepared by dilution in 1xPBS buffer (pre-prepared, Bioshop) to
40mg/mL. This concentration of albumin is approximately the same as FBS serum. For
the initial assays of 3D structures with BSA the same protocol described above was used
but FBS was replaced with BSA solution. For the assay shown Figure A.9 1uL of BSA

solution was added to 2puL of 1uM 3D construct and total volume was made up to 10uL
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with 1xTAMg. Samples were loaded on 6% PAGE in 1xTAMg and the bands visualized

with stains-all.

A.5.3 EMSA for D-DNA and BSA

For the assay of single-stranded D1 and D2 against BSA the same working solution was

used as described above. To each 2uL aliquot of 500nM D-DNA in 1xPBS was added the

desired number of equivalents of BSA in 1xPBS and the final volume made up to 10uL

with 1xPBS buffer for each sample. The solutions were incubated at 37°C for 1 hour

before adding 2ul. of 70%(v/v) glycerine solution to aid loading on a 12% non-

denaturing PAGE gel, 1xTBE running buffer, and run at 250V for 30 minutes and 500V for

1 hour. Gel bands were visualized by staining with GelRed.
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