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Abstract

Self-assembly of anisotropic DNA-based patchy particles

Patchy colloids constitute a new class of materials in the area of soft matter. They
contain discrete interaction sites called patches at specific locations on the particle
surface which ensure directionality in the interactions of the particle with its sur-
rounding. Therefore, these new materials hold great promise to provide novel pro-
grammed approaches of self-assembly for colloidal particles. This is possible by con-
trolling the position, number and physicochemical properties of the patches. Adding
shape anisotropy to patchy particles can substantially enrich the phase behavior of
these colloidal systems. Due to synthetic challenges, the self-assembly of anisotropic
patchy particles is less explored in comparison to spherical ones.

The work presented in this thesis focuses on systematic investigation of the phase
behavior of anisotropic DNA-based patchy particles. Using DNA as a molecular
tool, different DNA-based patchy constructs with engineered shape and interac-
tion potentials are fabricated. Gapped all-DNA duplexes, all-DNA rod-like patchy
particles and DNA-polymer hybrid soft-patchy particles are presented. Their self-
assembly behavior is the core of the thesis. Experimental methods, small-angle X-
ray scattering and polarizing optical microscopy, are complemented by computer
simulation results in order to obtain a comprehensive understanding of the self-
assembly pathways of the mentioned systems. All of the above systems exhibit rich
self-assembly behavior resulting with the formation of complex phases, including
novel lyotropic liquid crystal and cubic network phases. Moreover, the experimen-
tal realization of a new self-assembly concept is introduced based on programmable
decoration of DNA backbone with temperature-responsive polymeric patches. The
results presented reveal that DNA-based patchy constructs can serve as model sys-
tems to explore a wide range of physical phenomena in soft matter.
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Zusammenfassung

Selbstorganization von anisotropen DNS-basierten patchy
Teilchen

Patchy kolloidale Teilchen bilden eine neue Klasse von Materialien auf dem Gebiet
der Weichen Materie. Die Teilchen haben diskrete Wechselwirkungsstellen an spez-
ifischen Oberflaichenpunkten (sog. Patches), welche eine orientierungsabhingige
Wechselwirkung mit ihrer Umgebung ermoglichen. Diese neuen Materialien sind
daher vielversprechend fiir neue programmierte Methoden zur Selbstorganisation
kolloidaler Teilchen. Dies ist ermoglicht durch die kontrollierte Auswahl der Zahl,
Positionen und physikochemischen Eigenschaften von Wechselwirkungsstellen. Zu-
sdtzliche Formanisotropie der patchy Teilchen kann zu einer signifikanten Anre-
icherung an moglichen Phasen dieser kolloidalen Systeme fiihren. Die Selbstorgani-
sation von anisotropen patchy Kolloiden ist aufgrund erhéhter Herausforderungen
in der Synthese weniger erforscht als die Selbstorganisation isotroper Teilchen.

Die in der Promotionsarbeit dargestellte Forschungsarbeit beinhaltet systematis-
che Untersuchungen des Phasenverhaltens von anisotropen, DNS-basierten patchy
Teilchen. Unter Verwendung von DNS als molekularem Werkzeug werden DNS-
basierte patchy Konstrukte mit mafigeschneiderten Formen und Wechselwirkungs-
potentialen hergestellt. Syntheseergebnisse fiir Duplexe mit Liicke und stdbchen-
formigen patchy Teilchen aufgebaut aus reiner DNS sowie fiir weiche patchy DNS-
Polymer Hybridteilchen werden prasentiert. Das Verhalten dieser Konstrukte bei
Selbstorganisation bildet das Herzstiick dieser Arbeit. Diverse experimentelle Meth-
oden einschliefllich Kleinwinkelrontgenstreuung und optischer Polarisations-
mikroskopie werden ergdnzt durch Computersimulationsergebnisse um zu einem
umfassenden Verstdndnis der Selbstorganisationswege der untersuchten Systeme
zu gelangen. Die Systeme weisen alle ein vielfdltiges Verhalten bei der Selbstorgan-
isation auf, mit Ausbildung komplexer Phasen einschliefilich neuartiger lyotroper
Fliissigkristalle und kubischer Netzwerkphasen. Weiterhin wird die experimentelle
Realisierung eines neuen Konzepts der Selbstorganisation vorgestellt, basierend auf
der mafigeschneiderten Dekoration des DNS Gertists mit auf thermische Veranderun-
gen reagierenden Polymer Patches. Die in der Arbeit dargestellten Ergebnisse zeigen,
dass auf DNS basierende patchy Konstrukte als Modellsysteme dienen konnen fiir
die Erforschung eines breiten Spektrums an physikalischen Phianomenen auf dem
Gebiet der Weichen Materie.
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Chapter 1

Introduction

Polymers, surfactants, colloids, and liquid crystals, also known as soft materials,
are ubiquitous in a wide range of everyday applications. They belong to a class of
materials called soft matter and are commonly used in technological applications in
various industrial branches as detergents, food additives or in cosmetics. The term
"soft matter" was introduced in 1970s by Nobel laureate Pierre-Gilles de Gennes.
These materials are often described as "squishy" and soft to the touch. Although this
is true to some extent, the "softness" should be understood in a broader context. The
behavior of these systems is governed by their mesoscopic dimensions and interac-
tions in the range of thermal energy. Therefore, soft materials are easily deformable
and have the propensity to respond to external fields.

Self-assembly is one of the key concepts in soft matter. It is the process in which
simple components of a disordered system spontaneously form more complex or-
ganized structures without external intervention. The assembly is driven by non-
covalent interactions among the components. Numerous self-assembly processes
take place in nature, often in a hierarchical fashion. Various self-assembled struc-
tures exist in living organisms, such as proteins, viruses, blood cells, and DNA. For
example, self-assembly of single DNA strands into double-stranded helical structure
is a base for genes encoding, and therefore, one of the crucial processes for life on
Earth.

Recently, DNA self-assembly has been employed outside of the biological con-
text. The potential of DNA for programmable self-assembly has been used since
1980s when Nadrian Seeman set the foundation for the field of structural DNA
nanotechnology. Seeman introduced a revolutionary idea to exploit a nucleic acid
material as a nanoscale building material. This is possible by exploiting the chem-
ical complementarity in DNA as a basic tool for the fabrication of complex func-
tional nanostructures made solely from DNA. By carefully designing the sequence
of oligonucleotides, a wide range of multidimensional complex DNA architectures
can be achieved with a potential for various applications.

The work presented in this thesis focuses on exploring unconventional bulk phase
behavior of diverse states of soft matter. Using DNA as a molecular tool, different
DNA-based constructs with engineered shape and interaction potentials are fabri-
cated. Their self-assembly behavior is the core of this thesis. The results reveal that
DNA-based nanostructures can serve as model systems for exploring a wide range
of physical phenomena in soft matter.



Chapter 1. Introduction

The chapters in this thesis are organized in a following way:

In Chapter 2, a literature overview of few self-assembly concepts in soft mat-
ter that are related to the topic of the thesis is given. In addition, a general
introduction to DNA structure and existing work on DNA liquid crystal self-
assembly is presented.

In Chapter 3, an overview of experimental techniques with a brief description
of their basic principles, together with the details related to the synthesis of the
DNA constructs is presented.

In Chapter 4, so-called gapped all-DNA duplexes are presented. This system
is fabricated by exploiting the difference in persistence length between single-
stranded and double-stranded DNA.

In Chapter 5, all-DNA rod-like patchy particles with controlled valence are in-
troduced. This type of particles is made by selectively screening the attraction
at the blunt ends of linear DNA helices.

In Chapter 6 DNA-based anisotropic soft patchy particles are presented. In
this type of patchy particles, temperature-responsive polymeric patchy units
are used.

In Chapter 7, a summary of the main conclusions and future perspective are
briefly presented.



Chapter 2

DNA and soft matter self-assembly

A literature overview of important concepts related to the topic of the thesis is presented
briefly in this chapter. The work presented in this thesis is inspired by four well-established
self-assembly concepts in the area of soft matter: DNA self-assembly, liquid crystal self-
assembly, self-assembly mediated by patchy interactions and block copolymers self-assembly.
General introduction to DNA structure and self-assembly behavior is given in the beginning
of the chapter.

21 DNA

In the story of our lives, DNA (deoxyribonucleic acid) can be understood as a lan-
guage the story is written in. DNA carries genes, which means that it shapes who
we are and what we do; it dictates the color of our hair and eyes, our blood type,
risk for specific diseases... However, the genetic function is performed by a small
fraction of the DNA in our bodies. Only about 1% of human DNA carries the ge-
netic code, while it is still unknown what is the task of the rest. Within eukaryotic
cell, DNA is organized in the form of chromosomes. Most of the eukaryotic DNA
is stored in nucleus, and a small part is also found in organelles such as mitochon-
dria and chloroplasts, while prokaryotes store their DNA in cytoplasm. During a
cell division, chromosomes are duplicated so that each cell gets a complete set of
chromosomes.

Looking at it from a different perspective, DNA is in fact nothing else but a charged
biopolymer made of nucleotides. Its double-helical structure consists of two strands,
called polynucleotides, coiled around one another. One of the most basic character-
istics of maromolecules is the flexibility of a polymer chain. Unlike the common
synthetic polymers, DNA can behave both as stiff rod or a flexible coil, due to its
charged character and helical structure. A measure for the stiffness of a polymer is
persistence length, L. It can be extracted from the directional correlation function of
two macromolecular segments which diminishes exponentially with the growth of
the chain length separating them [1]. Generally speaking, below this value a poly-
mer can be considered stiff. For a double helix L, ~ 50 nm, which corresponds to
150 bp or more, depending on temperature, ionic strength, and pH [2, 3]. For a
single-stranded DNA L, was found to be in range between 1 and 3 nm [4].

One of the unique and important properties of DNA is its ability to form double-
stranded structure simply by combining two complementary single strands. This
principle is one of the key principles responsible for the biological function of DNA,
but it is also a reason why DNA becomes more interesting even for non-biological
applications. Therefore, a closer look at it will be presented in the following section.



4 Chapter 2. DNA and soft matter self-assembly

FIGURE 2.1: Watson-Crick base pairs established by hydrogen bond-
ing; a) A-T, b) G-C, adapted from [7]

2.1.1 Watson-Crick base pairing

Two strands of double-stranded DNA (dsDNA) are held together by hydrogen bond-
ing. The principle by which two nitrogenous bases establish hydrogen bonds and
form a base pair (bp) is so-called Watson-Crick base pairing [5]. This process is
highly selective and predictable [6].

Watson and Crick found already in 1953 that the most stable base pairs are adenine
(A)- thymine (T) and guanine (G)- cytosine (C), shown in figure 2.1. Larger bases A
and G are called purines, while C and T are pyrimidines. The physical origin of this
pairing is in small surpluses of charges on certain atoms in nitrogenous bases. There
is a surplus of negative charge on oxygens and nitrogens which are not connected to
hydrogen, and a positive charge on those which are connected to hydrogen. Atoms
that carry opposite charges connect via hydrogen bonding, as shown in figure 2.1,
in a process called hybridization. This way, a base pair is formed, holding two DNA
strands together in a double-helical structure [7].

2.1.2 DNA double helix

The DNA's structure is intimately related to its properties and stability. In aque-
ous solutions, DNA adopts a double helical structure thanks to the delicate balance
between different interactions. Let’s take a closer look at them [7].

A molecule of DNA is a biopolymer with repeating units called nucleotides. Each
nucleotide consists of three different compounds: hydrophilic phosphates, hydrophilic
sugar and hydrophobic nitrogenous bases. If such molecule is located in an aqueous
environment, nitrogenous bases, being flat aromatic hydrophobic compounds, will
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FIGURE 2.2: Skewed ladder DNA structure with no gaps between
adjacent bases, adapted from [7]

try to minimize their contact with water. Luckily, phosphates and sugars will make
this possible so that they will stay on the outer side of the DNA, while nitrogenous
bases will "hide" on the inside. This is exactly how chemically distinct parts of the
DNA are arranged in a double helix. However, hydrophobicity and hydrophilicity
of DNA’s components don’t really explain the double helical structure. In theory,
also less complex structures, such as simple ladder-like structure, could accommo-
date bases on the inner side of the molecule, keeping them away from the water.
Why does then DNA form double helix?

To answer this question, one should start from considering geometrical constraints
in the DNA. Normally, the distance between neighboring sugars or phosphate within
one DNA chain is 6 A. Taking into account that a covalent bond has a possibility to
stretch to a certain degree, this distance cannot get larger that 6.5 A or smaller than
5.5 A. On the other side, the thickness of aromatic rings in nitrogenous bases is 3.3
A and they are chemically rigid so this cannot change either. It is obvious that this
leaves a gap of at least 2.7 A between two flat bases in the chain. Since the bases are
hydrophobic compounds that prefer to have as less contact with water as possible,
there should be a way to fill in or eliminate this gap.

One possible structure with no gaps between nitrogenous bases would be skewed
ladder structure shown in figure 2.2. But why is this then not a structure that DNA
naturally adopts? Taking a look at individual atoms in such skewed ladder structure,
one can see that there are too many unfavorably close contacts between neighboring
atoms. However, it seems like nature found another way of excluding the water from
the DNA's interior, simply by twisting this structure. The double helix is essentially
nothing else but a twisted ladder. In double helix all unfavorable close contacts of
neighboring atoms are minimized so that this structure is the most satisfying one for
the DNA to adopt. It is stabilized by Watson-Crick base pairing, which was already
described in the previous section 2.1.1, and by base-stacking interactions which will
be discussed next.

2.1.3 The chemical origin of base-stacking in DNA

Base-stacking interactions in DNA act between neighboring bases or base pairs within
the molecule. These attractive interactions are responsible for the structure of double
helix and stability of the DNA. In this paragraph it will be briefly discussed what is
the chemical origin of this attraction and how it influences the DNA structure [6].



6 Chapter 2. DNA and soft matter self-assembly

The chemical theory of base-stacking in DNA explains interactions on the basis
of partial electric charges in aromatic bases using the same theory that was used for
describing stacking of long flat molecules- porphyrins [8].

According to the theory, there are three main contributions to the total base-stacking
interactions:

1. Stacking of base pairs in order to avoid contact with water,
2. Repulsion of negative charges on upper and lower surfaces of bases,

3. Interaction of partial charges on individual atoms in bases.

Aromatic nitrogenous bases are hydrophobic molecules and tend to avoid contact
with water. It is probably easy to understand that their hydrophobicity is a reason
why bases tend to stack on top of each other in order to exclude water from the inner
part of the DNA. Water establishes a network of hydrogen bonds, and if some water-
insoluble object is immersed into the water, this network is disrupted. Hydrophobic
objects, therefore, try to arrange themselves close to each other, and molecules of wa-
ter are able to keep as many hydrogen bonds as possible. The optimal arrangement
of bases in this case is the one where bases stack completely on top of each other.
Another contribution comes from the negative charges located on upper and lower
surfaces of bases, while positive charge is "sandwiched" between them. This type
of interaction is strongly geometry dependent. Therefore, if two bases are in close
contact along their upper and lower surfaces they repel each other to some extent.
Due to this repulsive interaction, vertically stacked bases are not the most favorable
molecular arrangement. To minimize this repulsion, bases can slightly slide to the
left or to the right side. This way they can even take advantage of some attraction
between positive and negative charges. Finally, the third electrical force arises be-
tween partial charges from individual atoms in the bases. Electronegative atoms as
oxygen or nitrogen can generate partial negative charge, while hydrogens attached
to carbon or nitrogen produce positive. However, these interactions are not very
sensitive to small changes in the geometry of DNA. Thus, they can be understood as
"fine-tuning" interactions within the double-helical structure.

The interplay of described contributions results in base-stacking interactions that
are attractive in aqueous environment. Apart from acting within one molecule stabi-
lizing its structure, attractions of the same nature can act also between terminal ends
of two DNA duplexes. These so-called end-to-end stacking interactions can drive
suspensions of DNA duplexes to an interesting phase behavior, but these aspects
will be discussed into details in section 2.3.1.

2.1.4 Strucural DNA nanotechnology

As already mentioned earlier in this chapter, due to its unique structure and prop-
erties, DNA nowadays becomes the main focus of research directions that are not
directly related to its biological function. The field of structural DNA nanotechnol-
ogy uses this macromolecule as a generic (rather than genetic) molecular building
material to construct complex two- and three- dimensional structures. Thanks to
programmable intra- and intermolecular Watson-Crick base-pairing, it is possible to
engineer predictable nanostructures with various levels of complexity.

The idea of structural DNA nanotechnology dates back to 1980s when Nadrian
Seeman introduced the DNA as a material which could be used to produce all-DNA
crystalline cages in order to position other biological macromolecules as guests in-
side of them [9, 10, 11, 12]. This can be achieved using DNA hybridization, carefully
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FIGURE 2.3: Sticky-end interaction between two DNA molecules re-
sulting in one longer DNA duplex

designing nucleotide sequences to create stable branched DNA structures, and re-
lying on convenient synthesis of designed sequences. The key interaction involved
in this approach is sticky-end cohesion. Sticky ends are single stranded DNA over-
hangs located at terminal sites of DNA duplexes. They can act as a "glue", pairing
with another complementary sticky ends of a neighboring DNA duplex to form base
pairs. The product formed by such cohesion is a longer classic DNA double helix,
as shown in figure 2.3. The predictability of sticky-end interactions includes control
of intermolecular associations and controlled geometry at the point of cohesion. The
sticky-end cohesion is a relatively new self-assembly approach in the area of soft
matter and one of the best examples of programmable molecular recognition.

DNA origami

A remarkable simplification in production of DNA-based nanostructures appeared
together with probably the most popular branch in this field, DNA origami, devel-
oped later in the 2000s thanks to Paul Rothemund[13]. "The problem is that we don’t
just want to make small stuff, we want to make complicated small stuff, cheaply and
easily." These were the words that Paul Rothemund used in order to describe a revo-
lutionary idea of DNA origami, which allowed the synthesis of quite complex DNA
nanostructures in a rather simple way.

In the field of DNA nanotechnology, the yield of final structures is highly sensitive
to stoichiometry, relative ratios of strands involved in the final structure. Also, in
order to improve the quality of the product, final structures should be purified to
remove any excess of unreacted strands. DNA origami uses large numbers of small
single-stranded DNA fragments called staples to aid the folding of a very large single
strand into target structures. The large DNA strand is typically viral DNA with a
length of about 7000 bp.

First DNA origami architectures produced were squares, rectangles, stars, smiley
faces, triangles with rectangular domains, and sharp triangles with trapezoidal do-
mains and bridges between them, shown in figure 2.4. These DNA-based nanostruc-
tures were used to perform sigle molecule chemical reactions, as templates for pro-
tein assembly and to organize metal nanoparticles [14]. Nowadays, synthesis of even
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FIGURE 2.4: DNA origami in various shapes, from left to right:

square, rectangle, star, disk with three holes (smiley face), triangle

with rectangular domains, and sharp triangle with trapezoidal do-
mains and bridges between them, adapted from [13]

more advanced three-dimensional DNA origami structures is possible [15, 12], open-
ing new possibilities for promising applications molecular and cellular biophysics,
energy transfer and photonics, diagnostics and therapeutics for human health [16].

2.2 Liquid crystal self-assembly

Everybody is more than familiar with the three states of matter: solid, liquid, and
gas. However, there are certain materials which form phases that don’t fall into any
of these categories. The properties of these phases lie somewhere between those of a
liquid and those of a crystal. Therefore, they are often called them liquid crystals (LC),
while some prefer to name them mesomorphic phases [17] and the molecules forming
them are mesogens. Generally, liquid crystals can be classified as thermotropic and ly-
otropic. Thermotropic LC consist mostly of organic molecules and exhibit LC phase
transitions with changes in temperature. Lyotropic LC exhibit phase transitions as
a function of temperature and concentration and consist of molecules dispersed in
a solvent. Liquid crystals were discovered in 1888 by Austrian botanist Friedrich
Reinitzer [18]. Reinitzer observed what he called two melting points in cholesteryl
benzoat and cholesteryl acetate. He noticed that these compounds don’t melt into
clear, transparent, but always to a muddy, translucent liquid. When he further in-
creased the temperature this muddiness would disappear. What Reinitzer observed
was nothing else than the typical behavior of liquid crystals but he wasn’t able to
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explain the impact of his discovery. Reinitzer sent his samples then to crystallogra-
pher Otto Lehman who observed them under the polarizing microscope and called
them liquid crystals.

In a crystal the building components are arranged in a regular periodic crystal lat-
tice with a three-dimensional order. Liquids, on the other side, are not ordered and
can flow easily. Liquid crystals, at the interface between these two, have long-range
orientational order but a complete or partial absence of long-range positional order.
Therefore, they exhibit anisotropic optical and mechanical properties. Depending
on the degree of order, three commonly occurring forms of liquid crystals can be
distinguished: nematics, smectics, and columnar phases.

Nematics and cholesterics Nematics have no long range positional order but there
is some order in the direction of the mesogens. They tend to be parallel to a common
axis called the nematic director n. The molecular organization in nematics is shown
in figure 2.5 a).

In chiral molecules, the nematic phase formed exhibits a twist. A cholesteric (or
chiral nematic) is locally very similar to nematics; molecules arrange themselves
around a preferred axis n. However, the director is not constant in space, it under-
goes a helical distortion, as shown in figure 2.5 b).

a) b)

Y
\//’/‘\/
W

FIGURE 2.5: The arrangement of molecules a) in the nematic
mesophase made up of rod-like molecules, b) in the cholesteric
mesophase with helical structure, adapted from [19].

Smectics Smectic phase owes its name to the Greek word for soap, smektikos. Their
layered structure shown in figure 2.6 with a well-defined interlayer spacing indi-
cates that smectics are more ordered than nematics. The most common type of
smectic phase, so called smectic A, has a layered structure with no long-range order
within the layers, each layer is basically a two-dimensonal liquid made up of upright
molecules. If molecules are arranged in a tilted way within a layer this kind of smec-
tic phase is known as smectic C. Another subgroup of smectics are layered structures
that exhibit long-range positional order within the layers, "crystalline” smectics. The
example of such ’crystalline” smectic phase is smectic B in which molecules are ar-
ranged in an upright hexagonal lattice.
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FIGURE 2.6: The schematic representation of a) smectic A and b)
smectic C phase, from [19].

Columnar phases Columnar liquid crystal phase was initially named discotic, since
the molecules making it up have a shape of a flat disc. However, the more recent
findings showed that this kind of phase can be formed by molecules with different
shapes as well. Therefore, it is common to refer to this phase as columnar liquid
crystal phase. Columnar phases are often formed by disc-like or rod-like molecules
stacked on top of each other to form columns which are laterally ordered in the
plane perpendicular to the column axis. Depending on the lateral arrangement of
the columns, hexagonal, orthorombic, rectangular, tilted etc. columnar phases can be
distinguished.

LI
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FIGURE 2.7: The schematic representation of a hexagonal columnar
phase formed by rod-like particles, from [20].
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2.3 Liquid crystalline phases of DNA

It has been known for more than 60 years now that DNA has the ability to form
liquid crystal phases. In 1950s and 1960s it was found that naturally occurring long
DNA chains form liquid crystals in vitro [21, 22]. Since the packaging of DNA in
vivo is very tight, the understanding of liquid crystal phases in the highly concen-
trated solutions of DNA in vitro can be of great importance for the understanding of
biological activity [23, 24, 25].

Ever since they were discovered, liquid crystalline phases of DNA have been ex-
tensively studied and investigated. Phase transitions of DNA observed so far using
x-ray scattering, nuclear magnetic resonance (NMR) spectroscopy, polarized optical
and freeze-fracture electron microscopy revealed a sequence of various lyotropic lig-
uid crystalline phases. The liquid crystal phase sequence depends on the length of
DNA duplexes as well as their preparation method [21, 26]. Slightly polydisperse
rod-like dsDNA with a length of 146 + 12 bp reveals a phase sequence of following
phases with increasing concentration: isotropic (I), chiral nematic (cholesteric, N*),
columnar hexagonal (Col), and crystal (K) phase [27]. The aspect ratio L/D (where L
is contour length, and D diameter of a rod) of these dsDNA fragments is ~ 25.

In a system of hard rods with comparable L/D it is expected to observe a for-
mation of smectic (Sm) phase. However, no Sm was observed in dsDNA. Livolant
[28] argued that smectic phase in DNA is replaced by columnar ordering. However,
at sufficiently high concentrations, layer-like ordering was found in aqueous sus-
pensions of semiflexible fd virus particles [29] and in colloidal silica rods [30]. The
absence of such ordering in DNA was therefore explained in terms of flexibility and
polydispersity.

2.3.1 Liquid crystalline phases of ultra-short DNA

The work that anew sparked the interest for DNA liquid crystals was investigation
of self-assembly of ultra-short DNA duplexes. According to the Onsager’s theory
[31] and computer simulations on phase behavior of hard spherocylinders by Bol-
huis and Frenkel [32], short hard rods below aspect ratio of L/D= 3.7 are not able form
liquid crystal phases. Surprisingly, a decade ago it was found that even ultra short
fragments of dsDNA, in the range between 6 and 20 bp and with aspect ratios L/D
between 1 and 3, are able to form liquid crystals [33]. The hypothesis for the driving
force of such ordering lies in so called end-to-end stacking interactions. In the solution
of blunt-ended dsDNA, helices stack on top of each other due to attractive end-to-
end stacking interactions, as shown in figure 2.8. These interactions are essentially
the same as base stacking interactions discussed in section 2.1.3 that stabilize the
double helical structure of DNA. This way, short DNA duplexes form effectively lin-
ear aggregates that are long enough to undergo a phase transition from I to N* and
finally to Col phase. The absence of Sm phase was attributed to the polydispersity of
formed aggregates.
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FIGURE 2.8: End-to-end stacking interactions between blunt ends of

short DNA duplexes and liquid crystal ordering, adapted from [33].

The micropgraphs on the right-hand side represent the typical finger-

print texture of N* phase (top micrograph) and typical focal conical
texture of Col phase (bottom micropgraph).

2.4 Entropy-driven transitions in soft matter

2.4.1 Crystallization of hard spheres

Certainly the simplest and most common colloidal models are hard spheres. They
are definitely not anisotropic objects themselves but the basic concepts lying behind
their crystallization can be extended to hard rods and isotropic to nematic phase
transition. Therefore, it is worth to briefly address this issue as well.

Already in the 1950s and 1960s computer simulations showed that hard spheres
undergo crystallization at certain volume fractions [34, 35]. Pusey and van Megen
verified this transition experimentally in 1986 [36]. This behavior can be explained
in terms of a competition between the loss of entropy related with the onset of po-
sitional order and the entropy gain related to the larger number of packing con-
figurations possible in ordered state (minimization of excluded volume). Excluded
volume of a spherical particle refers to the volume inaccessible to other particles due
to the presence of the first one. Since the spheres are "hard", which means that they
don’t have any interaction unless they are in contact, in which case they experience
infinite repulsions, the free energy of the system consists of entropic contributions
only. The key to understanding why hard spheres crystallize lies in the fact that ran-
dom close packing density (&= 0.64) is significantly smaller than the hexagonal close
packing density value (= 0.74). Therefore, system undergoes a phase transition to
a crystalline state before the density becomes too large for the isotropic phase to run
out of packing possibilities (figure 2.9).
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FIGURE 2.9: Phase transitions in hard spheres as a function volume
fraction.

2.4.2 Isotropic to nematic transition in hard rods

Another common class of model systems is that of hard rods. The phase transition
from isotropic (orientationally disordered) to nematic (orientationally ordered) lig-
uid crystal phase for thin long, hard rods was described theoretically by Onsager
already in 1949 [31]. Schematic representation of this phase transition together with
phase boundaries is shown in figure 2.10. Onsager explains isotropic to nematic
phase transition as entropy-driven. The loss of entropy associated with the orien-
tational ordering of hard rods is compensated by the gain in entropy related to the
minimization of the excluded volume. To understand this, one needs to recall that
the excluded volume of hard rods is minimal if they are in a parallel orientation as
in figure 2.11 a) and maximal when they are in a perpendicular orientation relative
to each other (figure 2.11 b)).

Isotropic Coexistence Nematic

33D/L 45D/L

FIGURE 2.10: Isotropic to nematic phase transition in hard rods ac-
cording to Onsager [31]. Isotropic phase is formed bellow volume
fractions of ®;= 3.3D/L, while nematics appear above &= 4.5D/L.
Coexistence of isotropic and nematic phase can be found in between.
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a) b) )
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FIGURE 2.11: Excluded volume of rods (red dashed lines) a) in a par-
allel orientation, b) in a perpendicular orientation, and c) oriented
with an angle v between them, adapted from [37].

2.4.3 The Onsager approach to the nematic order for hard rods

As already mentioned earlier, in 1949 Onsager gave a theoretical explanation of
isotropic to nematic phase transitions in hard rods. In this approach, few assump-
tions are included:

1. The only forces important are steric repulsion forces; the rods are not interpen-
etrable.

2. The volume fraction of rods is much smaller than unity.
3. The rods are very long, their length is much larger than their diameter (L>>D).

If one starts from the case of a dilute gas of hard spheres, the free energy can be
written in a following form:

1
F=Fy+kgT{logc+ Scpr + 0(c?)} (2.1)

where Fj is an additive constant, 8; is the excluded volume, i.e. the volume inacces-
sible to the centre of sphere 1 if sphere 2 is fixed at the origin, and O(c?) means terms
of order of c?.

Moving on to the system of hard rods, one must specify not only the overall con-
centration ¢, but also the angular distribution of the rods. Therefore, the number
of rods per unit volume (cf,dQ}) is introduced pointing in a small solid angle d()
around a direction labeled with a unit vector a. The sum of these solid angles must
give the overall concentration c, so

/ fadQ = 1. (2.2)

The free energy of such system of hard rods is now

F=F+ kBT( / falog (47 fo0)dQ + %c / fa far,BldeQ’> +0(c?) (2.3)
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where the second term describes the entropy loss associated with molecular align-
ment (i.e. a non-constant f). The third term describes the excluded volume effects.
B1(aa’) is the volume excluded by one rod in direction a as seen by one rod in direc-
tion a’. For spherocylinders, B; is

4
B1 = 2L?D|siny| + 2w D*L + §HD3. (2.4)

7 is the angle between a and a’. The last two terms in the equation 2.4 are the end
corrections which become negligible for long thin rods.

B1 ~ 2L?D|sinvy]| (2.5)

From the comparison of free energies for nematic and isotropic phase, the volume
fraction ®pem above which nematic phase is formed is

Ppem = 4.5D/L (2.6)
while isotropic phase appears below significantly smaller ®jg,

&, = 3.3D/L. 2.7)

2.4.4 Phase diagram of hard spherocylinders

Onsager’s work on infinitely thin hard rods exhibiting purely entropic transition
from isotropic to nematic phase at sufficiently high densities is an exact theory. How-
ever, theoretical study of this phase transition for experimental rod-like systems with
smaller aspect ratios, such as rod-like virus particles [29], inorganic silica rods [30]
and dsDNA [21], becomes challenging. In 1980s, Frenkel et al. offered an alternative
way to explore a phase diagram of these systems by computer simulations. Monte
Carlo simulations provide an evidence for entropy-driven transition from isotropic
to nematic and smectic phase [32]. Hard spherocylinders were used as a model for
rod-liek colloidal particles with short-ranged repulsive interactions. They are cylin-
ders of length L and diameter D capped by a hemisphere at each end as shown
in figure 2.12. The phase behavior of such objects is presented in terms of shape
anisotropy L/D parameter (often also called aspect ratio) in figure 2.13. An extensive
study in the region 3<L/D<5 was perfomed by McGrother et al [38].

FIGURE 2.12: The hard spherocylinders model; spherocylinders con-
sist of a cylinder with length L and diameter D capped with a hemi-
sphere from both sides, from [38].

In the figure 2.13, reduced density p* = p/p.p on the y-axis is the density relative
to the density of regular close packing of spherocylinders which is expressed as: p.
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=2/(v/2 + (L/D)V/3). According to the phase diagram, no liquid crystal nematic or
smectic phase can be observed below L/D of 3.3.
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FIGURE 2.13: Phase diagram of hard spherocylinders for shape

anisotropy parameters L/D < 5, from [32]. P stands for plastic solid,

S for high-density orientationally ordered solid, I for low—density
isotropic liquid, N for nematic and Sm for smectic A phase.

2.5 Patchy particles for programmable self-assembly

Molecular geometry and packing are determined by valence of atoms, so that for ex-
ample a molecule of methane (CHy4) adopts a tetrahedral arrangement thanks to va-
lence of the carbon atom. Similarly, colloids possessing some kind of valence would
be able to adopt arrangements and architectures that are inaccessible for conven-
tional colloidal particles [39]. One way to achieve this is by patterning the surface of
colloidal particles with distinct patches [40]. An example is given in figure 2.14.

FIGURE 2.14: Colloidal particle with four identical green patches in
tetrahedral geometry, from [41].

The patches can have different electrical (charge), physical and/or chemical prop-
erties. Such decoration ensures directionality in interactions of colloidal particles
with their environment. Anisotropic interactions together with the possibility to
control the position, number and type of patches open the path to a programmable
self-assembly, which is absent in conventional colloidal particles. This approach is
a powerful bottom-up materials design strategy with impressive control over the
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target structures. An example is illustrated in figure 2.15. Phase diagram of patchy
particles with two attractive red spots as a function of interaction strength and pres-
sure is presented. It is evident that open crystalline configurations (Kagome lattice)
made of self-assembled patchy colloids can be stabilized. This type of structures was
found both in experiments [42] and simulations [43].
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FIGURE 2.15: Phase diagram of patchy particles with two attractive

red spots as a function of interaction strength and pressure. Increas-

ing the interaction strength the particles self-assemble into Kagome

lattice. For the same interaction strength, increasing the pressure

the system self-assembles into closed-packed triangular lattice. From
[44].

2.6 Block copolymers self-assembly

Block copolymers are large macromolecules built by combining two or more dis-
tinct polymer blocks, each of which is linear series of identical monomers [45]. Mod-
ern synthetic chemistry offers numerous possibilities for construction of different
blocks configurations. Different molecular architectures can be found: linear, cyclic
or branched (figure 2.16). Block copolymers can also be classified with respect to
number of blocks in the structure, so one can distinguish between diblocks (made
of two different blocks, A and B), triblocks (such as the simplest triblock ABA or
the one made of three distinct monomer types ABC), or multiblocks (for example
(AB)).

The chemical mismatch between different blocks in block copolymers drives such
system towards their remarkable self-assembly behavior. Distinct blocks try to get
away from each other as far as possible but since they are covalently connected no
phase separation on macroscopic level is possible. Therefore, blocks tend to segre-
gate on a molecular scale, in a process of so called microphase separation. In principle,
thermodynamic forces that drive separation of distinct blocks are counterbalanced
by entropic forces that are a result of covalent bonding. In order to keep blocks A and
B apart from each other, a polymer must adopt extended configuration which leads
to smaller number of possible configurations, compared to their randomly coiled
state. For that reason, entropic force arises and limits the phase separation to meso-
scopic dimensions. Commonly used parameter describing the non-ideal part of the
mixing free energy in terms of free energy cost per monomer of contacts between A
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FIGURE 2.16: Molecular designs of block copolymers: linear, cyclic
and branched, adapted from [46].

and B monomers divided by thermal energy kgT is so called Flory-Huggins interac-
tion parameter x ap

xap = (Z/kgT)[eap — %(eAA +€3p)]. (2.8)

Z is number of nearest-neighbor monomers to a copolymer configuration cell, €4p is
interaction energy between monomers A and B, and €44 and egp interaction energy
between monomers of each kind, AA and BB respectively. Positive values of xap
reflect the net repulsion between monomers A and B, while negative values indicate
the attraction and drive towards mixing. Moreover, Flory-Huggins interaction pa-
rameter varies inversely with the temperature, meaning that the mixing is promoted
at higher temperatures.

As aresult of the balance between tendency for phase separation and the inability
to achieve it, a wide array of different phases can be formed.

The phase behavior of AB diblock copolymer is well understood both theoretically
and experimentally [46]. A phase diagram of AB diblock comparing theory and ex-
periment is shown in figure 2.17. In theoretical phase diagram shown in a), lamellar
(L) and gyroid (G) phase can be found, followed by hexagonally packed cylinders
(C) and body-centered cubic spherical phase (S), with increased compositional as-
symetry. At the borderline between disordered state and S phase a narrow region
with close packed spheres (CPS) is found. Experimental phase diagram shown in
b) looks quite similar to the theoretical one, with a minor difference in a narrow re-
gion where a complex phase called perforated layers (PL) appears. This example of
the diblock phase behavior is the simplest case. However, by introducing another
block into the block copolymer structure, the number and complexity of the phases
formed significantly increases.



2.6. Block copolymers self-assembly

19

I)II !UJ’I.iEltd
o i I 1 |

0 0.2 0.4 0.6 08
A

Disordered

54 6 3
L

FIGURE 2.17: Phase diagram of linear AB diblock copolymer repre-
sented as segregation parameter xy as a function of volume fraction
of A block f4, comparing a) theory and b) experiment where f4 rep-
resents volume fraction of polyisoprene in poly(isoprene-styrene) di-

block, adapted from [47].
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Chapter 3

Experimental techniques and

materials

This chapter contains an overview of all experimental techniques used for the work presented
in this thesis. Basic principles of small-angle X-ray scattering and polarized optical mi-
croscopy, interaction of DNA with the magnetic field, and basics of gel electrophoresis will
be discussed. Additionally, a brief description of computer simulation methods will be given.
Finally, extensive list of all used oligomers and other materials is provided, as well as proto-
cols used for the synthesis of DNA constructs.

3.1 Experimental techniques

3.1.1 Scattering techniques

Scattering techniques are widely used for probing the microscopic structure of mat-
ter. In soft matter, the commonly used non-destructive scattering techniques are X-
ray, neutron, and light scattering. The choice of the appropriate technique depends
on the length scales in the sample, and how radiation interacts with the matter [1].
Generally speaking, the smallest length scales which can be probed are A/2 where
A is the wavelength. The wavelengths used in X-ray scattering are typically ~ 1 A
and the upper limit for the measured structures is around 1000 A. For the light scat-
tering A ~ 0.5 pm, so the length scales up to 200 pm can be observed. In order to
achieve contrast with X-rays, a difference in electron density must be present in the
sample. Therefore, heavier elements scatter more strongly than the lighter ones. As
an alternative, neutron scattering can be used. Neutrons interact with atomic nuclei
and are sensitive to the difference of atomic species in the sample. The scattering of
neutrons differs for isotopes of the same elements, which allows contrast matching.
Finally, light is scattered by fluctuations in dielectric constant of a material.

For this work, small-angle X-ray scattering (SAXS) technique was a method of
choice, considering the length scales and the chemical nature of the investigated
systems, and simplicity of the sample preparation. The typical SAXS instrumenta-
tion consists of three main parts: X-ray source, sample holder and a detector. Results
presented in this thesis are obtained using two types of instrumentation with distinct
X-ray sources. The first one is in-house scattering setup, Gallium Anode Low Angle
X-ray Instrument (GALAXI) using a laboratory source in form of a liquid gallium
anode (MetalJet), while the other type relies on synchrotron source. In both SAXS
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FIGURE 3.1: Schematic representation of GALAXI with its main com-
ponents. The beam direction is from right to left [5].

instruments, a Dectris Pilatus 1M detector was used with resolution 981 x 1043 pix-
els and a pixel size of 172 x 172 um?2. SAXS data were analyzed using Fit2D software

[2].

X-rays

In the late 19th century, Wilhelm Conrad Rontgen discovered X-rays. The discov-
ery immediately attracted extensive attention and soon X-ray imaging has become
widely used for medical applications. Nowadays, the application of X-rays becomes
even wider; X-ray scattering and diffraction serve as an useful and convenient tool
for identification of different structures, and are often used to investigate soft matter
[3].

20 years after Rontgen’s discovery, crystallography was born and its father, Max
von Laue, received a Nobel Price in Physics in 1914. The further progress in this area
resulted in important contributions to the crystallography of biological molecules
when Dorothy Hodgkin solved the structure of cholesterol in 1937, and later also the
structure of penicilin and vitamin By, for which she received Nobel Price in Chem-
istry in 1964. Finally, probably one of the most famous discoveries in the modern sci-
ence, the identification of the DNA’s double helical structure by Watson and Crick,
relies on the X-ray crystallography [4]. In 1950s, Watson and Crick used diffraction
images produced by Rosalind Franklin which allowed them to propose the famous
model of DNA's structure.

Generation of X-rays

X-rays are electromagnetic radiation of wavelengths typically in the range between
0.01 and 10 nm. Those of shorter wavelengths and the highest energies are referred
to as hard X-rays while those with longer wavelengths but lower energies are soft
X-rays. Generation of X-rays is typically achieved by bombardment of metal anode
with fast electrons. The electrons are accelerated through a high-voltage gradient on
a cathode and hit the surface of a water-cooled anode (usually made from copper).
As a result, two different effects ae observed: First, due to deceleration of electrons
interacting with charges within the atoms of the target, a broad continuous spectrum
of radiation is produced (so called Bremsstrahlung). Second, some of the incident
electrons have sufficient energy to expel an electron from the inner shell of the target
creating the vacancy. When a higher shell electron undergoes a transition to the
lower energy level and fills in the vacancy, radiation K, is emitted. Additionally,
another electron transition yields Kg radiation which is often absorbed and removed
by applying an X-ray filter [3].
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The power load which can be applied to a solid metal anode is limited by the
maximum heat dissipation. Therefore, when a higher power is needed, rotating
anodes can be used. The most recent improvement was introducing a jet of liquid
metal that serves as anode. A high speed jet of liquid metal (gallium) is used as
anode in GALAXI, a small angle X-ray diffractometer which serves the needs of
small angle X-ray scattering, designed and built at the Jiilich Centre for Neutron
Science (JCNS) in Forschungzentrum Jiilich (figure 3.1). The Bruker Metaljet X-ray
Source can accept much higher power loads than conventional solid anodes and
produce much brighter X-ray beam (A= 1.3414 A), which is the main advantage of
this laboratory setup [5].

Higher power and coherent X-ray beam with small beam sizes in the range of
pm can be achieved using synchrotron sources running at big facilities. Synchrotron
radiation is generated when high-energy electrons circulating in a storage ring are
being deflected by magnetic fields. Electrons emitted from an electron gun are sent
to a linear accelerator where they are gradually accelerated using electric fields until
they reach a speed close to the speed of light. The electrons then enter the booster
synchrotron to gain additional energy before they are sent to the storage ring. As
they orbit around the storage ring at the speed of light and in high vacuum, they
pass through series of bending magnets, undulators or wigglers, and focusing magnets.
Each time they pass through these magnetic devices, the electrons are deflected from
their straight path and emit X-rays tangentially to the plane of the electron beam [6].
The X-rays are then directed to the beamlines equipped with the instrumentation
necessary for experiments to take place [3]. Experiments for the work presented in
this thesis are performed at the Dutch-Belgian Beamline (DUBBLE) station BM26B
(A=1.012 A) [7] to probe the complex structures such as cubic network phases pre-
sented in chapter 6.

Custom made sample holders for GALAXI

In order to automatize the measurements to a certain degree, custom sample holder
with temperature control was designed and made. The holder shown in figure 3.2
is made to accommodate capillaries during measurements in GALAXI setup. The
two-axes motor in the sample chamber of GALAXI allows to automatically change
the position of the holder (in two directions) and expose five different samples to the
X-ray beam subsequently.

FIGURE 3.2: GALAXI sample holder for five capillaries. Inlet and
outlet allow the circulation of water in the back of the holder in order
to control the temperature of the samples.
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FIGURE 3.3: Schematic representation of a typical SAXS experiment.

Basic principles of X-ray scattering

Typical Small Angle X-ray Scattering experiment is schematically shown in figure
3.3. As incident beam hits the sample, a portion of X-rays passes through unaffected
while the rest interacts with matter. The interacting portion of X-rays is elastically
scattered by electrons in the sample: no change of wavelength or energy occurs, only
transfer of momentum between an electron and the X-ray beam.

The scattering angle between an incident wave vector k and scattered wave vector
k’ is 20. The scattering vector q is defined as the difference between k” and k:

q=KkK —k (3.1)

Since the wave vector k is related to the wavelength of the beam by k= 277/A and
considering the scattering triangle in figure 3.3:

q =| q |= 2ksind = 4T”sin@ (3.2)

The scattering vector q can be expressed also in terms of dimension d in the system

as:
2

1=
The scattering amplitude A(g) is a Fourier transformation of the electron density of
the scattering molecules relative to solvent A p= p(r)- p(s):

(3.3)

A(g) :/‘/Ap(r)ei"’dr (3.4)

The scattering intensity is collected by a flat two-dimensional detector positioned
perpendicularly to the k and located at some distance behind the sample, as shown
in figure 3.3. Only X-rays scattered in the forward direction can be registered at the
detector, which limits the range of accessible q values. However, this range can be
tuned by changing the sample to detector distance.

Scattering from crystalline and non-crystalline matter

In a typical SAXS experiment, a degree of order in the sample can be qualitatively re-
flected on the appearance of the 2D scattering pattern recorded at the detector. The
scattering patterns of monocrystalline, paracrystalline and aligned paracrystalline
sample are sketched in figure 3.4. Scattering from a single crystal (figure 3.4 a)) leads
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FIGURE 3.4: Sketch of two-dimensional scattering patterns for sam-
ples with different degrees of order: a) monocrystalline, b) paracrys-
talline, and c) aligned paracrystalline samples, adapted from [8].

to diffraction maxima appearing only at distinct positions. However, single crystals
are rare in soft biological systems such as DNA-based systems used in this thesis.
Generally, these materials contain numerous crystallites with random orientations.
The spots in the scattering pattern are replaced with diffraction rings as in b). How-
ever, by applying external fields (for example, shear or magnetic field) the crystal-
lites can be aligned so that the rings become more pronounced arcs as presented in
figure 3.4 ¢).

X-ray scattering from smectic liquid crystals

A layered liquid crystalline phase formed by rod-like particles (smectic phase) will
be often discussed in this thesis. Thus, a specific case of scattering from smectic
liquid crystals will be described here. It will be briefly demonstrated how packing
of the rod-like molecules into smectic layers affect the 2D scattering pattern. In the
top row of figure 3.5 different degrees of molecular alignment, in terms of positional
and orientational order, are shown. In the lower row, sketches of corresponding
two-dimensional scattering pattern are given. For the exaggerated case a), in which
particles are arranged into almost perfect flat layers and all point in the same direc-
tion, the scattering pattern consists of two sets of well-defined spots. Closely-spaced
spots are related with the order along the layer normal, and the distance between
them depends on the typical layer spacing in the sample. The sharpness of these
spots implies that the layers are completely straight. Moreover, the boundaries be-
tween layers are sharp and correlation length along the layer normal is very large.
The outer wide-angle spots reflect in-layer order and are connected with intermolec-
ular distances. Due to the absence of perfect translational order along the layers
there is a distribution of different intermolecular distances in the sample and the
wide-angle peaks are therefore smeared out radially.

In b), there is some degree orientational disorder present within the layers and the
wide-angle spot smears out azimuthally. Such disorder will not have a great influ-
ence on small-angle spots assuming that layers are perfectly flat and well-defined.
However, it is expected that higher order peaks will become less visible. If particles
are allowed to intertwine between layers as in c), this causes loss of higher order
small-angle peaks. Finally, assuming that the layers are not flat, small-angle peaks
smear out azimuthally which results in a scattering pattern with two sets of arcs, as
shown in d).
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FIGURE 3.5: Sketch of two-dimensional scattering patterns for smec-

tic A phase with different degrees of orientation: a) upright particles

arranged in idealized flat layers, b) flat layers with introduced certain

degree of orientational disorder among particles, c) particles having

disordered orientations and intertwining between layers, and d) par-
ticles arranged into non-flat layers , adapted from [9].

3.1.2 DNA and magnetic field

Another property of DNA that allows us align DNA-based constructs using external
magnetic field and gain a deeper insight into their self-assembly behavior is diamag-
netism. DNA is a diamagnetic molecule with a negative diamagnetic anisotropy
[10]. This means that the DNA doesn’t posses permanent magnetization without
external magnetic field. However, in the presence of the latter, the DNA will un-
dergo a magnetoorientation due to the anisotropy of diamagnetic susceptibilities
in the molecule. Diamagnetic anisotropy is the property of many molecules with
anisotropy in shape such as rods and discs. Two kinds of diamagnetic behavior can
be distinguished: molecules with positive diamagnetic anisotropy Ax > 0 (| X|| | <
| X1 | ) orient their rotational symmetry axes parallel to the applied magnetic field
B, while those with the negative one Ax <0 (| x| | > | x. | ) orient their rotational
symmetry axis in a plane perpendicular to B [11].

The rotation of these molecules in the presence of external magnetic field occurs
in order to achieve a minumum energy configuration. The degree of alignment j
depends on the ratio of magnetic and thermal energies and is usually very small for
DNA bases. In case of DNA, B is increased by the factor of N originating from the
number of nucleobases stacked on top of one another.

3.1.3 Polarized optical microscopy

While scattering methods are providing reconstruction of the object in an indirect
way- the scattering pattern is recorded and reconstruction is done mathematically-
microscopy allows to reconstruct an object simply by means of a lens system. These
two methods are complementary and often used combined to get the complete pic-
ture of an observed system in soft matter.
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FIGURE 3.6: Orientation of diamagnetic molecules in a magnetic
field. A rod-like molecule with a) positive diamagnetic anisotropy
and b) negative diamagnetic anisotropy.

Polarized optical microscopy (POM) is a light microscopy technique which takes
advantage of polarized light which strongly interacts with birefringent! samples.
Typical polarized microscope is shown in figure 3.7 [12]. Usually, a light source is
a halogen light bulb which emits white light. The light is then reflected upwards
by a mirror, passes through a lens and is linearly polarized by a sheet polarizer. At
this point it is possible to insert a wavelength filter (A - filter) that can select a cer-
tain wavelength of a light which then enters the condensor. The condensor collects
the light in order to provide a uniform illumination of the sample which is usually
placed at rotatable stage. The transmitted light reaches the objective, passes through
an analyzer. Finally, the image can be observed through an ocular or an eyepiece, or
projected onto a camera mounted on the microscope. The contrast is generated when
the plane-polarized light interacts with a birefringent sample and thereby two indi-
vidual wave components are produced polarized in mutually perpendicular planes,
as illustrated on the left-hand side of figure 3.7.

POM images for this thesis were obtained using colored CMOS camera (Motic)
installed in a Axioplan 2 upright microscope working in a transmission mode be-
tween crossed polarizers. In order to investigate the phase behavior of fully paired
and gapped duplexes, controlled drying experiments were carried out. During the
experiments, concentrated DNA solutions in the isotropic phase were loaded into
hollow rectangle glass tubes (VitroCom) of thickness between 20 and 50 ym and
sealed from one side. Therefore, controlled evaporation occured from one side only
resulting in a concentration gradient of DNA across the tube. Images analysis was
performed using Image J software.

3.1.4 Gel electrophoresis

Only 10 years after the gel electrophoresis was introduced as a technique for sep-
aration of proteins in 1950s, Vin Thorne used a gel electrophoresis for the analysis
of DNA. Ever since then, gel electrophoresis is used as a simple technique for sep-
aration, identification, and purification of DNA fragments. Upon the application of

IBirefringence is the optical property of a material having a refractive index that depends on the
polarization and propagation direction of light.



30 Chapter 3. Experimental techniques and materials

—

@ | Digital
|=— Camera
Recomblined | System
Light Rays '
After Foi
Interference Camera
=—Extension
Eyepleces ] Tube
-—
- Epl-llltf;‘l:nlnator
_ - r
SRRy ot . __5. c Reflected
Polarized

—Ordlnar - .= e
y E b Investlgations

Ray

f ——Blrefringent e Straln-Free
r Spec[rgen - : Objectlves
Clrcular
PO L= P S Rotating Stage
Light oy
—Polarizer § —Microscope
Stand

Light
From — E
Source

FIGURE 3.7: Schematic representation of a typical polarized micro-
scope setup, from [13].

the electric field, negatively charged DNA molecules migrate through the gel matrix
and get separated according to their size/charge ratios. After separation, the frag-
ments can easily be visualized staining the gel with fluorescent intercalating dyes,
such as Ethidium Bromide, and visualizing it under UV light [14].

Two commonly used types of electrophoresis gels are native polyacrylamide (PAGE)
and agarose gels. Acrylamide, soluble in water, creates a polyacrylamide gel in the
polymerization process. The pores of the gel can have various sizes, with higher
concentrations of acrylamide in water yielding gels with smaller pore sizes. PAGE
gels generally have a great resolving power being able to resolve even differences as
small as 1 base pair and are often used for separation of DNA in the range between 5
and 500 base pairs. Agarose gels, on the other side, have lower resolving power but
greater separation range. Agarose is a polysaccharide extracted from red seaweed.
Once they solidify, solutions of agarose typically in the range of 0.1% to 4% form a
three-dimensional mesh held together by hydrogen bonds. The pores in the mesh
can be of different sizes, depending on the concentration of agarose. Such gels are
usually used for gel electrophoresis of DNA from 50 to few millions base pairs [14].
Typical image of a gel after gel electrophoresis experiment is shown in figure 3.8,
and it shows how different lengths of DNA fragments can be identified and even
separated from each other.

In this work, gel electrophoresis was used in order to confirm the assembly of
different DNA constructs and to evaluate the success of reactions between DNA-Nj3
and DBCO-functionalized polymer. The native PAGE and agarose gel electrophore-
sis were performed on DNA constructs after thermal annealing procedure as well as
on crude reactions between DNA-N3 and DBCO-functionalized polymer in 1XTBE
buffer at 10°C using Mini-PROTEAN Tetra cell unit (Biorad). PAGE gels were post-
stained with GelRed nucleic acid dye (Biotium), while agarose gels were pre-stained
with the same dye.
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FIGURE 3.8: Schematic representation of a gel used to diferentiate
between DNA fragments of different lengths in a typical gel elec-
trophoresis experiment.

3.2 Computer simulations

The most common techniques to study thermodynamic properties of systems of par-
ticles are Monte Carlo (MC) and Brownian Dynamics (BD) Simulations [15]. These
simulations used to back up the experimental work presented in this thesis. The
simulations support experimental results and help to better understand the self-
assembly behavior of DNA constructs and the physics behind it. MC simulations
were carried out in collaboration with Prof. Christiano de Michele from the Uni-
versity of Rome. The simulations served to back up experimental results and give
a more detailed insight into self-assembly of gapped DNA duplexes (chapter 4).
BD simulations were performed in collaboration with Institute of Complex Systems
(ICS-2), Forschungszentrum Jiilich, and were used to obtain a deeper insight into
molecular packing within DNA-based cubic network phases in chapter 6.

BD simulation solve Newton’s equations of motion for a set of mesoscopic inter-
acting particles. The explicit solvent molecules are replaced by a stochastic force.
This way, time trajectories of particles in the simulated system are generated. The
trajectories can be visualized and used to measure non-equilibrium properties such
as transport coefficients or equilibrium thermodynamic ensemble averages. In con-
trast to BD simulations, MC simulations propose random moves (translation or ro-
tation) of a particle, which are either rejected or accepted with a given probability p,
set in a way that ensures correct sampling from a desired ensemble (typically NPT
or NVT).

3.3 Materials and synthesis

3.3.1 Oligomers

Custom oligonucleotides purified by high performance liquid chromatography, were
purchased from Biomers. Following oligomers were used:
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Gapped DNA duplexes

Fully paired duplex

Strand 1: ACA GAT GCA CAT ATC GAG GTG GAC ATC ACT TAC GCT GAG
TAC TTC GAA TTT TTT TTT TTT TTT TTT TTA CAG ATG CAC ATA TCG AGG
TGG ACA TCA CTT ACG CTG AGT ACT TCG AA

Strand 2: TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAT ATG TGC
ATC TGT AAA AAA AAA AAA AAA AAA AAT TCG AAG TAC TCA GCG TAA
GTG ATG TCC ACC TCG ATA TGT GCA TCT GT

Gapped 1T duplex

Strand 1: ACA GAT GCA CAT ATC GAG GTG GAC ATC ACT TAC GCT GAG
TAC TTC GAA TAC AGA TGC ACA TAT CGA GGT GGA CAT CAC TTA CGC
TGA GTACITCGA A

Strand 2: TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAT ATG TGC
ATC TGT

Strand 3: TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAT ATG TGC
ATC TGT

Gapped 4T duplex

Strand 1: ACA GAT GCA CAT ATC GAG GTG GAC ATC ACT TAC GCT GAG
TAC TTC GAA TTT TAC AGA TGC ACA TAT CGA GGT GGA CAT CAC TTA
CGC TGA GTACTT CGA A

Strand 2: TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAT ATG TGC
ATC TGT

Strand 3: TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAT ATG TGC
ATC TGT

Gapped 7T duplex

Strand 1: ACA GAT GCA CAT ATC GAG GTG GAC ATC ACT TAC GCT GAG
TAC TTC GAA TTT TTT TAC AGA TGC ACA TAT CGA GGT GGA CAT CAC TTA
CGCTGA GTACTTCGA A

Strand 2: TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAT ATG TGC
ATC TGT

Strand 3: TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAT ATG TGC
ATC TGT

Gapped 11T duplex

Strand 1: ACA GAT GCA CAT ATC GAG GTG GAC ATC ACT TAC GCT GAG
TAC TTC GAA TTT TTT TTT TTA CAG ATG CAC ATA TCG AGG TGG ACA TCA
CTT ACG CTG AGT ACT TCG AA

Strand 2: TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAT ATG TGC
ATC TGT

Strand 3: TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAT ATG TGC
ATC TGT
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Gapped 12T duplex

Strand 1: ACA GAT GCA CAT ATC GAG GTG GAC ATC ACT TAC GCT GAG
TAC TTC GAATTT TTT TTT TTT ACA GAT GCA CAT ATC GAG GTG GAC ATC
ACT TAC GCT GAG TACTTC GAA

Strand 2: TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAT ATG TGC
ATC TGT

Strand 3: TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAT ATG TGC
ATC TGT

Gapped 20T duplex

Strand 1: ACA GAT GCA CAT ATC GAG GTG GAC ATC ACT TAC GCT GAG
TAC TTC GAA TTT TTT TTT TTT TTT TTT TTA CAG ATG CAC ATA TCG AGG
TGG ACA TCA CTT ACG CTG AGT ACT TCG AA

Strand 2: TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAT ATG TGC
ATC TGT

Strand 3: TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAT ATG TGC
ATC TGT

Gapped 30T duplex

Strand 1: ACA GAT GCA CAT ATC GAG GTG GAC ATC ACT TAC GCT GAG
TACTTCGAATITTTTTITTTTTITTTT TTITTTT TTT TTT ACA GAT GCA CAT
ATC GAG GTG GAC ATC ACT TAC GCT GAG TACTTC GAA

Strand 2: TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAT ATG TGC
ATC TGT

Strand 3: TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAT ATG TGC
ATC TGT

Gapped 40T duplex

Strand 1: ACA GAT GCA CAT ATC GAG GTG GAC ATC ACT TAC GCT GAG
TAC TTC GAA TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TAC
AGA TGC ACA TAT CGA GGT GGA CAT CACTTA CGC TGA GTA CITCGA A
Strand 2: TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAT ATG TGC
ATC TGT

Strand 3: TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAT ATG TGC
ATC TGT

Gapped 20T duplex with polyT overhangs

Strand 1: TTT TTT ACA GAT GCA CAT ATC GAG GTG GAC ATC ACT TAC GCT
GAG TAC TTC GAA TTT TTT TTT TTT TTIT TTT TTA CAG ATG CAC ATA TCG
AGG TGG ACA TCA CTT ACG CTG AGT ACT TCG AATTTT TT

Strand 2: TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAT ATG TGC
ATC TGT

Strand 3: TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAT ATG TGC
ATC TGT
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Hairpin DNA
DNA with blunt ends

Strand 1: ACA GAT GCA CAT ATC GAG GTG GAC ATC ACT TAC GCT GAG
TAC TTC GAA

Strand 2: TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAC ATG TGC
ATC TGT

One hairpin DNA

Strand 1: ACA GAT GCA CAT ATC GAG GTG GAC ATC ACT TAC GCT GAG
TAC TTC GAATIT TTT TCG AAG TAC TCA GCG TAA GTG ATG TCC ACC TCG
ACA TGT GCATCT GT

Two hairpins DNA

Strand 1: GTC CAC CTC GAC ATG TGC ATC TGT TTT TTA CAG ATG CAC ATA
TCG AGG TGG ACA TCA CTT ACG CTG AGT ACT TCG AATTTT TTT TCG AAG
TAC TCA GCG TAA GTG AT

One hairpin DNA with G-C termination

Strand 1: GCA GAT GCA CAT ATC GAG GTG GAC ATC ACT TAC GCT GAG
TACTTC GAATTT TTT TCG AAG TAC TCA GCG TAA GTG ATG TCC ACC TCG
ACA TGT GCA TCT GC

DNA-polymer hybrids

Linear DNA-polymer construct

Strand 1: N3- (T6) ACA GAT GCA CAT ATC GAG GTG GAC ATC ACT TAC GCT
GAGTACTTIC GAA

Strand 2: N3- (T6) TTC GAA GTA CTC AGC GTA AGT GAT GTC CAC CTC GAT
ATG TGC ATC TGT

Pi-shaped DNA-polymer construct

Strand 1: ACA GAT GCA CA T(N3) ATC GAG GTG GAC ATC ACT TAC GCT
GAGTACTTC GAA

Strand 2: TTC GAA GTA C T(N3) C AGC GTA AGT GAT GTC CAC CTC GAT ATG
TGC ATC TGT

Y-shaped DNA-polymer construct
Strand 1: N3- (T6) TGA CTG GAT CCG CAT GAC ATT CGC CGT AAG

Strand 2: N3- (T6) TGA CCT TAC GGC GAA TGA CCG AAT CAG CCT
Strand 3: N3- (T6) TGA CAG GCT GAT TCG GTT CAT GCG GAT CCA
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3.3.2 Other materials
¢ 1xTE buffer (10 mM Tris pH 7.5, 0.1 mM EDTA, Integrated DNA technologies)

1xTE/NaCl buffer (10 mM Tris pH 7.5, 0.1 mM EDTA, 150 mM NaCl)
¢ 1xTE/1M NaCl buffer (10 mM Tris pH 7.5, 0.1 mM EDTA, 1M NaCl)
¢ 1xTBE buffer (90 mM Tris-Borate, 2 mM EDTA, pH= 8.3, Merck)

* 20% Ethanol

¢ 6X DNA gel loading buffer (OXG) (Affymetrix)

¢ 10000X GelRed gel stain (Biotium)

* 3300X GelRed in water post staining solution

* Amine terminated PNIPAm (Polymer Source and Specific Polymers with nom-
inal molecular weights of 20 kDa and 1.7 kDa respectively)

¢ DBCO-PEG4-NHS ester (Jena BioScience)
¢ N, N- Dimethylformamide (DMF) (Sigma Aldrich)
¢ Milipore Amicon filters, MWCO 3k (Sigma Aldrich)

¢ Columns for chromatography HiPrep DEAE Fast Flow 16/10 (GE Healthcare
Life Sciences)

* SnakeSkin dialysis tubes (Thermofisher)

3.3.3 Synthesis

All oligonucleotides were dispersed in 1xTE buffer. The concentration of DNA was
determined by measuring absorbance at 260 nm using micro-volume spectrometer
NanoDrop 2000.

Gapped DNA constructs

Gapped DNA (G-DNA) duplexes were assembled by mixing stoichiometric amounts
of three single strands involved in the formation of final G-DNA structures. For each
G-DNA construct, one long single strand is used and another two shorter strands
that are complementary to the parts of the long one. This way we can obtain two
double-stranded regions between which a flexible gap is left, being a part of the long
strand for which no complementary strand is present. With the described synthetic
approach, it is possible to control the length of the flexible spacer, as well as its posi-
tion, both with sub-nanometer precision, at level of a single base pair. Strands were
assembled into a target structure through the standard thermal annealing protocol.
According to the protocol, samples were dispersed in 1xXTE/NaCl buffer, put into a
10 L hot water bath, in a previously heated oven at 95 °C and left in a Styrofoam
box to slowly cool down and hybridize during 48 h. After thermal annealing, the
success of this procedure was evaluated using native PAGE gel electrophoresis de-
scribed earlier in this chapter, in the section 3.1.4.
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Hairpin DNA constructs

Hairpin DNA (H-DNA) constructs were formed by self-folding of one single strand
with palindromic sequence, in a standard annealing protocol already described in
the previous paragraph. With this synthetic approach, H-DNA constructs which
posses hairpin structure at one or both ends of the duplex are made. The hairpin
serves as self-protection of terminal bases that would otherwise be exposed to the
environment. The integrity of the formed constructs was checked using native PAGE
gel electrophoresis (see section 3.1.4), after thermal annealing.

DNA-polymer hybrids

The synthesis of DNA-polymer hybrids includes multiple steps, starting with stan-
dard annealing protocol of two single strands, one of which is azide-modified, in
order to obtain a double-stranded rod-like DNA which serves as a base for the fur-
ther attachment of the polymeric segment.

Polymer functionalization Amine terminated polymers were functionalized with
DBCO-PEG4-NHS ester that was purchased from Jena Bioscience. All reagents were
used with no further purification. To functionalize polymers with DBCO group,
both PNIPAm and DBCO-PEG4-NHS reagent were dissolved in DMF and mixed in
ratio PNIPAm:DBCO- PEG4-NHS = 1:7. The reaction was left to proceed at room
temperature during 72h. Afterwards, the mixture was diluted ten times and dia-
lyzed against water using SnakeSkin dialysis tubes (Thermo Scientific) to remove
the unreacted DBCO-PEG4-NHS molecules. Finally, the purified polymer solution
was stored at -70°C overnight and freeze-dried. The success of the functionalization
was confirmed by the change in UV-vis absorbance at 311 nm.

Click chemistry In order to covalently attach polymer to DNA, copper-free Strain-
Promoted Azide-Alkyne Click Chemistry reaction was used [16]. Prior to reaction,
both azide-functionalized DNA (DNA-N3) and DBCO-functionalized polymer were
dissolved in 1XTE/Nal buffer and homogenized. The optimal ratio of reacting com-
ponents was determined in a series of test reactions in which DNA-N3 and polymer
were mixed in ratios 1:1, 1:2, 1:3, 1:5, 1:7, and 1:10. The ratio at which no evidence
of unreacted DNA-N3 was found by gel electrophoresis was chosen as the optimal
ratio. In a typical reaction, DNA-N3 and polymer were mixed in ratios 1:5. The re-
actions were incubated at 20°C during 48h after which the reaction solutions were
purified to remove the excess polymer. The success of the reaction was checked us-
ing agarose gel electrophoresis, as described earlier in the section 3.1.4.

Purification The excess of polymer was removed and the final product of the re-
action was purified using affinity chromatography columns HiPrep DEAE Fast Flow
16/10 (GE Healthcare Life Sciences). The column was operated using syringe-assisted
pump (KDS 100, kdScientific) at room temperature. To remove the preservatives, the
purification column was first washed out with 100 ml of start buffer (1 x TE buffer),
followed by 100 ml of elution buffer (IxTE/1M NaCl) and finally equilibrated with
200 ml of start buffer. The reaction mixture was diluted with 20 ml of TE bulffer,
pumped onto the column at flow rate 5 ml/min, and stored in the fridge overnight.
Afterwards, the excess of DBCO-functionalized polymer was washed out of the col-
umn with 200 ml of start buffer. The DNA-polymer constructs were then collected
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by washing out the column using elution buffer until no material appeared in the
eluent. The presence of DNA in the eluent was continuously checked by measuring
the absorbance at 260 nm using NanoDrop2000.

3.3.4 Sample preparation

The samples were concentrated and the buffer was exchanged, both using Ami-
con (MWCO 3k) filters. Afterwards, Eppendorf SpeedVac Concentrator was used
to reach the highest concentration. The final suspensions for measurements were
prepared by step-wise dilution of the most concentrated sample with 1xXTE/NaCl
buffer solution. In every dilution step the sample was thoroughly homogenized be-
fore loading into capillaries for SAXS experiments.
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Chapter 4

Self-assembly of gapped DNA

duplexes

All-DNA nanostructures called gapped DNA (G-DNA) duplexes and their self-assembly
behavior will be presented in this chapter. DNA's unique physicochemical properties and the
difference in persistence length between single-stranded and double-stranded DNA allow us
to construct nanostructures with chain-stick architecture. Concentrated aqueous solutions
of G-DNA duplexes exhibit an intriguing phase behavior. In particular, the formation of an
unconventional smectic A-type of phase is found, in which G-DNA duplexes are in a folded
conformation within the layer-like mesophase. Therefore, this phase is referred to as folded
smectic A (Sm-fA) phase. The key interactions driving the formation of this unconventional
phase will be presented together with the impact of the flexible spacer length on the phase
behavior of G-DNA duplexes. Additionally, the role of end-to-end stacking interactions in
the stabilization of the smectic phase in such systems will be demonstrated.

4.1 Introduction

The main characters in this chapter are gapped DNA (G-DNA) duplexes. These
novel DNA nanostructures shine a light on DNA as a molecular tool with numerous
possibilities for engineering of LC phases. Whilst still consisting of the DNA only, G-
DNA duplexes exhibit the intra-molecular flexibility difference which is introduced
to the system in the form of a single-stranded DNA (ssDNA) flexible spacer. The gap
is positioned between two short stiff double-stranded DNA (dsDNA) fragments of
equal lengths terminated with blunt ends, which is schematically depicted in the
top panel of figure 4.1. The difference in flexibility between flexible gap and double-
stranded region arises from the fact that the basic mechanical properties related to
the stiffness of ssDNA and dsDNA are remarkably different. Persistence length of
a dsDNA is around 50 nm, which equals to around 150 base pairs (bp) assuming
0.34 nm per bp [1, 2], while this value for ssDNA is around 2 nm or close to 2 bases
(assuming 0.64 nm per base) [3]. The chosen 48 bp long (~ 16 nm) dsDNA blocks
are stiff and are connected with a central ssDNA spacer. The flexible spacer is a se-
quence of unpaired thymine (T) bases, which are chosen due to their lack of tendency
to form secondary structures. As we will demonstrate later on, the flexibility dis-
similarities between blocks in the G-DNA duplexes result in a very different phase
behavior in comparison to their fully paired analogs (the bottom panel in figure 4.1).

The G-DNA duplexes are synthesized by one-pot self-assembly of three synthetic
ssDNA; one longer ssDNA and two shorter that are complementary to the parts
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G-DNA
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FIGURE 4.1: Schematic representation of the gapped DNA (G-DNA)

duplex structure, consisting of two double-stranded regions con-

nected with a flexible single-stranded spacer (the top panel), and its

fully-paired analogue (F-DNA) (the bottom panel). The typical length
scales in these structures are also depicted.

of the longer strand. Thanks to the phosphoramidite-based solid phase syn’chesis,1
the flexible spacer can be positioned at desired places in the DNA duplex and have
different lengths. These modifications can be introduced with sub-nanometer pre-
cision, at the level of a single base. Therefore, it is possible to synthesize a wide
variety of gapped DNA duplexes and see how, for instance, different length of flexi-
ble spacer influences their self-assembly behavior. The protocol is described in more
details in chapter 3, section 3.3.3. To confirm the successful assembly of G-DNA
duplexes, native PAGE electrophoresis was employed. Electrophoretic mobilities of
three different DNA duplexes are given in the figure 4.2: G-DNA with a flexible
spacer of 1 T base (G-1T-DNA) and 20 T bases (G-20T-DNA), and the fully paired
analog of G-20T-DNA duplex which is referred to as F-DNA. As shown in the figure,
the assembled G-DNA duplexes migrate as sharp single bands, showing a delay in
migration with the increase of the flexible spacer length. There is a minor difference
in migration between the ladder band corresponding to 100 bp DNA and G-1T-DNA
with length of 97 bp located in the second lane, due to the length similarity of two
duplexes. The band in the third lane corresponding to the G-20T-DNA shows a sig-
nificant delay in migration, comparing to its fully paired analogue in the first lane.
This is observed because the G-DNA duplex is slowed down by a flexible single-
stranded region in the middle of it. Using native PAGE electrophoresis it is possible
to clearly separate G-DNA duplexes with flexible spacers of different lengths.

The absence of smectic (Sm) phase in DNA liquid crystals (LC) is still a con-
troversial issue. So far, no Sm phase was found in DNA duplexes of any length
[4,5,6,7,8,9]. Here, it will be shown that by introducing a ssDNA flexible spacer

Marvin Caruthers introduced the phosphoramidite-based solid phase synthesis of oligomers in
1980. He applied a newly developed method for obtaining peptides and proteins of R. Bruce Merri-
field. In 1984 Merrifield was awarded a Nobel prize in Chemistry for this achievement.
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FIGURE 4.2: 10% native PAGE electrophoresis of G-DNA. Lanes con-

tain following samples: M) 50 bp DNA ladder, each band represents

DNA fragment starting from 50 bp at the bottom to 500 bp at the

top, with 50 bp steps, 1) Fully paired DNA duplex, Ljspna= 116 bp, 2)

Gapped DNA duplex with 1T flexible spacer, 3) Gapped DNA duplex
with 20T flexible spacer.

to the middle of a stiff double-stranded DNA duplex it is possible to form Sm phase.
This chapter contains also previously published work[10] for which the experiments
were conducted at the Institute of Complex Systems (ICS-3) in Forschungszentrum
Julich. Therefore, in order to present results obtained as part of this thesis in a more
coherent way, they will be discussed in a broader context containing the results of
the previous work.

4.2 Smectic phase in suspensions of G-20T-DNA duplexes

Small-angle X-ray scattering (SAXS) and polarized optical microscopy (POM) were
used to systematically investigate a phase behavior of both F- and G-DNA. Scatter-
ing profiles of F-DNA duplexes at different concentrations are shown in figure 4.3.
At high concentrations, well above the critical concentration at which LC phases are
formed in the system, F-DNA shows one sharp intense peak gpna at high values of
scattering vector g. This sharp peak indicates strong positional order between neigh-
boring parallel DNA helices and is related with the formation of two-dimensionally
ordered columnar (Col) phase [11]. Decreasing the concentration, gpna peak shows a
slight shift towards lower g values, indicating increased distances between DNA he-
lices in the suspension, and another broader peak arises at around the same g value.
At total DNA concentration of 287.4 mg ml! an overlap between the sharp gpna
and broad peak was observed indicating a liquid-like ordering and a possible phase
coexistence of Col and chiral nematic or cholesteric (N*) LC phase, an evidence of
which will be demonstrated and discussed below.

Further decrease of the total DNA concentration to 247.2 mg ml! leads to a com-
plete disappearance of the sharp peak. The broad peak broadens even more and
shifts to lower g values. The sample under crossed polarizers appears birefringent
and the POM reveals the typical fingerprint texture which confirms the formation
of N* phase. The sample at even lower concentrations, observed under crossed po-
larizers, shows the two-phase coexistence. Although there is no difference in SAXS
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FIGURE 4.3: X-ray scattering profiles of F-DNA duplexes at concen-

trations (from top to the bottom) ¢ = 300, 287.4, 247.2, and 210 (the

lowest two panels) mg ml . On the right-hand side are samples ob-

served under crossed polarizers. The red arrow indicates part of the
sample probed by the x-ray beam.
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profiles between I and N* phase, the upper part of the sample remains dark under
crossed polarizers while the lower part is still birefringent, as shown in the figure
4.3. Therefore, at 210 mg ml! we observe a phase coexistence between birefringent
N* and isotropic (I) state. Finally, below 210 mg ml™? F-DNA undergoes a phase
transition to an orientationally disordered I state, which is evident from the lack of
birefringence in the sample.

The absence of the Sm phase in F-DNA can be attributed to weak non-covalent at-
tractive end-to-end stacking interactions. In 2007, self-assembly of very short blunt-
ended DNA duplexes with lengths between 6 (~ 2 nm) and 20 bp (~ 6.8 nm) was
investigated [9]. Despite the fact that simulations on hard spherocylinders with sim-
ilar aspect ratios L/ D (where L is the length of the rod, and D is its diameter) showed
no LC ordering [12, 13], experiments revealed the formation of LC phases. There-
fore, the hypothesis was raised stating that attractive end-to-end stacking interac-
tions between blunt ends of dsDNA were crucial for the formation of linear flexible
aggregates (discussed in detail in chapter 2.3.1). These aggregates have L/D sufti-
ciently high for the formation LC phases. Note that end-to-end stacking interactions
are inherently present in blunt-ended dsDNA, regardless of its length. In case of F-
DNA, these interactions allow the DNA duplexes to stack on top of one another and
form polydisperse aggregates for which smectic ordering is unfavorable. As already
discussed in the section 2.3, polydispersity plays an important role in stabilization
of LC phases in DNA [14]. Monodisperse rod-like systems with high L/D stabilize
Sm phase, while for the polydisperse ones this phase is absent and replaced by Col
phase transition. For this work, synthetic oligomers were used for the fabrication
so that G-DNA duplexes formed are strictly monodisperse. The DNA duplexes pre-
sented in this work are monodisperse and stiff (their contour length L being smaller
than their persistence length L, (L/L,~0.77). Therefore, it is reasonable to claim that
the Sm phase in F-DNA is not absent neither due to the length polydispersity of in-
dividual DNA duplexes nor due to their flexibility. However, length polydispersity
plays a role in case of F-DNA, but only in terms of aggregates formed by end-to-end
stacking. Polydisperse linear aggregates prefer to order themselves in a columnar
fashion rather than in a layer-like structure.

The scattering profiles of G-20T-DNA in figure 4.4 shows remarkably different
phase behavior compared to F-DNA. At approximately the same total DNA concen-
tration at which F-DNA forms Col phase, G-20T-DNA duplexes show additional
sharp principal peak followed by higher order reflections at lower g values (top
panel in the figure 4.4, c= 291.2 mg ml ). These equidistant peaks are signature of
the Sm phase. From the position of the primary peak g* we can calculate spacing be-
tween adjacent layers of a layered structure as d= 27t/g*= 34 nm. The value of 34 nm
is very close to the length of one G-DNA duplex, assuming that the flexible spacer is
almost completely collapsed. Thus, the total spacing length is approximately equal
to the sum of lengths of two dsDNA segments. A small shift of the principle peak
towards higher g values suggests a weak concentration dependence of the g* peak
and increase of the smectic spacing from 33.4 to 35.7 nm as we increase the total
DNA concentration from 231.8 to 291.2 mg ml!. Sharp gpna peak suggests that
the mesophase formed possesses strong positional order within layers. At slightly
lower concentration smectic peaks are still observed, while the gpn4 peak broadens
out due to a liquid-like order in the positions of duplexes. As we reach even lower
concentrations, G-20T-DNA undergoes a phase transition to N* and finally, through
the I/N* phase coexistence (at 219.5 and 203.5 mg ml!), to I phase (below 203.5 mg
ml ). The I/N* phase coexistence can be observed under crossed polarizers. This
can be seen in the two bottom sample images on the right hand side in the figure 4.4.
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FIGURE 4.4: X-ray scattering profiles of G-20T-DNA duplexes at con-

centrations (from top to the bottom) ¢ = 291.2, 242, 231.8, 219.5, and

203.5 mg mll. On the right-hand side are samples observed under

crossed polarizers. The red arrow indicates part of the sample probed
by the x-ray beam.
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FIGURE 4.5: Two-dimensional SAXS pattern of a smectic A phase in
a shear-aligned suspension of G-20T-DNA duplex at total DNA con-
centration of c=242.0 mg ml!.

There are two regions in the sample; the bottom one is birefringent (N*), while the
upper one appears dark (I). At total DNA concentration of 219.5 mg ml? and 203.5
mg ml !, the SAXS beam probed the birefringent and the non-birefringent part of the
sample, respectively.

The arrangement of the molecules within the smectic layers can be determined
by observing 2D scattering pattern of a shear-aligned sample (figure 4.5). Shear was
applied during the sample loading by centrifuging the sample along the walls of the
capillary. The arcs close to the beam stop correspond to smectic peaks and originate
from the layer-like morphology of the structure. The arcs found in the outer region
of the pattern correspond to the gpy4 peak and originate from positional correlations
in duplex diameter. The two sets of arcs are in a perpendicular orientation relative
to one another. This suggests that G-20T-DNA duplexes are arranged in smectic A
(Sm-A) phase in which duplexes within layers are perpendicular to the layer normal.
At the highest DNA concentration (the top panel in figure 4.4) the sharp qpna peak
indicates long range positional order within the smectic layers. This strongly sug-
gests the formation of smectic-B phase (Sm-B), where molecules are ordered not only
in a layer-like structure, but additionally posses hexagonal order within the layers.
Broadening of the smectic peaks at the highest total DNA concentration shown in
the top panel of figure 4.4) is due to the soft loading of the sample into capillaries”.
This way, we avoid the exposure of the sample to high centrifugation forces and
thereby exclude the possibility for the formation of shear-induced structures.

An alternative way to align the sample is by magnetic field. Due to its negative
diamagnetic anisotropy, DNA tends to orient its long axis perpendicular to the direc-
tion of applied magnetic field B [15]. This property of DNA was already described
in detail in section 3.1.2. One would expect that in the scattering pattern of magnet-
ically aligned DNA forming Sm-A phase peaks originating from layered structure
would be found exactly perpendicularly to the direction of B. This can be clearly
seen in the scattering pattern for G-20T-DNA duplex at total DNA concentration of
255.0 mg ml! exposed to magnetic field of 14 Tesla for 48 hours shown in figure 4.6.

2For highly viscous samples, the loading procedure unavoidably causes shear-alignment. This may
result in non-equilibrium shear-induces structures. Therefore, soft loading was performed for the
viscous sample at the highest concentrations. This results in smaller coherent domain size, which
is witnessed by a reduced number of smectic peaks and their broadening.
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FIGURE 4.6: Two-dimensional SAXS pattern of a smectic A phase in
a magnetically aligned suspension of G-20T-DNA at 255.0 mg ml ™.

The finding that incorporation of a flexible spacer into DNA duplex can drive
the system towards the formation of Sm phase is counterintuitive. The previous
experimental work on fd virus [16] and theoretical [17, 18, 19, 20] studies on hard
repulsive spherocylinders (L/D is similar to the DNA systems investigated here)
have shown that flexibility destabilizes layer-like structure. Hence, it is hard to com-
prehend how introducing additional flexibility might drive the G-DNA duplexes
towards layer-like ordering. Moreover, Sm phase is expected to appear in systems
of purely repulsive rods with different aspect ratios, such as viral rod-like particles
[21] and colloidal silica rods [22], as discussed earlier in the section 2.3. However, no
Sm phase was observed in dsDNA of any length so far.

Two possible scenarios for the formation of the Sm phase in G-20T-DNA duplexes,
based on the physical arguments and SAXS data for both F-DNA and G-DNA du-
plexes will be discussed. The first one is an unfolded scenario schematically shown
in figure 4.7 a), in which G-DNA duplexes are in an unfolded layer-like arrangement.
However, this scenario is quite unlikely to happen for several reasons. As already
mentioned, regardless of the length, F-DNA duplexes do not form the Sm phase.
Introducing a flexible spacer in the middle of dSDNA would further destabilize the
Sm phase. Moreover, with such an arrangement, end-to-end stacking would gener-
ate polydisperse aggregates that would hinder the smectic ordering, similarly as in
case of F-DNA. Finally, in order to fit into a calculated smectic layering of 34 nm,
it would be necessary for unfolded G-20T-DNA duplexes to have a flexible spacer
collapsed to a large extent. This would be, however, energetically unfavorable from
the point of view of flexible spacer conformational entropy.

The more plausible scenario is the folded one shown in figure 4.7 b). Here, ev-
ery stiff fragment forms one half of the layer, while the flexible spacers are found
between layers. This kind of molecular arrangement allows the "self-protection”
of the blunt ends of G-DNA duplexes so that, once they stack on top of one an-
other, no further stacking is possible. Thereby, end-to-end attractions make strictly
monodisperse pairs of G-20T-DNA and as a consequence uniform layer structure
can be formed. The folded layer-like arrangement leads to the stretching of the ss-
DNA spacer, which consequently decreases the inter-layer spacing. This is in very
good agreement with the calculated smectic layering of 34 nm. The entropic cost
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FIGURE 4.7: Schematic representation of two possible molecular ar-

rangements within the smectic-A phase. a) Undfolded scenario in

which G-DNA duplexes are in an unfolded layer-like arrangement.

b) Folded scenario in which G-DNA duplexes are folded and stacked
on top of one another.

related to the stretching of the 20 T flexible spacer is expected to be quite small, con-
sidering the ssDNA L,~ 3 bases. The unconventional Sm phase formed is referred
to as folded Sm-A phase (Sm-fA).

Additional support and demonstration of the flexible spacer importance in the
folding scenario come from the G-DNA duplexes with much shorter spacer of only
4T bases (G-4T-DNA). The scattering profile for this system at total DNA concentra-
tion of 250.07 mg ml?, together with the scattering profile of G-20T-DNA at similar
concentration (total DNA concentration c= 242 mg ml!) is shown in figure 4.8. In
contrast to G-20T-DNA duplexes, no evidence of smectic layering is found in G-4T-
DNA duplex at given concentration. It will be shown in the complete phase diagram
(figure 4.17, section 4.4) that no Sm-fA phase occurs at any concentration for this sys-
tem. The absence of smectic peaks at all measured concentrations suggests that the
spacer is clearly not sufficiently long to drive this system to formation of a Sm phase.
Therefore, the Sm-fA phase occurs only when there is enough flexibility between the
two rod-like segments of G-DNA duplexes.

The concentration-dependent phase behavior of F-DNA and G-20T-DNA is pre-
sented in phase diagram in figure 4.9. It is constructed based on the SAXS results
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FIGURE 4.8: X-ray scattering profiles of the G-20T-DNA duplexes (c =
242 mg ml!,, the top panel) and G-4T-DNA duplexes (c = 250.07 mg
ml!, the bottom panel).

complemented by selected POM images. The I/LC coexistence regions were de-
termined by visual observation of capillaries under crossed polarizers. The POM
image on the left hand side in the phase diagram shows a typical fingerprint texture.
This is a direct manifestation of the chirality of the nematic phase formed by F-DNA
in the I/N* coexistence region, as well as at concentration above it. The extracted
value of the cholesteric pitch is around 2.15 ym, which is in good agreement with
previously obtained values for dsDNA of similar length [23]. Isolated dislocations
can be observed in the N* phase of F-DNA. This is indicated in the white circles in
the POM image in the figure 4.9. The two bottom micrographs for the G-20T-DNA
show the typical fingerprint texture for LC sample just above the I/N* coexistence
region, suggesting that the concentration range at which N* forms is rather narrow.
The cholesteric pitch of G-20T-DNA is only 1.15 ym, which is significantly smaller
than the one of F-DNA. In contrast to F-DNA, a fan-shaped fingerprint texture with
dislocations can be seen in the middle micrograph. The POM image at higher con-
centration (the top micrograph in figure 4.9) shows the fan texture typical for smectic
phases, with no fingerprint bands visible.
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FIGURE 4.9: Phase diagram obtained by combination of SAXS mea-
surements, visual observation of capillaries under crossed polarizers,
and polarization optical microscopy on selected samples, comparing
F-DNA and G-20T-DNA. White crosses mark the concentrations of
samples measured by SAXS. The micrograph showing the F-DNA
sample reveals the cholesteric phase just above the two-phase coexis-
tence region. Two lower micropgraphs on the right hand side belong
to the same suspension of G-20T-DNA duplexes. The bottom one is a
magnification of the lower left region in the larger image, showing the
typical fingerprint texture characteristic for the cholesteric phase. The
top micrograph for the G-20T-DNA shows the fan texture of the smec-
tic phase formed close to the lowest concentration at which smectic
phase appears. The micrograph is taken close to the lower concentra-
tion boundary of Sm-fA phase.
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4.2.1 Monte Carlo simulations

The suggested folding scenario was backed up by Monte Carlo (MC) simulations
performed in collaboration with Prof. Christiano De Michele from the Sapienza Uni-
versity of Rome.

In the simulation, the G-20T-DNA duplexes are modeled as two cylinders with
length L=16 nm. Due to electrostatic repulsion, the diameters of cylinders are chosen
to be larger than the steric diameter of DNA, which is around 2 nm. The value for
diameter D= 3 nm is taken based on effective diameter estimation reported in the
literature [24, 25]. Each model cylinder has two interaction sites: A and B, as shown
in the figure 4.10, with diameters J and o, respectively. Interaction points B hold
two cylinders together by a permanent bond and model the flexible spacer, while
A points serve to model hydrophobic attraction in the terminal ends, i.e. end-to-
end stacking interactions. Sites A of two distinct cylinders interact via square well
potential Bus,, which is Bug,= Pug if r < 6, and Pus,= 0if r > 5, B = kgT, r is the
distance between interaction sites, and ¢ is the interaction range (the diameter of the
interaction point A). The interaction range ¢ is taken equal to the half of the contour
length of the flexible 20 T spacer (~12.6 nm). The geometry of the attractive sites
A was adopted from the previously published work by K. Nguyen et al. [26]. This
model was already successfully applied for investigation of phase behavior of ultra
short dsDNA [27, 9].

FIGURE 4.10: a) Coarse-grained model of G-DNA duplexes used in

Monte Carlo simulations, and b) Snapshots of folded smectic A and

crystalline phase. Cylinders belonging to the same gapped DNA du-

plex are shown in the same color, so that the amount of folded du-
plexes can be seen, adapted from [10].

The phase behavior of G-20T-DNA duplexes was studied by calculating equation
of state and 3D pair distribution functions [27]. The equation of state for attraction
strength between hydrophobic patches Buy= 8.06 is shown in the figure 4.11. The
inset shows the 2D pair distribution function for fvg= 4.1 (where vy is volume of a
single cylinder) which corresponds to correlations parallel to the nematic director (z-
axis). The equation of state shows a first-order transition from I to LC state, which
can be seen from the break in the fvy vs concentration plot. The pair distribution
function reveals the formation of layered structure, which can be identified as Sm-A
phase.

Quantified insight into packing of the model G-DNA duplexes in the Sm phase
is achieved by studying the fraction of folded G-DNA duplexes ny. The fraction
ny is defined as n= Nf45/ N, where Nf45 represents the average number of gapped
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FIGURE 4.11: Equation of state for G-20T-DNA duplex obtained from

simulations; inset shows pair distribution function for folded smectic

A phase corresponding to fPvy= 4.1, on a plane parallel to the nematic
director (z-axis), from [10]

duplexes with a folding angle 6;< 45°. The angle 6= 0 corresponds to fully folded
configuration. From the concentration dependence of the parameter ¢ (figure 4.12)
it is evident that the phase transition from I to Sm-fA phase is followed by a sharp
increase of the fraction of folded duplexes from about 0.15-0.20 to 0.40-0.50. Further
increase of the concentration causes the gradual increase of 7y until it reaches the
value of 1. Finally, a phase transition to the crystal state occurs at concentration
above 300 mg ml?, which is way above the concentrations at which experiments
were performed. The concentration dependence of 1y shows that to form the Sm-fA,
a certain fraction of G-DNA duplexes needs to attain a folded conformation, but it is
definitely not necessary for all of them to be folded. This can be clearly seen from the
distribution of angles between two cylinders of the same G-DNA duplex at different
pressures shown in figure 4.13. It can be seen that in I phase the distribution of
angles does not change with the pressure. However, there are three populations of
different angles visible for the Sm-fA phase. The largest number of duplexes is in the
folded conformation and this number increases with the pressure. In contrast, the
other two populations decrease.

Comparing the simulations with experimental results it is fair to say that the sim-
ple model assumed in the Monte Carlo simulations captures quite well the phase
behavior of G-DNA. At the highest concentrations the simulations do not show any
kind of long-range order of G-DNA duplexes within the smectic layers, opposite
to experiments. However, the simulations support the key observations obtained
in the experiments and provide a better understanding of the physical mechanisms
related to the formation of Sm-fA phase.

An important finding from simulations is that in order to stabilize the Sm-fA phase
not all G-DNA duplexes need to be in a folded conformation. It is sufficient to have
only a fraction of G-DNA duplexes folded to inhibit the formation of polydisperse
linear aggregates by end-to-end stacking and to promote the formation of Sm-fA
phase. Folding of G-DNA duplexes leads to a significant reduction of excluded vol-
ume, compared to their unfolded configuration. It was numerically estimated that
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FIGURE 4.12: Concentration dependence of the fraction of folded du-
plexes 1y, adapted from [10]
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FIGURE 4.13: Distribution of angles between two cylinders of the
same G-DNA duplex at different pressures for isotropic (8Pvy= 0.91,
1.37, and 1.82) and smectic phase (8Pvy= 3.19 and 3.65).
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the excluded volume of folded particles is 1.4 times smaller than of the unfolded
ones [10]. Therefore, folding is an efficient way to minimize the free energy of the
system suggesting that the folding process itself is purely entropic. This issue is dis-
cussed into more details in section 4.5 where the experimental evidence is provided.

The simulations show the first LC phase following the I phase is Sm-fA, with no
N* phase found in between. A possible reason why the N* phase does not appear in
the MC simulations could be the flexibility overestimation for the G-20T-DNA since
experiments indicate the formation of N* phase in a narrow concentration range.
This issue is addressed from the experimental point of view by changing the length
of a flexible spacer.

4.3 I/Sm-fA phase coexistence in gapped DNA duplexes

In the previous section 4.2.1 the hypothesis was raised that, due to the overestima-
tion of gap flexibility, the MC simulations do not capture the formation of N* phase
at concentrations below those at which Sm-fA phase appears. Here, in order to ad-
dress this point, the phase behavior of G-DNA with spacers longer than 20 T will be
presented (see section 4.4 and figure 4.17 for the complete phase diagram of G-DNA
duplexes).

The concentration-dependent X-ray scattering profiles of G-DNA with a flexible
spacer of 30T bases (G-30T-DNA) are shown in figure 4.14. At the first look, there
are not many differences present in these scattering profiles comparing to those of
G-20T-DNA. At the highest concentrations, presented in the two top panels, G-30T-
DNA forms Sm-B phase, which is witnessed by a set of equidistant smectic peaks
and a sharp gpna peak. Decreasing the concentration from 280.16 to 271.55 mg ml™?,
the gpna peak broadens out but the smectic peaks remain, so we identify this phase
as Sm-fA phase. Probing the birefringent part of the biphasic sample at the concen-
tration of 229.98 mg ml™! reveals the I/ Sm-fA phase coexistence in contrast to G-20T-
DNA duplexes. Interestingly, the birefringent part of the biphasic G-30T-DNA sam-
ple between crossed polarizers shown in figure 4.15 reveals the formation of smectic
monodomain. The smectic monodomain develops after few weeks of sample stor-
age and its size stretches over the whole glass capillary diameter. Upon rotation of
the capillary, the birefringent pattern almost completely disappears. Eventually, at
209.89 mg ml? the fully I phase is reached. The I/Sm-fA coexistence found in G-
30T-DNA duplexes confirms that the overestimation of the spacer flexibility in the
model G-20T-DNA duplexes is the reason for the absence of the N* in the simulated
phase sequence in figure 4.11.

The key differences between LC phases of F-DNA, G-20T-DNA, and G-30T-DNA
in two-phase coexistence region are summarized in figure 4.16 in terms of SAXS
profiles and POM images. The POM images show tactoids, liquid crystalline mi-
crodroplets which are spontaneously nucleated in the isotropic phase. For G-30T-
DNA duplexes, the micropgraph displays a LC domain with a fan-shaped texture
typical for a Sm phase. Similar texture was observed already in G-20T-DNA du-
plexes (figure 4.9, the top micropgraph on the right-hand side). Completely differ-
ent are tactoid textures for G-20T-DNA and F-DNA duplexes. Spherical cholesteric
droplets are formed, as evident from their bright striped appearance. However, the
differences in the shape of fingerprint textures suggest that the director configu-
ration differs for the two cases. For G-20T-DNA, the texture indicates cholesteric
structure under homeotropic boundary conditions (looking perpendicularly to the
cholesteric axis). In case of F-DNA, a concentric cholesteric layer structure is formed.
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FIGURE 4.14: X-ray scattering profiles of G-30T-DNA duplexes at
concentrations (from top to the bottom) ¢ = 291.11, 280.16, 271.55,
229.98 (two-phase coexistence sample), and 209.89 mg ml'. On the
right-hand side is sample observed under crossed polarizers. The red
arrow indicates part of the sample probed by the x-ray beam.
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FIGURE 4.15: The spontaneous formation of smectic monodomains

in birefringent part of the biphasic G-30T-DNA sample at concentra-

tion of c= 229.98 mg ml!. In a) a uniform birefrigent pattern is visi-

ble, while in b) upon the rotation of the capillary one observes almost

complete disappearance of birefringence. The bright line is the con-
necting point of two monodomains.
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FIGURE 4.16: X-ray scattering profiles of F-DNA (c= 210 mg ml?),

G-20T-DNA (c= 219.5 mg ml'), and G-30T-DNA (c= 229.98 mg ml?).

For all three scattering profiles, the measurement were taken on bire-

fringent part of the biphasic (I/LC) sample. On the right hand side
are the corresponding POM images of typical LC tactoids.
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It is clear that the system architecture significantly affects the tactoid structure and
maybe even the nucleation pathways themselves. However, studying these effects
into detail is out of the scope of this thesis.

4.4 Phase diagram of gapped DNA duplexes

Two different lengths of flexible spacers in G-DNA duplexes have been already ex-
plored. However, the flexible spacer length influence on phase behavior of G-DNA
and its role in the stability of Sm-fA phase is still not fully addressed. To this end,
a series of G-DNA duplexes with lengths of flexible spacers ranging from 4T up to
40T bases has been synthesized and their self-assembly behavior was studied using
SAXS.? The full phase diagram of G-DNA duplexes based on SAXS data comple-
mented by POM is shown in figure 4.17. Experimental points obtained by SAXS
are represented by crosses while regions in which certain phases appear are marked
with different colors. Fully paired analogue of G-20T-DNA duplex, F-DNA, is in-
cluded on the left-hand side of the phase diagram.
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FIGURE 4.17: Complete phase diagram of G-DNA duplexes, with
gaps ranging from 4T to 40T bases. Crosses mark experimental data,
and regions in which different phases occur are shown in different
colors. On the left hand side a phase sequence of a fully-paired ana-
logue of G-20T-DNA duplex, dsDNA with length of 116 bp is shown.

The phase diagram will be presented using the G-20T-DNA as a starting point.
Next, the phase behavior of G-DNA duplexes with longer flexible spacers will be

3Note that the upper limit of 40T bases is set by the length limitations of single DNA strands syn-
thesis.
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discussed, and finally phase behavior of those with shorter spacers. The G-20T-DNA
duplexes form an unconventional Sm-fA phase at sufficiently high concentrations, as
already shown earlier in this chapter. Decreasing the concentration, a very narrow
concentration range where N* phase appears is also observed, as well as I/N* phase
coexistence before the final phase transition to an orientationally disordered I phase.

The phase behavior of G-DNA duplexes with longer flexible spacers of 30T (G-
30T-DNA) and 40T (G-40T-DNA) bases shows a few notable differences comparing
to G-20T-DNA. Both G-30T-DNA and G-40T-DNA show the same phase sequence,
in particular exhibiting I/Sm-fA phase coexistence before they undergo a phase tran-
sition to Sm-fA. As the flexible spacer length increases, the two-phase coexistence
region broadens and the phase boundaries shift to higher concentrations, which is
in line with expectations for flexibility introduced to rod-like systems [17]. As ex-
pected, the increase of the flexible spacer length from 20T to 40T bases leads to the
increase of the smectic layering in the G-DNA duplexes. Figure 4.18 displays the
shift in primary peak g* position for different lengths of flexible spacers, which cor-
responds to the increase of layer spacing from ~ 35 nm to ~ 39 nm. The experimental
results obtained for G-30T-DNA and G-40T-DNA are in good agreement with MC
simulations presented earlier in section 4.2.1 where no N* phase was observed in
G-20T-DNA due to the overestimation of the spacer flexibility.

For flexible spacer lengths below 20 T bases, the phase sequences observed are
strikingly different compared to G-DNA duplexes with longer spacers. Decreasing
the spacer length down to 12 T bases, the broadening of N* at the expense of Sm-fA
phase appears. As a result, the transition from N* to Sm-fA occurs at higher concen-
trations. This could be understood in terms of flexibility. The shorter spacer makes
the folding harder to achieve. A clear manifestation of this reflects on the phase be-
havior of G-DNA duplexes with 11 T flexible spacer (G-11T-DNA). Finally, further
increase of the concentration for G-DNA duplexes with flexible spacers between 20 T
and 11 T bases causes an occurrence of the sharp gpna peak suggesting the transition
from Sm-fA to Sm-fB phase.

Concentration-dependent X-ray scattering profiles of G-11T-DNA are shown in
figure 4.19. The phase sequence presented here contains a new type of LC phase oc-
curring between N* and Sm-fA phase. At315.18 mg ml! scattering profile shows one
sharp intense gpna peak, but also a weaker principle peak at g* value of scattering
vector followed by equidistant higher order reflections. This SAXS profile suggests
the formation of Sm-fB phase. At lower total DNA concentration of 294.94 mg ml™,
the scattering profile looks fairly similar. The main difference is another slightly
broader peak superimposed on the gpna peak. This phase is identified as Sm-fA
phase. The sharp gpna completely disappears with lowering the concentration to
284.79 mg ml! without noticeable shift in the broad peak position. Interestingly,
smectic peaks are partially gone (this can be also seen in the 2D scattering pattern
in figure 4.20). The q* peak disappears, but one peak remains. The absence of the g*
peak could be a combined effect of the form factor and structure factor contributing
to the total scattering intensity of the anisotropic self-assembled particles. How-
ever, the overwhelming prevalence of the phase with such SAXS signature and the
absence of the Sm phase in G-DNA duplexes with 7 T flexible spacer (G-7T-DNA)
weakens this scenario.

If the remaining peak in G-11T-DNA scattering profile is considered as primary
reflection, it corresponds to the short-range smectic layering of ~ 16 nm, which is
close to the length of one folded G-11T-DNA duplex. This could be related to the
formation of the cybotactic nematic (N;), a structure originally proposed by de
Vries [28, 29, 30]. In this structure, clusters with short-range layer-like arrangement
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FIGURE 4.18: X-ray scattering profiles of G-20T-DNA, G-30T-DNA,

and G-40T-DNA at the highest total DNA concentrations measured.

All SAXS profiles reveal the formation of Sm-fB phase. However, the

position of g* slightly changes, which indicates that the smectic spac-
ing increases as the flexible spacer becomes longer.

of molecules are present related to pretransitional fluctuations of smectic order near
the nematic to smectic transition. Since this phase is present in relatively wide con-
centration range in G-11T-DNA between N* and Sm-fA phase and especially in G-
7T-DNA, the cybotactic clusters formed are probably not related to smectic order
fluctuations.

In bent-core mesogens such as banana-, boomerang-, and V-shaped molecules cy-
botactic clustering was observed. The molecular arrangement within the cybotactic
nanoclusters is assumed to be smectic C-like layered structure with intrinsic biaxial
orientational order [31, 32, 33]. The X-ray scattering signature of this phase is a four-
spot scattering pattern in the aligned nematic phase characterized by an azimuthal
splitting of the low angle diffuse signals into two pairs of symmetrically located dif-
fuse spots.

The SAXS pattern of the shear-aligned G-11T-DNA sample at concentration of
274.85 mg ml! exhibits exactly the same distinctive four-spot splitting of a diffuse
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FIGURE 4.19: X-ray scattering profiles of G-11T-DNA duplexes at

concentrations (from top to the bottom) ¢ = 315.18, 294.94, 284.79,

245.13, and 224.2 mg ml'!. On the right-hand side is sample observed

under crossed polarizers. The red arrow indicates part of the sample
probed by the x-ray beam.

gpna peak as shown in figure 4.21 a). This can be clearly seen in the azimuthal 6-
scan of the diffuse ring marked as a white donut area shown in figure 4.21 b) as
the red curve. The short flexible spacers in G-DNA duplexes allow their partially
folded configuration which could resemble the above mentioned bent-core meso-
gens. Therefore, the formation of the N;, which can be considered as strongly frag-
mented smectic C phase, seems reasonable.

The unconventional nematic N, phase is present also in a wide concentration
range in G-7T-DNA duplexes, which can be seen in concentration-dependent X-ray
scattering profiles in figure 4.22 a). No Sm phase is present in G-7T-DNA duplexes,
even at the highest total DNA concentration. Apart from the gpya peak, only one
peak is present at lower values of scattering vector g, similar to G-11T-DNA. From
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FIGURE 4.20: X-ray scattering pattern of G-11T-DNA duplexes at ¢ =
284.79 mg ml.
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FIGURE 4.21: a) X-ray scattering pattern of G-11T-DNA duplexes at c

= 274.85 mg ml™l. The white donut marks the azimuthal integration

area. b) Azimuthal integration of the outer ring and inner arcs from
the scattering pattern in a).
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the position of this peak, a correlation length is calculated as d= 27t /g and it is around
16 nm. As the total DNA concentration decreases, the position of this peak shifts
slightly to higher g values indicating a slight decrease of d. Finally, decreasing the
total DNA concentration down to 269.45 mg ml! G-7T-DNA duplexes undergo a
phase transition from the N, to N* phase. For G-DNA duplexes with even shorter
spacer of 4 T bases (G-4T-DNA) the same phase sequence as in case of F-DNA du-
plexes is found, with no Neys: 1, I/N*, N¥, Col. This can be seen in figure 4.23.
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FIGURE 4.22: X-ray scattering profiles of G-7T-DNA duplexes at to-
tal DNA concentrations (from top to the bottom) ¢ = 300.12, 290.40,
280.24, 269.45, and 259.76 mg ml™.
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FIGURE 4.23: X-ray scattering profile of G-4T-DNA duplexes at to-

tal DNA concentrations (from top to the bottom) c = 281.35, 270.96,

260.82, 250.07, and 209.79 mg ml!. On the right-hand side is sample

observed under crossed polarizers. The red arrow indicates part of
the sample probed by the x-ray beam.
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4.5 Entropic origin of folding in gapped DNA duplexes

It has been shown how different lengths of flexible spacer influence the phase be-
havior of gapped DNA duplexes. MC simulations have revealed the crucial role
of end-to-end stacking interactions in the formation Sm-fA phase. In order to fur-
ther investigate the importance of blunt-end attractions experimentally, short flexi-
ble non-sticky overhangs at each blunt end of the G-DNA duplex were introduced.
Overhangs in DNA are unpaired nucleotides located at either 3" or 5" end of DNA
duplex. In case of G-DNA duplexes described in this chapter, six unpaired T bases
are expected to create a steric hindrance and prevent end-to-end adhesion of DNA
duplexes. This was already demonstrated in the self-assembly of ultra-short DNA
duplexes [9, 34] where polyT overhangs destabilize LC phases. Synthetically, this
can be done by modification of the long ssDNA sequence involved in the fabrication
of G-DNA duplexes (for more details see section 3.3.1). In this work, short polyT
overhangs were introduced to blunt-ends of G-20T-DNA duplexes. Schematic rep-
resentation of the resulting G-20T-polyT-DNA duplex is shown in the top part of the
figure 4.24.

At the beginning of this chapter, in section 4.2, it has been shown that with in-
creasing concentration G-20T-DNA forms a sequence of LC phases which includes
phase transitions from I phase, through I/N* phase coexistence to N*, to Sm-fA phase.
The phase behavior of G-20T-polyT-DNA duplexes is different compared to blunt-
ended G-20T-DNA. SAXS profiles for G-20T-polyT-DNA are shown in figure 4.24.
The sharp gpna peak together with smectic peaks g* and 24* at the highest concen-
tration measured indicate the formation of Sm-fB phase. Decreasing the total DNA
concentration down to 300.4 mg ml™? G-20T-polyT-DNA undergoes a phase tran-
sition to Sm-fA phase. This is witnessed by broadening of the gpna peak, while
equidistant smectic peaks remain. The upright orientation of G-20T-polyT-DNA du-
plexes within the layers is evidenced by 2D SAXS patterns shown in figure 4.25 a).
The outer arcs corresponding to the gpna peak are in a perpendicular orientation rel-
ative to the inner arcs corresponding to smectic peaks. At total DNA concentration of
270.26 mg ml™ two-phase coexistence region is reached. By probing the birefringent
part of the sample, as visible in the figure 4.24, the SAXS profile reveals the forma-
tion of Sm-fA phase. The corresponding 2D scattering pattern in figure 4.25 b) shows
a series of spot-like reflections close to the beam stop (indicated by white arrows), in
contrast to the one in 4.25 a). This suggests a significant degree of long-range order
in the direction perpendicular to the smectic layers. It is important to mention that
this scattering pattern occurs without application of external fields, i.e. no shear was
applied. Further evidence for the formation of I/Sm-fA phase coexistence can be seen
in the micrograph shown in figure 4.26 a). Asymmetric, spindle-like tactoids are ob-
served with no presence of fingerprint texture, typical for N* phase. Below the total
DNA concentration of 255.27 mg ml, the system is in orientationally disordered I
phase.

Calculating the smectic spacing length in the Sm-fA phase of G-20T-polyT-DNA
duplexes as d=27/q* gives us a value of around 18 nm, which is almost two times
smaller than the layer spacing of G-20T-DNA. The calculated value fits quite well
to the length of one folded G-20T-polyT-DNA duplex. The smaller spacing suggests
that G-20T-polyT-DNA duplexes in the Sm phase are arranged in a folded fashion as
illustrated in the figure 4.26 b). Due to the polyT overhangs no end-to-end stacking
is possible. Therefore, smectic layers are composed of single folded G-20T-polyT-
DNA duplexes, with no preferred orientation within the layers. Observing the Sm-fA
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FIGURE 4.24: a) X-ray scattering profiles of G-20T-polyT-DNA at to-

tal DNA concentrations (from top to the bottom) ¢ = 315.67, 300.4,

285.22, 270.26, and 255.27 mg ml!. On the right-hand side is sample

observed under crossed polarizers. The red arrow indicates part of
the sample probed by the x-ray beam.
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a) b)

FIGURE 4.25: X-ray scattering pattern of G-20T-polyT-DNA duplexes
ata) ¢ =285.22 mg ml'!, and b) ¢ = 270.26 mg ml™! .

d~18 nm

b) | '

—
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FIGURE 4.26: a) POM of the two-phase coexistence G-20T-polyT-
DNA sample. b) Schematic representation of the possible packing
scenario in the Sm-fA phase formed by G-20T-polyT-DNA duplexes.

phase in G-DNA duplexes with disturbed attractive end-to-end interactions demon-
strates that the folding process itself is purely entropic. Regardless of the presence
of attractive end-to-end stacking interactions, folding of G-DNA duplexes appears
in order to minimize the excluded volume of the system. This is in line with the
numerical estimation for the reduction of excluded volume upon folding of G-DNA
duplexes, reported in the section 4.2.1.
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4.6 Summary and conclusions

Incorporation of single-stranded region, in form of a flexible spacer, into dsDNA re-
sults in G-DNA duplexes which show very rich phase behavior. LC phase of special
interest is an unconventional Sm-fA phase formed in G-DNA duplexes with suf-
ficiently long flexible spacers. G-DNA duplexes in Sm-fA are packed in a folded
fashion, stacked on top of one another building smectic layers composed of two du-
plexes. The importance of end-to-end stacking interactions for the stabilization of
the Sm-fA was additionally supported by MC simulations. Despite the simplicity of
the employed model, MC simulations support the experimental findings and pro-
vide a deeper insight into physical mechanism of the Sm-fA formation. It was found
that only a fraction of G-DNA duplexes needs to be in a folded conformation to
build a layer-like structure. Moreover, the folding process itself has entropic origin
and leads to the reduction of the excluded volume of the system, as estimated nu-
merically. The entropic nature of folding was addressed and confirmed also experi-
mentally by studying G-20T-DNA duplexes with screened end-to-end interactions.

Thanks to the DNA used as a building block for these nanostructures, it is possible
to tune the length and position of flexible spacer, as well as of the stiff blocks, with
sub-nanometer precision. This significantly influences the self-assembly behavior of
G-DNA duplexes. The full phase diagram was presented providing an overview
over different LC phases formed by G-DNA with various lengths of flexible spac-
ers. Particularly interesting is the formation of I/Sm-fA phase coexistence for spacers
length larger than 20 T bases. Additionally, the formation of a new type of nematic
phase N, was observed, in which smectic-like cybotactic clusters are formed. Simi-
larly to conventional nematic, this phase possesses correlations only between neigh-
boring molecules, and it appears in G-DNA duplexes which don’t fold easily due to
the insufficient length of the flexible spacers.

It is worth to mention that the theoretical studies on purely steric model systems
have predicted that the flexibility in the system stabilizes the Sm at the expense of
N phase [35, 36, 37, 38, 39]. However, these systems introduce the flexibility in the
form of a flexible tail attached to the ends of a stiff rod. Contrary to this, in G-DNA
duplexes, flexibility is introduced within the stiff DNA rod. G-DNA duplexes can
be considered a new class of lyotropic LC materials which show the formation of
unconventional novel types of LC phases that are absent in other materials, such as
Sm-fA and Sm-fB phase.
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Chapter 5

Self-assembly of all-DNA patchy

rods

Despite significant progress in the field of DNA liquid crystals, the absence of smectic phase
in stiff, sufficiently long blunt-ended dsDNA still remains an open question. One of the
possible reasons why the layer-like mesophase has not yet been observed in DNA is end-to-
end stacking interactions. These weak attractive forces act between blunt ends of neighbor-
ing duplexes in a solution causing them to stack on top of one another. As a consequence,
polydisperse linear aggregates composed of DNA duplexes are formed which destabilize the
smectic and favor the columnar phase. In this chapter, the role of blunt-end attractions in
the formation of the smectic phase has been investigated. This was achieved by engineering
of end-to-end stacking interactions at a molecular level. Here, DNA duplexes have been con-
structed containing a hairpin loop structure at one or both ends. The self-assembly of such
modified DNA structures results in the formation of monolayer and bilayer smectic phase.
The possibility to tune the strength of blunt-end attractions by DNA sequence modification
will be addressed. The directionality of these attractions and achieved control over their exis-
tence and strength unveil the DNA as a true anisotropic patchy particle.

5.1 Introduction

In this chapter, the role of end-to-end stacking interactions in the formation of LC
phases is investigated. Base-stacking interactions are non-covalent attractive in-
teractions typical for DNA that were already described in detail in section 2.1.3.
Double-helical structure and stability of DNA duplexes are strongly influenced by
these attractions that arise between faces of neighboring nitrogenous bases within
the DNA [1]. However, base-stacking can occur also between terminal ends of two
blunt-ended DNA duplexes, in case of which we refer to them as end-to-end stack-
ing interactions.

Recently, the importance of end-to-end stacking interactions was highlighted by
various research directions. Base-stacking was shown to be an important factor in
DNA replication, having a great influence on polymerase activity [2]. In the area of
DNA nanotechnology, base-stacking was used as a principle to produce multimeric
objects by self-assembly of three-dimensional DNA structures, on the basis of shape
complementarity, without base pairing [3, 4]. End-to-end stacking interactions have
also been discussed as a hypothesis for the formation of LC phases in suspensions of
ultra-short DNA duplexes. Nakata et al. investigated the DNA duplexes of lengths
ranging from 6 to 20 base pairs. It was found that even such ultra-short dsDNA
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with aspect ratios L/D < 3.7 are able to undergo I to LC phase transition, at suffi-
ciently high concentrations [5]. This is not in line with predictions from simulations
on hard spherocylinders with similar L/D [6, 7]. However, end-to-end stacking inter-
actions between blunt ends of DNA duplexes induce the formation of longer linear
aggregates which are able to undergo I to LC phase transition. The importance of
these attractive interactions is additionally highlighted in chapter 4 of this thesis.
Due to blunt-end attractions, the folded type of Sm-A phase is stabilized in the sys-
tem with stick-chain-stick architecture.

The above-mentioned results imply that blunt ends can be viewed as monova-
lent discrete attractive sites on the DNA molecule. Therefore, we might consider
dsDNA a true anisotropic divalent patchy particle with attractive patches located at
its blunt ends. In this chapter will be shown that the valence of patchy DNA du-
plexes can be controlled by a screening of end-to-end stacking interactions at one or
both ends. This can be achieved as desired by slight modifications in the structure
of the DNA, which would allow to engineer the interactions and thereby control the
self-assembly process.

DNA fragment with length of 48 bp (L ~ 16 nm, assuming 0.34 nm per bp) shown
in figure 5.1 a) (F-DNA) was used as a reference system. This DNA duplex is stiff (L
<Ly, L, of dsDNA is close to 50 nm) and has L/D > 8 which is above the molecular
shape anisotropy criterion for the formation of N* and Sm phases (L/D > 3.7, see
tfigure 2.13). To screen the end-to-end interactions two different approaches were
employed. The first approach uses short 5 T overhangs at the blunt end (F-5T-DNA)
as shown in figure 5.1 b). PolyT overhangs were already shown to create a steric
hindrance and disturb the end-to-end adhesion of ultra-short DNA duplexes [5, 8],
as well as gapped DNA duplexes (section 4.5). The second approach uses hairpin
loop structure at one (1xH-DNA, figure 5.1 ¢)) or both ends (2xH-DNA, figure 5.1 d))
of DNA duplexes. Intermolecular base pairing can occur in single-stranded DNA
in which two complementary parts of the strand form a double-stranded structure
leaving an unpaired hairpin loop at the end. This kind of structure is known as
hairpin or hairpin loop, simply because it resembles commonly used tools for hair
styling. Details of the synthesis are described in section 3.3.3.

Native PAGE electrophoresis of the self-assembled structures is shown in figure
5.2. There are subtle differences in the gel migration pattern of F-DNA, 1xH-DNA,
2xH-DNA, and F-5T-DNA. The presence of hairpin loops and polyT overhangs at
the ends of DNA duplexes cause a slight delay in their migration in comparison to
F-DNA due to their flexibility. The existence of sharp single bands and the resolved
subtle differences in electrophoretic mobilities of structures presented in figure 5.1
confirm the successful synthesis.

5.2 Self-assembly of DNA duplexes with controlled end-to-

end stacking interactions

Concentration-dependent SAXS profiles for F-DNA are shown in figure 5.3. The
sharp intense gpna peak at the highest concentrations is related to strong positional
correlations between neighboring DNA duplexes and corresponds to the formation
of Col phase [9]. Decreasing the concentration, a broader peak arises, superimposed
on the gpna peak. This suggests a possible two-phase coexistence between Col and
another LC phase. At the concentration of 229.99 mg ml! only the broad peak re-
mains. POM image of this sample shown on the right hand side in figure 5.3 reveals
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FIGURE 5.1: Schematic representation of 48 bp long DNA with a)
blunt ends (F-DNA), b) 5T overhang on one end (F-5T-DNA), c) hair-
pin loop structure on one end (1xH-DNA), and d) hairpin loop struc-
ture on both ends (2xH-DNA). Different strands involved in the syn-
thesis of targeted structures are represented with different colors. The
sequences of the strands used for the synthesis are also shown.
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FIGURE 5.2: 10% native PAGE electrophoresis of different DNA struc-

tures. Lanes contain following samples (from left to right): M) 20 bp

DNA ladder, each band represents DNA fragment starting from 20

bp at the bottom to 200 bp at the top, 1) F-DNA, 2) 1xH-DNA, 3) 2xH-
DNA, and 4) F-5T-DNA.
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the fingerprint texture typical for N* phase. Further decrease in concentration leads
to two-phase I/N* coexistence at 184.45 mg mll. 2D scattering pattern of the bire-
fringent part of this sample is shown in figure 5.4 a) where a single broad ring can
be seen, corresponding to the broad peak at high g values. Finally, at 177 mg ml™?
F-DNA undergoes a phase transition to I phase.

As expected, with increasing concentration blunt-ended dsDNA exhibits phase
transitions typical for rod-like DNA: I to N* phase transition, through I/N* phase
coexistence region, as well as phase transition to Col phase at higher concentrations.
The phase sequence of dsDNA doesn’t include Sm phase, which is in line with pre-
viously investigated DNA duplexes [10, 11]. Note that the fully paired analogue of
G-DNA presented in the previous chapter is somewhat longer, 116 bp dsDNA, and
therefore slightly more flexible than 48bp long dsDNA'. Therefore, the results ob-
tained for 48 bp long F-DNA (L/L,= 0.3) indicate that the absence of Sm phase is not
due to the flexibility. Instead, the absence of Sm phase in dsSDNA could be attributed
to the formation of polydisperse aggregates as a result of attractive end-to-end stack-
ing interactions, similarly to ultra-short DNA duplexes [12, 5]. Therefore, disabling
the ability of dsSDNA to form such molecular aggregates via end-to-end stacking in-
teractions is expected to promote the formation of a Sm phase. To this end, phase
behavior of F-5T-DNA, 1xH-DNA and 2xH-DNA was investigated.

The SAXS profiles of F-5T-DNA are shown in figure 5.5. The phase transitions
observed in this system are the same as those in F-DNA, with a slight shift in the
concentrations of phase boundaries, while the Sm phase is still absent. These re-
sults demonstrate that 5T overhangs are not efficient in the screening of end-to-end
stacking interactions and stabilization of Sm phase. In contrast, DNA structures with
hairpin loop were found to be efficient in suppressing of end-to-end stacking.

SAXS measurements were performed on a series of 1XH-DNA samples and are
shown in figure 5.6. At the concentration of 310.55 mg ml! an intense principal
peak at the g* position, followed by another one at the position 2¢* can be seen. This
is clear evidence for the formation of a layer-like mesophase. Sharp intense gpna
peak indicates strong positional correlations between neighboring duplexes within
the smectic structure. The type of Sm phase was determined by the observation of
X-ray scattering pattern of shear-aligned 1xH-DNA shown in figure 5.7 a). The rel-
ative orientation of the inner and outer arcs together with the sharpness of the gpna
suggest the formation of Sm-B phase. The length of smectic layers for the smectic
phase formed at 310.55 mg ml™? is calculated as 27t/g*= 34 nm which is approxi-
mately equal to two lengths of 1xH-DNA duplexes. This smectic layering clearly
suggests that each layer consists of two molecules stacked on top of one another,
due to end-to-end stacking (see the schematic representation on the right-hand side
of the upper panel in figure 5.6). Since the duplexes are protected only at one blunt
end, no further stacking is possible and molecular aggregates consisting of exclu-
sively two molecules are formed. At slightly lower concentration of 300.21 mg ml!,
another broad peak superimposed on the sharp gpna peak can be observed. The
conjunction of these two peaks might appear due to the phase coexistence of Sm-B
and another LC phase.

Decreasing the concentration to 290.34 mg ml™ leads to disappearance of the
smectic peaks, while only broad gpn4 remains. The sample is still birefringent when
observed under crossed polarizers as can be seen from the inset in the third panel
of figure 5.6. The effect of the further decrease in the concentration down to I/LC

1 Both DNA duplexes are still considered as rods since their contour length is shorter than their
persistence length.
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FIGURE 5.3: X-ray scattering patterns of 48 bp long F-DNA at concen-

trations (from top to the bottom) c = 297.2, 275.35, 229.99, 184.45, and

177.01 mg ml"l. POM micrograph with typical fingerprint texture of
N* phase is shown on the right-hand side.

phase coexistence region (from 290.34 to 215.42 mg ml?) is broadening of gpn4 peak
and slight shift of its maximum to lower g values. The POM image of the two-
phase coexistence sample reveals the fingerprint texture which is typical for the N*
phase. Therefore, the N* phase persists in the concentration range between 290.34
and 224.71 mg ml?! aswell as in the birefringent part of the biphasic sample at 215.42
mg ml ™. Finally, below 215.42 mg ml’}, the system undergoes a transition to I phase.

Screening the attractive interactions on both blunt ends of dsDNA results in 2xH-
DNA duplexes. 2xH-DNA shows rather similar SAXS signature to already described
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FIGURE 5.4: 2D X-ray scattering pattern of F-DNA at concentration c
=184.45 mg ml'L.

1xH-DNA. Equidistant peaks at positions g%, 2¢* and 34" are evidence of Sm phase
formed at concentrations of 355.07 and 345.78 mg mll. As in case of 1xH-DNA,
the sharpness of the gpna peak and observation of 2D scattering pattern of shear-
aligned sample (figure 5.7) clearly suggest the formation of Sm-B phase. However,
equidistant smectic peaks at the highest concentration are shifted to higher g values
comparing to 1xH-DNA. The smectic layering calculated from the position of the
principal peak g* is approximately 17 nm. This value is exactly half of the value for
1xH-DNA and corresponds to one molecular length of 2xH-DNA. The packing sce-
nario for the Sm-B phase is schematically presented in the right-hand side of the top
panel in figure 5.8. The layers are built from single 2xH-DNA duplexes. The results
indicate that the hairpin loop located at both blunt ends of DNA duplex acts as a
switch which turns-off the attractive end-to-end stacking interactions, and therefore
no molecular aggregates can be formed.

Sm-B phase persists until the concentration is decreased to 335.03 mg ml!, when
another broader peak appears around the position of gpya sharp peak. This indi-
cates a phase coexistence region of Sm-B and N* phase. The identification of the N*
was verified by SAXS profiles at concentrations of 325.38 and 309.57 mg ml™ and
fingerprint texture in the POM image of the sample at 309.57 mg ml'. Ateven lower
concentrations, I/N* phase coexistence occurs, and finally below 262.21 mg ml?! the
sample is in a disordered I phase.

The reported results on the self-assembly of F-DNA, 1xH-DNA, and 2xH-DNA
duplex are summarized in a phase diagram shown in figure 5.9. F-5T-DNA was
found to be inefficient in the screening of end-to-end interactions and therefore, it is
omitted from this phase diagram. In general, disruption of end-to-end stacking in-
teractions shifts all phase boundaries to higher DNA concentrations. This difference
arises from disparities in the valence of attractive sites on DNA duplexes. Usually,
the width of a phase coexistence region provides information about the polydisper-
sity in the system. More polydisperse systems exhibit wider I/N* phase coexistence
regions [13]. Although the DNA systems presented in this thesis are monodisperse
in length, there is still a certain degree of polydispersity due to blunt end attrac-
tions. F-DNA has both blunt ends accessible for end-to-end stacking, and therefore,
long linear polydisperse aggregates are formed. In the case of 1xH-DNA duplexes
end-to-end stacking is possible only on one side of the duplexes, which limits the
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FIGURE 5.5: X-ray scattering profiles of F-5T-DNA at concentrations
(from top to the bottom) ¢ = 371.01, 339.42, 309.55, 250.49, and 220.3
mg mll.
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FIGURE 5.6: X-ray scattering profiles of 1xH-DNA at concentrations

(from top to the bottom) c = 310.55, 300.21, 290.34, 224.71, and 215.42

mg mll. Schematic representation of Sm-B is shown on the right-

hand side of the top panel. Different colors mark distinct layers build-

ing the Sm-B phase. On the right-hand side of the bottom panel POM

image of the biphasic sample with characteristic fingerprint texture is
shown.
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FIGURE 5.7: 2D X-ray scattering pattern of a) IxH-DNA at concentra-
tion ¢ = 310.55 mg ml™' and b) 2xH-DNA at concentration ¢ = 355.1
mg mll.

formation of aggregates to dimers only. No end-to-end stacking interactions are
possible in case of 2xH-DNA. This polydispersity effect can be clearly seen in the
phase diagram by observing the width of the I/N* phase coexistence region marked
with green. Finally, the width of the N* phase region appears narrower in case of
2xH-DNA duplexes, comparing to 1xH-DNA. This suggests that the Sm phase can
be stabilized more easily in 2xH-DNA. As already described, the main differences
in the Sm phases formed by 1xH-DNA and 2xH-DNA duplexes lie in the molecular
arrangement within the layers. The smectic layers of 1XH-DNA consist of dimers.
Therefore, there is a certain degree of flexibility introduced at the contact point be-
tween two 1xH-DNA duplexes building a dimer. The locally introduced flexibility
can act destabilizing on the Sm phase. The role of flexibility in the destabilization
of Sm, as well as its effect on widening of the I/N phase coexistence, was already
addressed in experimental [14] and theoretical studies [15, 16, 17, 18].

5.3 Role of end-to-end stacking strength in the self-assembly
of 1xH-DNA

Base stacking is a complex type of interaction and depends on many factors. Th
geometry of the nitrogenous bases, electric forces arising between charges within
them, and hydrophobicity of the planar aromatic bases make these interactions also
sequence-dependent. It has been shown by existing experimental studies that stack-
ing of G-C and C-G pairs is stronger than stacking between A-T T-A pairs [19, 20].
Therefore, it might be interesting to investigate whether modifying the sequence at
the blunt end of the 1xH-DNA duplex can influence its self-assembly behavior. 1xH-
DNA presented earlier in this chapter is terminated with A-T bp. Thus, 1xH-DNA
duplex having G-C bp at the blunt end was additionally synthesized. This system
will be referred to as 1x-DNA-GC.

Concentration-dependent phase diagram based on SAXS results, POM images
and visual observation of samples under crossed polarizers is shown in figure 5.10
for 1xH-DNA and 1xH-DNA-GC. In both systems, the same sequence of phases is
found with increasing concentration: I, textitl/N*, N* and Sm-B phase in which lay-
ers are composed of dimers. It can be seen that the 1xH-DNA-GC forms Sm-B phase
at the slightly lower concentration than 1xH-DNA. Another interesting difference
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FIGURE 5.8: X-ray scattering profiles of 2xH-DNA at concentrations
(from top to the bottom) ¢ = 355.07, 345.78, 335.03, 325.38, and 309.57
mg mll. Schematic representation of Sm-B is shown on the right-
hand side of the top panel. Different colors mark distinct layers build-
ing the Sm-B phase. Schematic representation of N* is shown on the
right-hand side of the panel with SAXS profile corresponding to con-
centration of 325.38 mg ml!. The chiral nature of the N* is not shown
for simplicity. On the right-hand side of the bottom panel POM im-
age of the biphasic sample with characteristic fingerprint texture is
shown
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is the noticeable shrinkage of the I/N* phase coexistence region in 1xH-GC-DNA.
Both effects can be understood in terms of flexibility. The stronger stacking attrac-
tions between faces of terminal bases allow less flexibility at the contact point of two
rods. Nevertheless, the effects observed are rather small so it could be interesting
to explore further modifications, such as artificially synthesized nitrogenous bases
that don’t occur naturally in DNA. This could lead to stronger or weaker attrac-
tions between blunt ends of adjacent duplexes, depending on the structure of used
nitrogenous bases. The difference in stacking energies of natural and artificial aro-
matic compounds was already demonstrated for short DNA duplexes having G-C
pair at the blunt end [21, 2]. However, in order to achieve the fine-tuning of end-to-
end stacking interactions with this approach further studies are necessary.

5.4 Summary and conclusions

For decades now, the importance of base-stacking interactions was in the shadow
of hydrogen bonding, which is crucial for molecular recognition and specificity of
Watson-Crick base pairing in DNA. Base-stacking, however, although not ensuring
specificity, plays an important role in stabilization of DNA structure and in its self-
assembly processes.

In this chapter, it was shown that control over end-to-end stacking interactions be-
tween blunt ends of DNA duplexes can significantly alter their self-assembly behav-
ior. The control was achieved by modifying the blunt ends of DNA duplexes with
polyT overhangs and hairpin loop structure. Unlike polyT overhangs, the hairpin
loop was found to be an efficient way to disrupt end-to-end stacking interactions. Se-
lective screening of attractions at one or both blunt ends of DNA duplexes stabilizes
the formation of bilayer and monolayer Sm-B phase, respectively. These findings
offer an answer to a longstanding mystery related to the absence of Sm phase in ds-
DNA. Additionally, the results presented highlight the anisotropic patchy character
of stiff DNA duplexes. The interaction strength control between attractive patches
of 1xH-DNA was limited due to difficulties related to DNA synthesis. However,
due to the simplicity of interaction potential alterations, MC simulations could al-
low a systematic investigation of the role of end-to-end stacking strength in the self-
assembly of 1xH-DNA. This can be achieved by employing similar coarse-grained
model [22, 5] as in case of ultra-short DNA duplexes. The presented work could
open a pathway to a re-examination of the phase diagram for short DNA duplexes
with L < L.
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Chapter 6

Stimuli-responsive hierarchical
self-assemblies of DN A-polymer
hybrids

In this chapter, a hybrid DNA self-assembly concept will be presented inspired by the hi-
erarchical self-assembly concept with block copolymers and lyotropic liquid crystals. Ex-
ploiting the unique DNA'’s physicochemical properties, a novel family of DNA-polymer hy-
brids is constructed, consisting of a charged rod-like DNA block and a neutral temperature-
responsive flexible polymeric block that are covalently connected. Due to the combination of
distinct blocks in the system, it is possible to reversibly switch between a disordered ensem-
ble and different multidimensional nanostructures of increasing complexity by changing the
temperature. SAXS measurements have been carried out in concentrated aqueous solutions
of DNA-polymer hybrids and revealed phases with rich morphological diversity, ranging
from lamellar to cubic network structures.

6.1 Introduction

Block copolymers are known to exhibit a long-range order in one, two, and three di-
mensions through the microphase separation [2] of covalently connected blocks with
chemical dissimilarity. This is a well-established bottom-up self-assembly method
for the formation of complex structures with long-range order at length scales of
several tens to hundreds of nanometers. Another self-assembly method, widely
used in the field of DNA nanotechnology and based on Watson-Crick base pairing,
leads not only to the formation of complex structures but also offers programma-
bility [37, 38, 34]. However, fabrication of complex all-DNA structures requires a
large number of DNA strands with a unique sequence. This can be an issue for
the establishment of long-range order in final products. Therefore, taking the best
of both worlds seems like an optimal way to approach the programmable fabrica-
tion of complex structures while minimizing the structural errors of the products.
The application of such combined approach results in a new type of DNA-polymer
nanostructures which will be presented in this chapter.

Fabrication of DNA-polymer hybrids unites the two distinct self-assembly path-
ways in order to yield DNA-based soft materials which can overcome the above
mentioned limitations. Up to now, this kind of approach was limited to the con-
struction of micelles [25, 6, 18], vesicles [42], nanotubes [4], and ordered nanofibers
[3] from DNA-polymer or three-dimensional DNA nanostructures-polymer hybrids
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FIGURE 6.1: Chemical structure of N-isopropylacrylamide (PNI-
PAm).

[23, 31]. However, no multidimensional arrangement of DNA blocks was achieved
so far.

In this chapter, fabrication of DNA-polymer particles based on a combination
of DNA sequence-specific binding properties (Watson-Crick base pairing) [45] and
copper-free click chemistry [1] will be demonstrated. In general, the DNA-polymer
hybrids consist of a charged stiff DNA fragment (D-block) and a neutral temperature-
responsive polymeric segment (P-block) which are covalently connected. The P-
blocks attached to rod-like DNA act as soft patches for which shape and position
fluctuations are possible. The DNA-polymer hybrids fabricated in this way are
anisotropic in shape and exhibit directionality in interactions with the environment.
Such anisotropy in interactions is typical for patchy particles.

Temperature-responsive polymer N-isopropylacrylamide (PNIPAm) is the P-block
in DNA-polymer hybrids. PNIPAm is amphiphilic polymer whose chemical struc-
ture is shown in figure 6.1. It possesses hydrophilic acrylamide functional group and
carbon-rich hydrophobic isopropyl group. The interesting property of this polymer
is its lower critical solution temperature (LCST) behavior in water at approximately
32 °C, depending on degree of polymerization, polydispersity, branching, polymer
composition, and architecture. Below this temperature, PNIPAm is very well sol-
uble in water, while above LCST it undergoes a reversible collapse transition. In
DNA-polymer hybrids, temperature-responsive behavior of PNIPAm allows us to
subtly tune the amphiphilicity of the system by changing the temperature. This re-
sults with novel reversible DNA self-assembly pathways, as will be demonstrated
in this chapter.

Double-stranded DNA can be covalently connected with PNIPAm by employing
the concept of click chemistry, according to the protocol described in section 3.3.3.
Three different architectures of DNA-polymer hybrids will be presented and dis-
cussed in this chapter. It will be shown that the synthetic approach used can be
generally applied to any kind of all-DNA architecture desired. First, linear-shaped
DNA-polymer (L-DNA) hybrids will be presented, consisting simply of rod-like
DNA and PNIPAm attached at the ends of the duplex, as shown in figure 6.2 a).
By positioning polymeric patches away from the ends of the duplex, only few bases
towards the inside of the DNA, we obtain a DNA-polymeric hybrid that resembles
Greek letter I1, Pi-shaped DNA-polymer (II-DNA) hybrids (figure 6.2 b)). Finally,
three-armed DNA (Y-DNA) functionalized with three polymeric patches will also
be presented (figure 6.2 ¢)). The junction structure of Y-DNA allows a certain de-
gree of flexibility in the junction point, while each arm is 13 base pairs (bp) long stiff
double-stranded DNA [20, 43].

The success of such synthetic approach applied to different architectures of DNA
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FIGURE 6.2: Schematic representation of DNA-polymer hybrids with

different geometries: a) linear-shaped with PINIPAm on both ends, b)

Pi-shaped with PNIPAm on both ends, and c) Y-shaped with PNIPAm
on all three ends.

structures was evaluated using gel electrophoresis. The basic principles of gel elec-
trophoresis are described in the section 3.1.4. Figure 6.3 shows the images of agarose
gel electrophoresis for L-DNA hybrids (6.3 a)) and II-DNA hybrids (6.3 b)), respec-
tively. Based on the migration patterns, this method can successfully identify un-
modified (lane 1), one-end modified (lane 2) and two-ends modified DNA duplex
(lane 3). DNA duplexes that carry polymeric patches have higher mass/charge ratio
and migrate through the gel matrix more slowly in comparison to unmodified DNA
duplex. For the same reason, two-ends modified DNA is delayed in comparison
with only one-end modified duplex. Apart from one-end modified DNA duplex,
lane 2 in both images contains a small amount of unreacted unmodified DNA. This
demonstrates how we can conclusively differentiate between DNA duplex alone and
different degrees of modification, as well as identify an incomplete modification of
the sample in which unreacted DNA is present.

Similarly, electrophoresis images for the Y-DNA hybrids are displayed in figure
6.4 for two different molecular weights of the P-block. Since Y-shaped constructs
have three sites accessible to polymer, four lanes showing different degree of modi-
fication can be seen starting from Y-shaped DNA alone (lane 1), through one-arm
modified (lane 2) and two-arms modified DNA (lane 3), to three-arms modified
DNA (lane 4). All bands corresponding to Y-shaped constructs are clearly separated,
and can be distinguished from one another.
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FIGURE 6.3: a) Agarose gel 3% electrophoresis of the linear-shaped
DNA-polymer hybrids assembly. Lanes contain following samples:
M) 50 bp double-stranded DNA ladder; 1) 48 bp DNA duplex with
no polymer attached; 2) 48 bp DNA duplex with PNIPAm covalently
attached on one side; 3) 48 bp DNA duplex with PNIPAm covalently
attached on both sides of the duplex. b) Agarose gel 3% electrophore-
sis of the Pi-shaped DNA-polymer hybrids assembly. Lanes contain
following samples: M) 50 bp double-stranded DNA ladder; 1) 48 bp
DNA duplex with no polymer attached; 2) 48 bp DNA duplex with
PNIPAm covalently attached on one side; 3) 48 bp DNA duplex with
PNIPAm covalently attached on both sides of the duplex. Molecular
weight of PNIPAm is 19 kDa.
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FIGURE 6.4: PAGE 15% of the star-shaped DNA-polymer hybrids as-

sembly. Lanes contain following samples: M) 50 bp double-stranded

DNA ladder; 1) unmodified Y-DNA; 2) Y-DNA with PNIPAm cova-

lently attached to one arm; 3) Y-DNA with PNIPAm covalently at-

tached to two arms, 4) Y-DNA with PNIPAm covalently attached to

three arms of the structure. Molecular weight of PNIPAm is a) 1.7
kDa and b) 19 kDa.
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DNA-polymer hybrids presented in this chapter share many similarities with the
conventional block copolymers. Therefore, their self-assembly processes are ex-
pected to be driven by the same physical principles. In both systems, there is a
compromise between the enthalpic and entropic contribution to the system’s free
energy. More specific, the compromise is between minimizing the unfavorable con-
tacts of the incompatible blocks and maximizing the configurational entropy of the
system. However, the distinctive combination of D-block and P-block introduces
additional contributions to the system’s free energy. First of all, at sufficiently high
concentrations the D-blocks undergo entropy-driven transition from isotropic (I) to
liquid crystalline phase [33, 40, 26]. Second, charge disparities are present between
negatively charged D-block, and neutral P-block. Therefore, additional contribution
related to the entropy of counterions comes into play [39, 47]. Finally, the differ-
ences in the chemical nature of the blocks and temperature-responsive nature of the
P-block result in the temperature-dependent amphiphilic character of the system.
This means that simply by changing the temperature in the system, we can tune the
degree of incompatibility between distinct blocks and therefore, tune the enthalpic
contribution to the free energy of the system.

6.2 Self-assembly of polymer-functionalized DNA nanorods

The contour length of the D-block used to make L-DNA is 16.5 nm (48 bp with 0.34
nm per bp). Concentration-dependent phase behavior of the D-block with no mod-
ification at 4 °C was investigated by SAXS and is shown in figure 6.5 a). The sys-
tem displays the sequence of liquid crystal (LC) phases already observed in slightly
polydisperse dsDNA of lengths below its persistence length! [28]. Sharp Bragg re-
flection (gpna peak) at DNA concentration way above the transition from I to LC
phase (278 mg ml!) indicates strong positional correlations between neighboring
helices and reveals the formation of columnar (Col) phase at DNA concentration of
278.0 mg ml™ [9]. Assuming the local hexagonal packing, the position of the peak
at g= 2.3 nm™! corresponds to an interaxial helical distance d= 471/+/3g= 3.64 nm.
The sharp peak shifts to lower g values and broadens out upon lowering the con-
centration down to DNA concentration of 238.0 mg ml™. Observation of the sample
under crossed polarizers shows the birefringence which indicates the phase transi-
tion from I to a LC phase. This LC phase is chiral nematic (N¥), as already shown
in the chapter 5. The I/N* two-phase coexistence region persists in the concentration
range between approx. 180 and 190 mg ml}, as can be seen from the visual obser-
vation of samples between crossed polarizers (figure 6.5 b)). The phase coexistence
region is rather narrow due to monodispersity of the D-block. Finally, the sample
becomes fully dark between crossed polarizers at 171.0 mg ml!, which means that
the system undergoes a transition to I phase.

Attaching PNIPAm on both sides of the D-block results in very different phase
behavior. Already at concentrations way below critical concentration (cc~ 195 mg
ml!) at which unmodified DNA forms LC phases, L-DNA hybrids observed be-
tween crossed polarizers show birefringent pattern, i.e. the formation of LC phases.
Figure 6.6 a) shows the scattering profiles of L-DNA at 4 °C and DNA concentration
of 163.0 mg ml'. The SAXS profile of D-block represented by the blue dashed line
shows only a broad gpny4 peak. The sample is in I phase, below the I/N* transition, as
can be seen from the absence of birefringence shown in the figure 6.5 b). However,

IThe persistence length of dsDNA is around 50 nm.
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FIGURE 6.5: a) SAXS profiles for different concentrations of dsDNA

at 4 °C, and b) dsDNA at different concentrations observed between

crossed polarizers, from left to right: c=171.0, 183.5, 190.0, and 206.0

mg ml!. The red bars indicate the height of the isotropic region in the
sample.

L-DNA shows a sharp principle peak g* followed by few more weaker peaks at po-
sitions of wave vector ¢ in ratios q/q*= 2, 3, and 4 suggest the formation of lamellar
phase. The primary peak position gives us an information about the lamellar spac-
ing d = 27t/q*= 28 nm. The sharp gpna peak that clearly shifts to higher g values
in comparison to unmodified DNA duplex at similar concentration indicates strong
positional correlations between neighboring D-blocks within the lamellar phase.

More details about the molecular arrangement within the lamellar phase can be
obtained by investigating a shear-aligned sample’. The 2D scattering pattern of
shear-aligned sample is shown in figure 6.6 b). The broad outer arc in the scattering
pattern corresponds to the gpya peak. It is connected with positional correlations
between helices (D-blocks). The inner arcs originate from correlations in length be-
tween D-blocks and are related to the lamellar morphology. The outer and the inner
arcs are in perpendicular position relative to each other. This clearly tells us that the
system forms lamellar phase with D-blocks oriented with their long axes parallel to
the layer normal, i.e. Sm-A LC phase. The sharpness of the gpy4 peak suggests a sig-
nificant degree of order within the lamellar layers. The schematic representation of a
packing scenario for this lamellar phase is shown in figure 6.6 ¢). The DNA-polymer
hybrids are in an upright position and are packed in a hexagonal manner within the
layers. This kind of phase is commonly referred to as Sm-B phase.

1D-SAXS profiles were analyzed in collaboration with Giuseppe Portale (Univer-
sity of Groningen). The peaks at lower values of scattering vector g and gpna peak
were fitted at once. The total X-ray intensity scattered by a phase separated DNA-
PNIPAm system as a function of the modulus of the scattering vector g= (47/A)sin6
is:

I(@)tor = I(9)D—P + 1(9)DNA (6.1)

2Shear was applied by centrifugation of the sample along the walls of the capillaries.
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FIGURE 6.6: a) SAXS profile of L-DNA at concentration c= 163.0 mg

ml? (black solid line, molecular weight of PNIPAm is 19 kDa) and

SAXS profle of D-block with no modification at concetration c= 171.0

mg ml! (blue dashed line), b) scattering pattern of shear-aligned sam-

ple showing the relative positions of the arcs, and c) schematic repre-

sentation of Sm-B phase formed. The D-blocks are represented with
green sticks, and the P-blocks with red spheres.

where I(q)p-p is SAXS intensity arising from the DNA-polymers hybrids domain or-

ganization and I(q)pna is SAXS intensity arising from the packing of DNA helices

inside of the D-block domains, corresponding to the gpya peak in 1D-SAXS profiles.
For an isotropic two-phase system, I(g)p.p is given by [12]:

1(9)p-p = Clop — pr)*((F(9))25(q) + (F(9)*) — (F(1))?) (6.2)

where pp and pp are the electron density values for D-block and P-block, respec-
tively, F(g) is the scattering amplitude of the D-block domains, P(q)=(F(q))? is form
factor, and S(g) is structure factor describing the lattice formed by the domain as-
sembly. Pre-factor C depends on the volume and numerical density of the domains,
and is taken as an arbitrary constant.

For I(g) the following expression was used [10]:

B 1 r Jo(qrD) ’
o= (o) ()

where the average distance between D-blocks is 27t/qpna, the D-block correlation
length describes the length scale over which the D-blocks have conserved orientation
and positional order, given by A; = 1/T’, and rp is the radius of the DNA helix. Pre-
factor B is proportional to the electron density contrast within the domains and the
number of D-blocks in the domain.

The experimental data suggests that the DNA domains are not exactly perfectly
ordered, but instead, regions with more and less efficient packing exist. Two differ-
ent intensity contributions overlap in the position of the gpnya peak, a broader one
and a sharper one. Therefore, two different equations have been used, accounting
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for each case, I(q)pna for the broader peak (full green line in figure 6.7), and I5(q)pna
for the sharper one (dashed green line in figure 6.7). A; was extracted from the fit of
the sharp reflection.

For the lamellar structure, P(q) is the form factor of a large disc-shaped objects
[22]:

p(g) = K <1—»h(2qR)> [g”(qL/z)]z 6.4)

7 qRp qL/2

where R is radius of the disc-like object, and L is its thickness.
The structure factor S(g) is taken from the paracrystalline theory for a stacked
lamellar system [11, 24, 48]:

S(q) = N—|—21\il(N — m)cos(mqd) exp <_mzq;(rl%c> (6.5)

m=1

where N is the number of coherently stacked discs 4 is the distance between two ad-
jacent discs, and opc is a measure of the stacking disorder, which accounts for small
variations in the discs separation. The size of the coherently stacked disc domains
can be therefore evaluated as Nd. Alternatively, the average coherent domain size,
Dy4m, in the direction perpendicular to the layers formed by D-blocks is related to 6,
which is the width of the diffraction peak, as 27t/J. The Dy,, was found to be close
to 1.2 um, which suggests the formation of the lamella with significant long-range
order. The fitting parameters used are thickness of the lamellar layers dj,,= 28 nm,
thickness of the D-block layer dp_ o= 16.5 nm, and thickness of the P-block layer
dp_piock= 11.5 nm. The extracted value for A; gives us the information that the well-
ordered domains with conserved positional and orientational order exist over 314
nm. This means that around 100 helices coherently pack within the lamellar layers.
Due to the LCST behavior of the polymeric block in L-DNA hybrids, their phase
behavior is temperature dependent. Scattering profiles of L-DNA hybrids with PNI-
PAm on both sides at concentration of 119.3 mg ml! (way below the concentration
at which D-block forms LC phases) are shown in figure 6.8. At lower temperatures,
similarly to the L-DNA hybrids at higher DNA concentration shown in figure 6.6 a),
we can see three lamellar peaks, at the positions g/7%=1, 2, and 3. However, the qpna
is considerably broader which indicates a liquid-like positional order of D-blocks
within the lamellar layers. By gradually increasing the temperature of the system
in the range from 4 to 23°C one can see a minor shift in the position of the lamel-
lar peaks, towards higher g values. The temperature dependence of the lamellar
spacing appears due to temperature-responsive nature of PNIPAm. On one hand,
as the temperature in the system increases, PNIPAm experiences a slight shrink-
age and therefore the lamellar spacing length decreases. On the other hand, the
distance between neighboring DNA helices (D-blocks) thereby increases, as can be
seen from the temperature dependence of the position of gpy4 peak that moves to-
wards lower g values. Upon heating above the temperature of 23°C a drastic change
in the scattering pattern can be observed. At 27°C a phase transition to an ordered
bicontinuous double gyroid (OBDG) phase, and at 30°C to ordered bicontinuous
double diamond (OBDD) phase is observed. Note that this temperature range is still
below LCST of PNIPAm. SAXS profiles at temperatures above 23°C are shown in
the three upper panels of figure 6.8, together with expected position of peaks for the
OBDG and OBDD phase with Ia3d and Pn3m space group symmetries, respectively
[14, 46, 7, 8]. A great agreement between expected and experimentally obtained



6.2. Self-assembly of polymer-functionalized DNA nanorods

93

N
N
"= L @pyy
——L(Dpa

10" B i =

| m AN ]
L5 20 25 30
q[nm- ]

FIGURE 6.7: 1D SAXS profile for L-DNA at concentration of c=163
mg ml'.The red curve I is obtained by fitting the experimental
data to a global model, taking into account the scattering intensi-
ties arising from ordering of the DNA-polymer hybrids into lamel-
lar structure I(q)p.p (blue line) and scattering intensities arising from
ordering of DNA inside of the domains I(q)pya (full green line rep-
resents I;(q)pna accounting for the broader contribution to the gpna
peak, while the dashed green line represents the sharper contribution
Is(9)pna)- Fitting parameters are following: d ;,,= 28 nm, dp_pj,cr= 16.5
nm, and dp_pjcx= 11.5 nm. The proposed packing of L-DNA molecules
into lamellar layers is shown in inset, where D-blocks are represented
with green color, and P-blocks with red.
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peaks is observed which serves as an evidence for the formation of both cubic net-
works. When observed under crossed polarizers, both phases show no birefringent
pattern, also in line with expectations for cubic phases. Finally, at 45°C, which is the
temperature above LCST of PNIPAm, characteristic peaks are broadened out and
flattened, which indicates a clear transition to a disordered state.

Order to order transitions, appearing in the temperature range between 4 and
30°C, are reversible and stable even if exposed to repetitive and prolonged cooling
and heating. All measurements were done on samples after no more than five min-
utes of equilibration times, which gives away the fact that the kinetics of these phase
transitions is rather fast. Therefore, we can say that observed morphologies are in
thermodynamical equilibrium and the transition temperatures are well-defined.

The SAXS profiles presented in figure 6.8 manifest the importance of using a poly-
mer with LCST (PNIPAm) to observe the multiple order to order transitions. Above
the LCST of PNIPAm the system gets disordered, indicating that utilizing a strictly
hydrophobic P-block would not yield such rich self-assembly pathways. Addition-
ally, the LCST of PNIPAm is much lower than the melting temperature of the D-
block. Therefore, it is possible to subtly tune the amphiphilicity of the DNA-polymer
hybrids without affecting the integrity of the D-block.

Increasing the concentration of L-DNA hybrids above c;c, their temperature de-
pendent phase behavior remarkably changes. To be precise, at 210.3 mg ml in-
creasing the temperature from 20 to 25°C the system undergoes a phase transition
from lamellar phase to hexagonally packed cylinders (HPC) with P6/mm symme-
try, as can be seen from the relative peaks positions shown in figure 6.9. At 20°C,
the position of primary peak g* is related to the lamellar spacing length for L-DNA
as dram27/q%, and is equal to 28.5 nm. At 25°C, the distance between the centers of
adjacent cylinders can be calculated as dpypc = 471/+/3q* which equals 33.5 nm.

Information about molecular organization within the lamellar phase and HPC can
be extracted from the 2D scattering pattern of a shear-aligned sample shown in fig-
ure 6.10 a) and 6.10 c), respectively. The relative orientation of the arcs related to
proposed structures and those corresponding to high g peak is perpendicular. This
suggests the transition from Sm-A phase (figure 6.10 b)) to HPC where D-blocks are
packed within cylinders.

More information about the packing of L-DNA within the cylinders in the HPC
morphology is obtained from the fitting of 1D SAXS profiles at 25°C (shown in figure
6.11. The analysis was performed, as described earlier in this section, according to
equations 6.1, 6.2, and 6.3. However, the form factor for the HPC morphology is the
one for cylindrical structures [13]:

_ [™22]1(gqRsina) sin(qLcosa/2) .
Pla) = /0 gR sin« gLcosa/2 sin ada (6.6)

with L being length of the cylinder, and R its radius.



6.2. Self-assembly of polymer-functionalized DNA nanorods 95

10 Disorder

OBDG

Intensity [a.u.]

q [nm‘l]

FIGURE 6.8: X-ray scattering profiles of L-DNA at DNA concentra-

tion of 119.3 mg ml™! in the temperature range between 8 and 45°C,

from bottom to the top. In the lower panel, the scattering profiles are

shifted along the intensity axis for clarity. On the right-hand side are
shown samples observed under crossed polarizers.

The structure factor for the HPC is:

S(q) = *eXP —q*0f i Ly
Ssexp— o) )
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FIGURE 6.9: SAXS profiles of L-DNA at DNA concentration of 210.33
mg ml ! (black curve: T= 20°C, blue curve: T= 25°C).

FIGURE 6.10: SAXS patterns of shear-aligned samples at a) T= 20°C,

and c) T= 25°C, and schematic representations of b) lamellar (Sm-

A) phase and d) hexagonally packed cylinders in which the cylinder

cross-section contains five L-DNA molecules at most. The D-blocks
are represented as green sticks, and P-blocks as red spheres.
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FIGURE 6.11: 1D SAXS profile for L-DNA at concentration of c=210.3
mg ml! and temperature T = 25°C.The red curve Iy is obtained by
fitting the experimental data to a global model, taking into account
the scattering intensities arising from ordering of the DNA-polymer
hybrids into HPC structure I(g)p.p (blue line) and scattering inten-
sities arising from ordering of DNA inside of the domains I(q)pna
(green line). Fitting parameters are following: dypc=33.5 nm, dcylz 20
nm, and dp_pjocr= 13.5 nm. The proposed packing of L-DNA molecules
into HPC is shown in inset, where D-blocks are represented with
green color, and P-blocks with red.

S is the surface of the hexagonal unit cell (S = a%v/3/2) with lattice constant a, ¢
is a constant, opy is the Debye-Waller factor originating from imperfect structural
order of the cylindrical domains, my is the peak multiplicity, ¢ is the peak width
of the normalized Lorentzian diffraction peaks L. The Bragg peak position for
the cylindrical hexagonal structure (with [ = 0) is gjy = 471vh% + hk +k2/(\/3a).
Finally, the coherent domain size is Dypc = 271/9.

In order to obtain as good fittings for the cylindrical structure as possible, poly-
dispersity in the cylindrical cross-section was taken into account by considering a
Gaussian distribution function for the cylindrical cross-section D(R):

F0,(R) = [ DR)F(g,R)R 69

The fitting parameters used are distance between centers of two adjacent cylinders
in the HPC structure dpypc= 33.5 nm, diameter of cylinders d.,;= 20 nm, and the
thickness of the P-blocks dp_yjok= 13.5 nm (see inset in the figure 6.11).

The extracted d,,; value is slightly larger than molecular length of one D-block
(~ 16.5 nm), which gives a hint about the packing of L-DNA molecules within the
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cylinders. Assuming circular cross-section of the cylinders, it is possible that D-
blocks induce a twist around a cylinder axis and thereby form chiral nematic cylin-
drical structure, as shown in figure 6.10 d). A twist of D-blocks within the cylinders
could reduce the grafting density of the P-blocks by increasing the distance between
neighboring polymeric patches. This way, excluded volume of the system could
be additionally reduced, which is related to an increase in conformational polymer
entropy. Such packing scenario seems plausible considering the chiral nature of ds-
DNA molecules that form N* phase in concentrated solutions [5]. Additionally, ex-
isting Brownian dynamics simulations on model polymer-tethered achiral nanorods
have already predicted the formation of such hexagonally ordered chiral cylinders
[16]. However, based on the all information available, we still can not exclude the
possibility that the cross-section of cylinders in HPC structure is not circular but
rather rectangular with D-blocks packed in a parallel fashion within a cylinder.

The experimental results were summarized in the form of a phase diagram shown
in figure 6.12. The phase diagram shows the temperature-dependent phase sequence
of the L-DNA at concentrations below and above the critical concentration ¢y at
which D-block alone forms LC phases. It is noticeable that changes in the concentra-
tion remarkably affect the phase behavior of the L-DNA. At concentrations ¢ < ¢y ¢
L-DNA exhibits phase transition from lamellar to cubic network morphologies with
increasing the temperature. These phase transitions are replaced by the lamellar to
HPC phase transition for ¢ > cyc.

Bl ranela
- Ordered bicontinuous double gyroid (OBDG)
B  Ordered bicontinuous double diamond (OBDD)
50 I  Hexagonally packed cylinders (HPC)
X 3
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FIGURE 6.12: Indicative phase diagram of L-DNA showing the

temperature-dependent phase sequence at DNA concentration below

and above the critical concentration for the formation of LC phases in
D-block alone (crc~ 195 mg ml™).
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6.2.1 Brownian dynamics simulations of L-DNA

In order to gain a deeper insight into packing and molecular arrangement of L-DNA
in the cubic networks, we employed Brownian dynamics (BD) simulation. BD sim-
ulations were performed in collaboration with Institute of Complex Systems (ICS-2)
in Forschungszentrum Jiilich.

In simulations, a coarse-grained approach is used to model L-DNA hybrid [19]. D-
block is modeled as a chain of N, beads held together by a harmonic bond potential

Ny —1

K
Uy =5 Yo (| rigr —ri | —1)? (6.9)
i=

where « is the spring constant and [ is the bond length. The particle rigidity in the
chain is controlled by the bending potential

Ny—1
Up=— Y (ris1—2ri+7i1)° (6.10)
i=2

where 3 is the bending stiffness. To account for non-bonded interactions, a shifted
and truncated Lennard-Jones potential is used

Uy, = 4e [(‘;)12 — (g)é + A] , T < 6.11)

0, r>re

where ¢ is the diameter of a bead, and € the interaction energy.

Excluded volume interactions between beads are described by r. = 26y € =
kgT,and A = 0.25.

The temperature responsiveness was modeled using attractive potential between
the end beads belonging to different DNA-polymer hybrids molecules using equa-
tion 6.11, with A = 2.57% — 2.5712. The end beads modeling polymeric patches are
chosen to be larger (1. = 2.50) then the ones modeling the DNA in order to account
for the difference in the range of interaction potential, as can be seen in the scheme
shown in inset of the figure 6.13 a). N, is set to 10, I = o, k = 2000kpT/ 12, and
kg = 500kgT/I%. The pair-interaction potentials between the beads are shown in
figure 6.13 a). The red line shows the attractive potential between two end-beads,
while the blue line represents all other pair-interactions that are purely repulsive and
described by hard-core interaction.

Typical simulation run starts with either OBDD or OBDG structure. The unit cell
size are values calculated from the primary peak positions of temperature-dependent
SAXS profiles in the figure 6.8. The extracted unit cell size for OBDD and OBDG are
39.5 nm and 65.8 nm, respectively. The number density of model L-DNA particles
per unit cell is chosen to be compatible with experimental concentrations. Equili-
brated structures were analyzed after the potential energy reaches a steady value in
time (figure 6.13 b)). According to simulations, if L-DNA hybrids are organized in
bundles, the networks are stable at certain concentrations and temperatures.

Initial configurations for BD simulations are two interpenetrating but not inter-
secting networks formed by mixture of threefold and twofold connectivity of each
node in OBDG and fourfold connectivity in OBDD. Nodes are joined together in a
series of straight bundles of D-blocks. OBDG structure contains bundles made of
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FIGURE 6.13: a) The pair-interaction between non-bonded beads in
the model of L-DNA hybrids. Red line represents the attractive po-
tential between red beads located at the ends, while blue line shows
all other repulsive interactions. The model of L-DNA hybrids used
in the simulations is schematically shown in inset: the hybrids are
modelled as a chain of beads in which blue beads represent the D-
block while red ones correspond to the P-block. b) Temporal evolu-
tion of the potential energy for the OBDG and OBDD structures with
€ / kBT=5.

seven D-blocks, while in OBDD there are four. P-blocks are located at the nodes in
both cases. Configurations of OBDG and OBDD structures are recorded after the
potential energy reaches a steady value and these configurations are presented in
figure 6.14. Comparing equilibrium configurations with initial ones indicates that
the initial connectivity remains after the equilibrium is achieved.

To assess the stability of the bicontinuous network phases, the temporal evolution
of the first eight peaks in the structure factor is examined, which is shown in figure
6.15. The first six peaks for OBDG structure remain visible in equilibrium (e/kpT =
5), while for OBDD only two first peaks remain. This result suggest that the OBDD
structure exhibits more fluctuations and is less stable in comparison with OBDG
structure.

Contrary to the simulations, SAXS heating scan experiments reveal that the OBDD
network phase is more stable in comparison to the OBDG. As evident from the fig-
ure 6.16, the OBDD is present in larger temperature range. Moreover, it appears at
higher temperatures as the attraction between polymeric patches are stronger. Due
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FIGURE 6.14: Snapshots of L-DNA in equilibrium of a) OBDG, and
b) OBDD phase, both formed by bundles of DNA-polymer hybrids.
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FIGURE 6.15: Simulated structure factors of an initial ordered bicon-

tinuous cubic network with a) OBDG, and b) OBDD morphology. c)

Simulated structure factor in equilibrium for OBDG and d) OBDD
morphology.

to the simplicity of the simulation model, it is not possible to achieve a quantitative
agreement with experiments. BD simulations served entirely as means to probe the
molecular arrangement within cubic networks, the formation of which was proven
by SAXS experiments.

The stability of structures at different temperatures is checked by modifying the
strength of end-attractions. The role of end-to-end attraction strength in L-DNA
is shown in figure 6.17. The attraction strength € = 6kgT results in well-defined
ordered cubic network of OBDG morphology. With lowering the attraction strength
the structure gradually disorders.
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FIGURE 6.16: SAXS heating scan experiment for L-DNA at concentra-
tion c= 130 mg ml!. The experiment is performed in the temperature
range between 4 and 48 °C. Different self-assembled morphologies
are indicated with different colors. The dashed lines are guide for the
temperature dependence of the first two peaks for each phase. The
solid line shows the temperature dependence of the gpya peak.

Alternative molecular arrangements within cubic network phases were consid-
ered. It was found that vertically aligned sheets of DNA-polymer hybrids shown
in figure 6.18 b) and c) are unstable at concentrations that are comparable to exper-
imental ones. Moreover, they quickly loosen all initial connectivities in the cubic
networks, as can be seen in figure 6.18 d) and e). Additionally, OBDG structure
with threefold connectivity in each node shown in figure 6.19 a) and c) (initial and
equilibrium configuration) was also found to be unstable. This is evident from the
simulated structure factors shown in figure 6.19 b) and c) comparing initial and equi-
librium morphology. The vertical lines mark the positions of the first eight peaks for
OBDG morphology. It can be seen that in the equilibrated configuration, fewer peaks
are present. This indicates a partial disordering of the structure.
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FIGURE 6.17: Snapshots of L-DNA in equilibrium for the OBDG

structure with 336 rods per unit cell. The snapshots are shown for

different attraction strengths e: a) 6.0 kgT, b) 4.0 kT, c) 3.0 kgT, and
d) 2.0 kgT.

FIGURE 6.18: a) The particle-based model of L-DNA. The beads are
shown in different colors to aid distinguishing the individual L-DNA
molecules in snapshots. b) Snapshot of the initial L-DNA molecular
configurations formed by vertically aligned sheets for an equilibra-
tion of an OBDG (811 rods per unit cell) and ¢) OBDD (1200 rods per
unit cell) structure. d) Snapshot of the L-DNA molecular configura-
tions in equilibrium for the OBDG and e) OBDD structure. The end-
attraction strength € was set to 3.5kgT for both cubic network phases.
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FIGURE 6.19: Brownian dynamics simulation snapshots and simu-
lated structure factors for L-DNA in OBDG structure. OBDG struc-
ture is constructed from 456 rods per unit cell and 3-fold connectivity
in each node. a) Simulation snapshot for the initial configuration, b)
simulated structure factors for the initial configuration, c) simulation
snapshot for the equilibrated configuration, and d) simulated struc-
ture factors for the equilibrated configuration. The vertical lines in
b) and d) mark the first eight peaks positions for OBDG morphology
with Im3m symmetry.
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6.3 Site-specific positioning of P-blocks on the DNA nanorod

Nowadays, automated chemical synthesis of DNA provides easy access to custom-
made oligonucleotides with desired sequence. The phosphoramidite synthetic pro-
cess allows to chemically modify each base of the synthetic DNA. This means that
functional groups can be positioned at specific sites on the DNA, with sub-nanometer
precision, at a single base level. Therefore, it is possible to site-specifically position
the P-block on the DNA nanorods (for more detailed information about the syn-
thesis of DNA-polymer hybrids see section 3.3.3). By placing PNIPAm 10 bp away
from the blunt ends of the DNA duplex another type of constructs, II-DNA hybrids
(figure 6.2), were made. These seemingly minor modifications notably affect the
phase behavior of the constructs. At approximately the same concentration at which
L-DNA exhibits transitions from lamellar phase to cubic network phases with in-
creasing the temperature, [I-DNA hybrids show the transition from lamellar phase
to HPC (P6/mm symmetry). The SAXS profiles witnessing this transition are shown
in figure 6.20. In the temperature range between 6 and 18°C three reflections typi-
cal for HPC structures are visible, at positions of scattering vector g/g*= 1, V3, and
2. From the position of the principal peak, lattice parameter dppc can be calculated
and it equals to 23.3 nm at 6°C. Upon heating, the lattice shrinks to 21.8 nm at 18°C.
At 23°C characteristic peaks broaden out and the system undergoes a phase transi-
tion to a disordered state. A weak temperature dependence of the gpna peak can
be observed. The peak moves towards slightly lower g values as the temperature
increases.

2D SAXS pattern of shear-aligned sample (figure 6.20 b)) provides more informa-
tion about the molecular arrangement within the HPC. The pattern shows the perfect
alignment between arcs originating from HPC morphology and those corresponding
to the gpna peak. Therefore, we conclude that long axes of DNA duplexes is parallel
to long axis of cylinders into which duplexes are packed as schematically shown in
the figure 6.20 c). Note that this molecular arrangement is notably different from the
HPC of L-DNA at similar concentration presented earlier in this chapter. In the case
of L-DNA, molecules were packed into cylinders with diameter of one molecular
length and potentially exhibited a chiral twist at the same time.

The analysis of 1D SAXS profiles provides information about the arrangement of
DNA-polymer hybrids within HPC (figure 6.21). The cylinder diameter d.;= 12.4 nm
is determined with already described approach, using equations 6.1, 6.2, 6.6, and 6.7.
The other fitting parameters are distance between centers of two adjacent cylinders
in the HPC structure dgpc= 23.3 nm and the thickness of the P-blocks dp_pj= 10.9
nm. Polydispersity in the cylindrical cross-section was also taken into account ac-
cording to the equation 6.8. The obtained value for d,,; is significantly smaller than
the length of one D-block. The thickness of the P-block domain (dp._piock= dHpc-deyr) is
found to be similar to the one for HPC in figure 6.9 f). Therefore, a packing scenario
similar to the one shown in figure 6.9 f) is unrealistic.

Based on information obtained experimentally from 2D SAXS patterns, analysis
of 1D SAXS profiles and requirements for maximizing the conformational entropy
of the P-blocks, a possible packing scenario of II-DNA molecules within HPC is
suggested and shown in figure 6.9 c). II-DNA molecules are placed within cylin-
ders in a two-dimensional columnar-nematic fashion due to attractive end-to-end
stacking interactions acting between blunt ends of D-blocks [30, 21]. Due to these
interactions, linear aggregates with long-range orientational and short-range posi-
tional order are formed. The LC morphology resulting from such packing scenario
resembles hexagonally packed cylindrical polymer brushes.
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FIGURE 6.20: a) X-ray scattering profiles of II-DNA hybrid at concen-

tration ¢ = 194.7 mg ml! and temperatures of T= 6, 15, 18, and 23°C,

from bottom to the top. b) 2D SAXS pattern of a shear-aligned sam-

ple at T= 4°C. The marked region shows the orientation of arcs cor-

responding to the typical HPC morphology peaks relative to the arc

corresponding to gpna peaks. ¢) Schematic representation of molecu-
lar arrangement within the HPC morphology.

Following the same synthetic approach, P-block was attached to another DNA
motif. This simple DNA motif is flexible three-arm DNA junction [20] and is com-
monly used in DNA nanotechnology. Each arm of the junction has length of 13
bp. Attaching P-blocks at the ends of each arm in such structure produces Y-shaped
DNA-polymer (Y-DNA) hybrid shown in figure 6.2 c).

Temperature dependent SAXS profiles of these constructs at concentration of 213
mg ml? are shown in figure 6.22 (with molecular weight of PNIPAm being M,,= 19
kDa). At 4°C the formation of an OBDG phase can be observed, which is witnessed
by eight characteristic peaks and the absence of birefringence in the sample [15]. Lat-
tice parameter is calculated to be 56.5 nm. Increasing the temperature, the primary
peak shifts slightly to the higher g values. This indicates a slight shrinkage of the
unit cell down to approximately 53 nm. Finally, at 23°C the sample disorders.
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FIGURE 6.21: 1D SAXS profiles for II-DNA sample at concentration
¢=194.7 mg ml! and temperature of 6°C. The red curve is obtained by
fitting the experimental data to a polydisperse model. Fitting param-
eters are following: dppc= 23.3 nm, d;y= 12.4 nm, and dp pjocr= 10.9
nm. The proposed packing of II-DNA molecules within the cylin-
ders is shown in inset, where D-blocks are represented with green

color, P-blocks with red, and solvent with white.
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FIGURE 6.22: X-ray scattering profiles of Y-DNA with PNIPAm 19
kDa attached on all three arms at concentration c= 213 mg ml!, at T=
4,8,10, 12, 15, 18, 20, and 25 °C. The expected peaks positions for the
OBDG morphology are shown with dashed grey lines. Dashed red
line shows the temperature dependence of the gpya peak. The 2D
scattering pattern at 4°C is shown on the top right-hand side.
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FIGURE 6.23: X-ray scattering profiles of Y-DNA with PNIPAm 1.7
kDa attached on all three arms at concentration c= 288.65 mg ml, at
T=4, 8,12, 15,18, 23, and 27 °C. The expected peaks positions for the
plumber’s nightmare morphology are shown with dashed grey lines.
Dashed red line shows the temperature dependence of the gpna peak.

Decreasing the molecular weight of the attached PNIPAm to My,= 1.7 kDa signif-
icantly affects the phase behavior. The SAXS profiles of the sample at concentration
of 288 mg ml in figure 6.23 in the temperature range between 4 and 12°C show
several peaks. Their position relative to the primary peak implies the formation of
a cubic network morphology. From the peaks positions and the lack of birefrin-
gence in the sample, the cubic lattice with Im3m symmetry could be assigned to a
plumber’s nightmare morphology [17, 35], a network with sixfold connectivity. The
temperature increase from 4 to 12°C is followed by a slight shift of the peaks posi-
tions towards higher g values. This indicates a shrinkage of the unit cell size from
33.6 at 4°C to 32.2 at 12°C. At temperatures above 12°C primary peak remain at the
same position. However, higher-order reflections display a gradual decrease in in-
tensity and slight shift towards higher g values. Consequently, the positions of the
peak do not fit to the expected peak positions for cubic phase with Im3m symmetry.
This can be attributed to the partial disordering of the sample. It is important to
mention that we cannot exclude the possibility that the cubic network morphology
could be also another type of cubic lattice, such as body-centered cubic (BCC) or
simple cubic lattice. The absence of higher order peaks doesn’t allow us to precisely
draw conclusions about the type of the cubic phase formed.
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6.4 Conclusions

In this chapter we have shown a hierarchical self-assembly concept based on pro-
grammable decoration of DNA’s backbone with thermo-responsive polymeric patches.
There are three key parameters in the proposed self-assembly concept: the stiffness
of the D-block, the temperature-responsiveness of the P-block, and the polymeric
nature of the latter. These parameters can be easily controlled by changes in the
temperature, position of the P-blocks (patches), relative molecular weight of the
blocks or geometry of D-block used. The presented approach can be applied to
any kind of DNA structure. Even simple DNA architectures decorated with PNI-
PAm presented in this chapter, yield a variety of complex self-assembled structures.
The structures formed range from lamellar to cubic network phases. The ability of
DNA-polymer hybrids to form complex self-assembled morphologies is a reminis-
cent of the surfactant-water and block copolymers systems [36, 29]. However, the
field of DNA nanotechnology is able to produce a wide array of complex all-DNA
2D and 3D nanostructures. Therefore, we expect that the programmable decoration
of these structures with P-blocks can result in the formation of self-assembled struc-
tures with high levels of complexity. The cubic network structures that are easily
achieved with the reported approach can potentially open the path to applications
in various research fields: photonic crystals [27, 44], plasmonic materials [41], bat-
teries/ion transport [39], and bio-inspired materials with engineered pore structures
for synthetic membranes [32].
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Chapter 7

Conclusions and future directions

The work presented in this thesis is a step forward to a better understanding of
DNA self-assembly. In this thesis, the self-assembly of novel all-DNA and DNA-
based patchy particles with different architectures was explored. The interdisci-
plinary character of the conducted research shows the potential to bring together
diverse research topics in soft matter: liquid crystals, block copolymers and patchy
particles. Overall, the reported results open the path to interesting future research
directions.

In chapter 4, blunt-ended gapped DNA duplexes are presented. These all-DNA
patchy particles with a chain-stick architecture exhibit the formation of an uncon-
ventional smectic A phase. Within the layers, chain-stick DNA duplexes are packed
in a folded conformation. This is clearly demonstrated by experiments and simula-
tions. The blunt ends of gapped DNA duplexes act as monovalent attractive patchy
sites and are found to be important for the stabilization of the smectic phase. By sup-
pressing the blunt ends attraction, it is shown that the folding is an entropy-driven
process. The detailed phase diagram of chain-sticks with different chain lengths is
presented. An interesting future direction could be exploring the phase behavior of
asymmetric all-DNA chain-sticks. As demonstrated in the thesis, unique physico-
chemical properties of DNA allow controlling the length and position of the chains
and sticks in the gapped DNA duplexes. The asymmetry in the length of the sticks,
for example, could reveal interesting packing scenarios.

The self-assembly of all-DNA rod-like patchy particles is investigated in chapter
5. Blunt-ended DNA helices are used as a model system. Selective control over at-
traction strength between the patches is achieved by engineering of the blunt ends
at molecular level. This way, the monolayer and bilayer smectic phase are stabilized.
The results offer a direct insight into molecular mechanisms responsible for the for-
mation of smectic phase in linear DNA duplexes. A reasonable step forward could
be the re-examination of the liquid crystalline phase diagram of short DNA duplexes
of lengths below the persistence length, but with no attractive sites.

Finally, in chapter 6, the self-assembly of DN A-based patchy particles is explored.
Temperature-responsive polymer is used as a patchy unit. In contrast to blunt ends,
the polymeric patches are not monovalent and their shape and positions are al-
lowed to fluctuate. This powerful hierarchical self-assembly concept, based on pro-
grammable decoration of DNA backbone with temperature-responsive polymeric
patches, is demonstrated in its minimalistic form. Simple DNA architectures (lin-
ear DNA duplexes) decorated with this type of patches yield a variety of complex
self-assembled structures, ranging from lamellar to cubic network phases. A ma-
jor future direction could be using the described self-assembly approach, together
with the spatial addressability of DNA in order to guide metallic nanoparticles into
specific geometrical arrangements for plasmonic applications.
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