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1. Introduction

Il Outline

This thesis is a contribution to molecular engineering, a sub-field of
nanotechnology. In this field, molecules are designed, synthesized and used
as building materials for fabricating high-order structures. Initial efforts
have focused on, under thermodynamic equilibrium, creating static structures.
Later, with the growing but still incomplete mastering of static structures,
dynamic structures were developed and used as components for functional
devices in applications including health, energy, and computation, to name
a few. Giving its potential, ongoing research in molecular engineering seeks
to establish new routes to provide dynamics to, otherwise, static structures.
For this purpose, there are diverse approaches such as synthesizing inorganic
molecules; approach that recently has been awarded with the 2016 Nobel prize
in chemistry [1]. Using biomolecules for creating dynamic structures is another
interesting approach. In the same way as life is powered by biomolecules,
nanotechnology is founded on harnessing the properties of biomolecules by
careful molecular design. In this context, DNA has been widely used for
nanotechnology because information (molecular programs for self-assembly,
computation and so on) can be written directly in its structure. Programming
molecular interactions with DNA is an insight, five times recognized by the
renowned Feynman prize [2]. The aim of this thesis is to show novel methods

for making dynamic structures made of DNA molecules. To elaborate more



1.1. Outline

on the thesis aim, the contents of this chapter Introduction and the thesis are

orderly presented as follows.

In chapter one, the background to this thesis is divided into two parts.
In the first part, as general background, I describe the DNA molecule and its
properties. Structural properties, as well as physical, chemical, and electrical
properties of DNA are reviewed. Then, I explain the DNA base-pairing
rule, which is a powerful tool for developing programmable molecular-based
technologies that are used in molecular computing, DNA-based sensing devices,
DNA-based therapeutics/diagnosis, among others. In the second part, as
specialized background, I discuss dynamic DNA structures. All the dynamic
DNA structures use physico-chemical interactions for their driving dynamics.
I define the meaning of “dynamics” and limit the scope of dynamic structures
in this thesis. I describe several typical examples, along their structure and

driving interactions.

In chapter two, harnessing intramolecular forces for self-assembling
under thermodynamic equilibrium is shown. The design and realization of
the one-pot synthesis of multiple-sized molecular rings constructed by shape-
variable building blocks is shown. The size of the rings can be tuned by the
geometry of the building blocks. A chemical kinetic model is introduced to

simulate the formation dynamics of the rings.
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In chapter three, harnessing the addition of small molecules for mole-
cular motion and force-directed self-assembly is shown. External hydrophobic
molecules introduced into the system modified DNA nanostructures for actu-
ation. The actuation consists of the nanostructure motion from hydrophilic
regions to hydrophobic regions. This project provides a conjugation methodol-
ogy that is used for larger DNA nanostructures at the water/air interface. In
this conditions, by reducing the size of DNA nanostructures in the interface,

the self-assembly of DNA nanostructures is generated.

In chapter four, harnessing light irradiation for driving phase transitions
in DNA hydrogels is shown. I describe the light-driven repeatable control
of the sol-gel phase transition of hydrogels made completely of DNA. The
physical properties of the DNA hydrogel are assessed by using several methods.
Conditions of gelation are investigated based on the molecular structure of

component DNA molecules. Future applications are discussed.

In chapter five, harnessing electric fields to control the inter-molecular
interactions between DNA molecules is shown. The electric control of the
DNA dehybridization modes, namely unzipping and shearing, are investigated
in a polymeric hydrogel by using negatively-charged gold nanoparticles. An
experimental setup is proposed. Different molecular configurations for the

DNA and the gold nanoparticles are tested.

In chapter six, finally, the conclusions among the previous chapters

are summarized, including future applications.

4



1.2. DNA Molecule and Its Properties

i DNA Molecule and Its Properties

1.2.1| DNA

Since the discovery of the molecular structure of DNA (deoxyribonucleic
acid or nucleic acid, hereinafter called simply DNA) in 1953 [3], many aspects of
DNA have been fully investigated making it, perhaps, the most well-understood
biomolecule. From a genetics standpoint, DNA is a fundamental molecule
for life because it carries genetic information from parents to offspring. This
information-related property is used in diverse research fields, as for example,
in cloning of living beings, genome editing [4] or for other technologies. As
this thesis belongs to the research field of DNA nanotechnology, my interest is
to use the DNA properties to engineer structures. In DNA nanotechnology,
researchers widely use synthetic DNA molecules with desired base sequences.
Generally speaking, there is no difference between the molecular structure
of a natural DNA and a synthetic DNA with the same composing sequences.
However, the synthetic DNA strands from two different producing companies
may differ depending on the used synthesizing methods involving parameters

such as molecular yield.
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1.2.2| DNA Backbone
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Figure 1.1: DNA chemical structure showing the nucleic acid bases.

A single-stranded DNA (ssDNA or DNA strand) is a polymer that
has a backbone holding nucleic acid units. The backbone is made of two
alternating units covalently joined: a sugar and a nucleobase. The sugar is a
deoxyribose, specifically it is monosaccharide and phosphate groups (which are

related to phosphoric acid). The nucleobases are sub-units covalently attached
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to the sugars. The nucleobases are four, namely Guanine, Adenine, Thymine
and Cytosine. In a DNA strand, the molecular structure of both of its ends
are different, therefore ends are called 5’ and 3’ (5" carbon at one sugar, and
3’ carbon at another sugar). A direction or orientation is defined from 5’ to 3’
end. Due to the base-pairing rules, which will be explained later, two ssDNA
can join together and assemble into a double-stranded DNA (dsDNA or DNA
duplex). In a DNA duplex, while one strand orientation is 5-3’, the other
strand orientation is 3’-5”. A scheme of the chemical structure of DNA is shown
in Figure 1.1. In the following sections the intrinsic molecular interactions

that stabilize DNA duplex structure are described.

1.2.3| Base Paring

In order to form a DNA duplex, the sequences of both forming strands
need to be complementary to each other. That is, each kind of nucleobase on
one strand make a bond with only one kind of nucleobase on the other strand.
The inter-base bond is a hydrogen bond of electrostatic origin, and it is called
complementary base pairing or Watson-Crick base pairing (in honor to the
discoverers). For example, Adenine (A) bonds only to Thymine (T) with two
hydrogen bonds, and Cytosine (C) bonds only to Guanine (G) with three
hydrogen bonds (Figure 1.2, left). Two nucleotides making a bond are called
base pair. This complementarity pairing is the so-called Watson-Crick base-

pairing. Besides the base-pairing, the two strands have opposite directionality;
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that is, 5 — 3" and 3’ < 5 as explained above. The B-form of DNA is
considered the “standard” DNA helical structure; its inter-base pair distance
is 0.32 nm and the helical periodicity is about 1 turn per 10.5 base-pairs
(bps), which is 3.5 nm (Figure 1.2, right). Other helical structure is A-form
which is commonly found in dehydrated DNA. With these “molecular rules”,
DNA can be programmed for fabricating some useful structures; however,
thermodynamic and mechanical properties and analysis can be taken into

account to design more sophisticated structures.

1.2.4 | Thermodynamic Properties

The thermodynamic properties of DNA can be accurately predicted
to some extend. For example, secondary structures formation and other
stable states [5]. A common molecular biology technique for analyzing the
thermodynamic stability of a DNA is the melting curve experiment [6]. From
the melting curve it it is possible to obtain the melting temperature (Th) and

other parameters such as the free energy.

1.2.5| Mechanical Properties

A DNA strand behaves as flexible and extensible polymer depending

on the tensile force applied on it [7]. The flexibility and extensibility of DNA
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is due to the molecular structure of the backbone, which allows entropic states.
Under tensile conditions the sugars in the ssDNA can have two endo pucker
configurations, namely C3’ and C2’ endo. In a C2’ endo configuration the
inter-phosphate distance is 0.7 nm [8]. This distance is in the same order range
as the inter-base pair distance of dsDNA in B-form (0.32 nm). A DNA duplex,
whose nucleotides are all paired, behaves, to put it simply, as a rigid rod
according to theory and experiments. The persistence length of DNA is about
50 nm (or approximately 160 nucleotides). The rigidity of double-stranded
DNA is the counterpart of the flexibility of single-stranded DNA, and both

can be used together for designing DNA nanostructures.

1.2.6| Electrical Properties

DNA has an inherit charge owing to the phosphate ion molecules in
the backbone. In a dsDNA, there are roughly two ions, belonging to each
strand, per base pair. That is, 2 electrons per 0.34 nm length; in other words,
a linear charge of 5.9 e nm ™!, where e is the charge of the electron. A surface
charge, considering that a dsDNA has a diameter of 2nm, is 0.9 e nm~2. These
properties describe the electrical contribution from the structure of DNA,
however its behavior is much complex. The response of DNA to electric fields
is more surprising to previously predicted. For example, DNA works as an
electrical wire, however it is different from a conducting wire used in many

modern applications. The charge transport through a DNA wire varies as
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the conditions for the system [9]. DNA charge transport has been recently
confirmed in nature [10]. Moreover, the DNA structure can be combined with

other molecules to realize molecular switches [11].

Engineering DNA for Fabricating Structures

1.3.1| Static Structures

Static DNA structures are basic constructions. As mentioned in previ-
ous section, constructing a static structure involves programming DNA with
specific sequences. The molecular design is important in DNA nanotechnology;
for example, once structures are self-assembled, they can further self-assemble
into high-order structures if required by design. The material to make these
structures can solely be DNA or a combination with other molecules. More
precisely, structures can be DNA tiles, DNA origamis, DNA hydrogels, and

DNA-integrated hydrogels.

DNA tiling and DNA origamis are two general strategies used for
designing static structures made solely of DNA, which means only using the
base-pairing rules. In DNA tiling, DNA tiles (also called DNA motifs) are used
as basic elements for self-assembling larger structures. A DNA tile consists
of many DNA duplexes that connect each other by crossover junctions. The

crossover junction is naturally found as Holliday junction, which occurs as

10
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intermediate state during the process of genetic recombination in cells (perhaps
a Holiday junction is the simplest example of a dynamic structure in thermal
fluctuation). The Holliday junction is not fixed and migrates along the strands
randomly (Figure 1.3a). When using the junctions as structural components
in DNA tiles, junctions must be immobilized in order to make structures with

structural stability.

Figure 1.2: DNA duplex. Left: base pairing rules for a DNA duplex. Right:
nanometer dimensions of a short DNA duplex.

Immobilization of the Holliday junction is simply done by changing
the DNA base sequences composition around the junction (Figure 1.3b). In a
DNA tile, two immobilized Holliday junctions defines the shape of the complex
(so it is called a double crossover (DX) molecule [12]). Four ends of the helices
are decorated with short single-stranded portions called sticky ends, which
define connectivity between the tiles. DNA tiles have been widely used as a

basic building block for self-assembling 2D crystals [13,14] (Figure 1.3d). The

11
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self-assembly of DNA tiles is sometimes modeled as a process similar to that
of crystal growth; namely, monomers (DNA tiles) bind each other to form a
nucleate and then grow into a large planar structure. However, more specific
interactions between tiles can be introduced through rational design of sticky
ends. DNA tiles are mostly used to make periodic 2D patterns with few set of
DNA strands at low cost and achieving sizes in the micrometer scale. Contrary
to lattices, aperiodic structures would be needed and therefore other different

strategies have been applied.

The other strategy is called DNA origami, which is popularly described
as the folding of long DNA strands in similar way as the traditional Japanese
origami works for paper sheets. Currently, DNA origami is the most powerful
technique to assemble nanostructures with determined sizes and shapes [15-17].
This technique is suitable when structures are required in mega Dalton range.
As same as DNA tiles, it exploits the specificity of molecular recognition of
DNA. A DNA origami is composed of a long circular single-stranded DNA
and hundreds of short single-stranded DNAs called a “scaffold” and “staples”,

respectively.

In principle, staples fold the scaffold into a desired conformation by
hybridization to its complementary section, until the whole structure becomes
double-stranded, which is thermodynamically most stable (Figure 1.4). The

typical self-assembly protocol for DNA origami requires thermal annealing of

12



1.3. Engineering DN A for Fabricating Structures
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Figure 1.3: Holliday junction is used for self-assembly. (a) Holliday junction is
mobile by branch migration. (b) Immobilized holiday junction is the basis for DX
tile. (c) DX tile made of two crossovers and four sticky ends. (d) Self-assembled
crystal by binding between sticky ends.
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thermal annealing

I[IIII[IXI[II[III}I[IIIIHIILIIIIIIIIlI[IlHlIIlIlIII[IIlI)(IIIlIII

[ 1[
I[IIII[II[II[IIIHIIIIXIIIHII[IIIIHlIIIlJIII'III’IIIIIIII[IIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIILIIiIIILIIIIIIIIIJIHIII\III'IIIIIIIIIIIIIIII

T IIIIIIIIIIIIIIIIIXIIHIII[IIII[IIIlIIHIII/IIIHIIHIIIIIIIIII

I||||||||||||||||I|I|U~|ljll|| 1|||\|||1|||||||||||||||
IIIIIIIIXIIII[lllll[[lIIHII[IIIIIIIIIHIHI|I||||I|I|IIIXIIIII||
-

Self-assembled DNA origami

Figure 1.4: DNA origami self-assembly steps. (a) Scaffold and set of staples.
Scaffold is usually a 7000 nt long circular strand, and staples are at most 50 nt.
(b) As thermal annealing is performed, staples recognize the scaffold and can fix
separate sections in the scaffold. (c¢) Final structure.

a mixture containing the scaffold and the staples. Typical annealing profile
usually starts at 95°C, where all the strands exist as single strands, and then

decreases gradually to lower temperatures such as 4°C.

As the origami method is general, the used scaffold can be of virtually
any long length. For example, it can be as large as ~51K nucleotides [18], or
it can be the most usual scaffold of 7,249 nucleotides (belonging to the DNA
of the M13mp18 bacteriophage). On the other hand, the staples are synthetic
and have can have diverse nucleotide lengths depending on the particular

origami design. Staples usually consisting of less than 50 nucleotides. The

14
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methodology of DNA origami is so general that various ways for routing and
arranging the scaffold and staples have been demonstrated to make 2D, 3D
and curved nanostructures [19-24]. Furthermore, designing DNA origamis
with CAD programs such as caDNAno [25] assists the process of designing
DNA nanostructures. On the basis of hybridization of DNA molecules, nu-
cleic acid nanotechnology enables us to rationally design and build various
nanostructures and nanodevices. Usually these DNA nanostructures are de-
signed as a thermodynamically stable state, therefore they are intrinsically
static [26]. These static DNA nanostructures have been utilized as a build-
ing block self-assembled into a platform to immobilize diverse molecules and

nanoparticles.

1.3.2| Dynamic Structures and Interactions for Driving Dynamics

In previous section, static DNA structures have been shown however
my interest is to design dynamic DNA structures. Dynamic structures are
recently getting more attention because they can change their configuration
and properties according to applied interactions, as for example, external
signals or environmental change. Examples are individual structures that
dis-assemble under a signal, group of structures that self-assemble under a
force, etc. Some methods for dynamic DNA structures along with their typical
examples are reviewed. The material to make these structures can be solely

DNA or a combination with other molecules. Structures can be DNA tiles,

15
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DNA origamis, DNA-integrated vesicles, DNA hydrogels, and DNA-integrated
hydrogels. Interactions for driving the dynamics are of physical or chemical

origin.

A common strategy for building dynamic DNA structures, which is
also used by engineers at the macroscopic world, is using moving elements.
One typical example of this strategy is using rigid and flexible elements.
Rigid elements with particular shapes are connected by joints (or flexible
components) to allow certain degrees-of-freedom. Shapes of rigid elements can
fit precisely between each other in order to achieve mechanical strength. These
properties can be programmed at molecular scale by using DNA nanostructures.
Particularly, DNA duplexes and bundles of duplexes can be readily used as stiff
(rigid) elements, and DNA strands as flexible elements. Being a polymer, DNA
duplex and strands have stiffness and elasticity. DNA stiffness is quantitatively
characterized by the persistence length. The DNA elastic properties are
predictable to some extend by the free-jointed or worm-like chain models
[27]. Under non over-extended conditions, DNA strands are simply regarded
as Hookean springs. Building desired structure using the rigid and flexible

elements requires trial and error [28-31].

DNA tweezers is a seminal example (2000) of a repeatable actuation of
a DNA nanostructure driven solely by DNA molecules; i.e. actuation is driven

using the toehold-mediated strand displacement reaction [32-34]. The strand

16
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displacement reaction is perhaps the most extensively used method for base-
sequence-specific actuation. It is possible to remove a specific target strand in
a DNA duplex by using an invader strand. In this reaction, upon the invader
strand binding specifically to the DNA duplex, the target strand is released
into solution. The driving force of this spontaneous process is the free energy
of the hybridized complexes, where the final duplex is more stable than the
initial one before target release. In the DNA tweezers, a short ssDNA segment
connecting two dsDNA segments (arms) served as a joint of the tweezers. The
closed and open states of the tweezers can be observed by using fluorescence
resonance energy transfer (FRET). The tweezers work as a bi-state machine
where transition between the states is fueled by additional DNA strands that
trigger the toehold-mediated strand-displacement. Transformation from open
to close state occurs when a ssDNA called a fuel strand is added. Reversing
to the open state is done by adding a complementary strand to the fuel (i.e.
anti-fuel). By applying fuel and anti-fuel alternatively, it is able to make
a cyclic reaction. Other methods for actuating DNA nanostructures have
also been studied including DNA-based single-molecule beacons driven by the

presence of Na™ concentration [35].

Other more recent examples of structures with moving parts are larger
DNA-based mechanical mechanisms that undergo conformational transitions
along restricted degrees-of-freedom [36]. Rigid and flexible components are

DNA bundles and hinges made of DNA loops. The controlled motion along

17
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those degrees-of-freedom is directed by using DNA molecule signals. The
same as in the case of the DNA tweezers, the physico-chemical interaction is
provided by the signals is DNA base-pairing (hybridization and dehybridization

by strand-displacement reactions).

When DNA is used in combination with other molecules (natural
or artificial), it is still possible to use the rigid-flexible strategy to fabricate
structures with movable parts. In this context, embedding functional molecules
is another strategy to achieve dynamic DNA structures. For instance, the
folding of a sheet made of DNA origami was driven by (hydrophobic) lipid
molecules (cholesterol) decorated on the sheet surface [37]. Incorporation of
methylated nucleobases in a DNA nanomotor was used to achieve rotation; B-Z
(B and Z structural forms of DNA) transition of methylated bases occurred
upon Mg?" concentration change in the environment [38]. Another example
is the repeatable assembly/disassembly of hollow DNA capsules made of
homogeneous flexible DNA motifs. Motifs connect each other through sticky-
ends, where special chemical modifications allow disassembly of the connections

upon irradiating light signals [39].

Other more recent example is the random shape-transformations in
a soft vesicle [40], where the flexible element is the vesicle and the rigid
elements are microtubules interacting with the inner surface of the vesicle.

ON-OFF switching is possible by light-inducing DNA reactions that decom-

18
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pose the microtubules/vesicle interactions. In the micro/macro-scale, there

are also other attempts to make dynamic DNA structures. One is the shrink-

ing/swelling of DN A-integrated hydrogels, where the rigid and flexible elements

are polyacrylamide matrices and cross-linking DNA molecules, respectively

[41]. Autonomous methods are also interesting because they do not rely on

external interventions. These include DNAzymes and other enzymes that

allow a different operations, but usually they need careful consideration of

environment parameters such as temperature and ion concentrations [42].

Table 1.1: List of common methods for dynamic DNA structures. For complete
review of other methods, the reader is referred to the main text.

METHOD

INTERACTION

Applied

STRUCTURE

Fabricated

FUNCTION

Achieved

0.1 Aptamer (molecu- | DNA origami Dehybridization
lar recognition) (open  molecular

robot)

0.2 Strand  displace- | DNA tweezers Dehybridization
ment (DNA (open/closed
base-pairing) tweezers)

0.3 pH (molecular | DNA origami Intramolecular ro-
recognition) tation

0.4 Photo-responsive | DNA tiles Dehybridization
base (light irradia- (reversible)
tion)

0.5 Magnetic  (plas- | DNA hairpin Repeatable
monics) hybridiza-

tion/dehybridizatior

0.6 DNA strand (hair- | DNA-integrated Swelling upon hy-
pin) hydrogel bridization

19
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Applying electric and magnetic fields are other interesting ways to
drive dynamic DNA structures. In this category, methods range from harness-
ing electrically-driven diffusion for molecular computation [43], orientating
rotational nanomotors by electric fields [44], controlling the reconfiguration of
DNA hairpins by applying magnetic fields [45], and magnetic-driven separation
of DNA molecules for artificial self-replication [46]. It is also interesting the
employing artificial photo-responsive bases to control hybridization because
it is advantageous in two ways [47,48]. First, it does not contaminate the
solution environment, and, second, ultra-fast responsiveness was achieved by
a self-containing nanostructure [48,49]. In Table 1.1, I show a partial list of

the previous exposed examples as a guide.

Purpose of This Thesis

The main question of this thesis is: “How to apply physico-chemical
interactions for novel dynamic DNA structures?”. To answer this question,
the used method should consider two intrinsically related parameters: the
applied interactions, which drives the dynamics, and the structure, where the
interaction is applied. These parameters are implemented in molecules. I
will give better answer of this question showing four methods in the following
chapters. As a brief description of the four methods, I present the following

Table 1.2, which shows the physico-chemical interaction, structure and function

20



1.4. Purpose of This Thesis

of each method.

Table 1.2: Novel methods presented in this thesis. It can be read as “physico-
chemical interaction X is applied on structures fabricated with Y to achieve

function Z”

METHOD INTERACTION  STRUCTURE FUNCTION
Applied Fabricated Achieved

1 Mechanical force | DNA origami Self-assembly
(molecular)

2.1 Hydrophobicity DNA tiles Separation

2.2 Mechanical force | DNA origami Self-assembly
(macro-scale)

3 UV light DNA hydrogel Gel-sol transition

4 Electric DNA-integrated Decomposition

hydrogel

21







2

HARNESSING
INTRAMOLECULAR
INTERACTIONS FOR
SELF- ASSEMBLING
NANO-RINGS

Contents
2.1 Introduction . . . . . . .. .. ... L. 24
2.2 Novelty . . . . . . . . ... s 25
2.3 Purpose . . . . . . ... 26
24 Design. . . . . . Lo 26
2.5 Results and Discussion . . . . .. .. ... .. ... 33
2.6 Simulation . . .. ... ..o 42

2.7 Conclusions . . . . . . . . ... 46




2. Harnessing Intramolecular Interactions for Self-Assembling
Nano-Rings

PRl [ntroduction

Self-assembly is a process where component structures spontaneously
join together to form larger structures. The shape of the components is
important independently of the scale. In case of microscopic particles, shape
is defined in terms of its surface geometry and interaction field around the
surface [50,51]. Basically, this interaction field is both the interplay between
attractive and repulsive forces. Once the larger structure is assembled, the

connection or bonding between components becomes more evident.

The shape of the self-assembly component is static, which were exten-
sively investigated [52-56]. However, macro/micro/nano shapes with dynamic
properties have also been used [57-62]. These shapes inspired simulations
of the assembly and reconfiguration of ensembles of nanostructures/particles
[63-67]. Although these simulations predict notable properties for optics and
drug delivery applications, realization of molecular structures with variable

shapes is required.

A direct approach to dynamic shapes is engineering structures with
movable parts [57,62]. In the macroscale, for example, mechatronic modules
had movable parts which allowed defined shape transitions, and therefore
diverse configurations were achieved for the target self-assembled structure.

However, such controllability is difficult to be achieved at the molecular
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scale [68]. Towards solving this challenge, a direct approach is taken by
designing building blocks whose moving parts are controlled by intramolecular

interactions.

To this purpose, a building block with moving parts is engineered
using the DNA origami technique. DNA origami is suitable because it allows
to harness the mechanical properties of DNA, as shown by the fabrication of
complaint nanostructures [30]. In this chapter, the block with moving parts is

referred also as shape-variable building block.

Novelty

The concept of self-assembling molecular building blocks that can
change their shape is new. This concept would offer routes to metamaterials
and reconfigurable systems. However, molecular design and implementation is
required. In this chapter, I show the shape-variable building blocks made of
DNA to answer such requirement. Basically, self-assembling blocks undergo
shape transitions along geometrical ranges. This property allows the blocks
to assemble into polymorphic nano-rings ranging from 3-mers to 6-mers. In
following section, the concept, design, and experimentation of shape-variable

building blocks are shown.
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Nano-Rings
Purpose

The purpose of this research is three-fold. First, to create 2D clusters
of DNA nanostructures with weak interaction. Second, to control cluster size
by changing shape of component nanostructures. Third, the shape is controlled
by intramolecular interactions in the nanostructure. With these purposes, a

method is designed and summarized in the following Table 2.1.

Table 2.1: Method presented in this chapter. It can be read as “physico-chemical
interaction X is applied on structures fabricated with Y to achieve function Z”

METHOD INTERACTION  STRUCTURE FUNCTION
Applied Fabricated Achieved

1 Mechanical force | DNA origami Self-assembly
(molecular)

Design

The concept of shape-variable building blocks (also called monomers)
have some characteristics. Monomers are homogeneous. These monomers
assembled into closed clusters which have a limited number of mers (that is, x
monomers form a x-mer cluster, where z < 6). The structural characteristics
of the monomers are inspired by DNA tiles with a flexible core [58]. Simple

case of closed structure [58,69-71] is a nano-ring because components require
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2.4. Design

two bonding arms. The bonding arms define an angle which is restricted to
limited values (Figure 2.1a). The bonding between two monomers is given
by shape complementarity, in such a way that they make a cis configuration
(Figure 2.1b). The monomer angles define the number of monomers in the

ring, namely the size of the ring (Figure 2.1c).

Bonding arms

Q)

S

Omin < 6 < Bmax

c)

ATy

Figure 2.1: Concept of shape-variable monomers. (a) Abstract representation
of the monomer with two bonding arms. (b) 2-mer bonding in cis configuration.
(c) Assembled rings (3-mer to 6-mer).

To implement the concept, some design innovations are implemented
with DNA; precisely, the monomer is a DNA origami [15]. For simplicity,
the monomer is regarded as having two connected symmetrical pieces, which
resemble the bonding arms explained above. Each of the two arm edges allow

the geometrical complementarity through stacking interaction of DNA blunt-
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ends; the strength of the stacking interaction is programmable and represented
in binary code as pioneered by Woo and Rothemund [17]. The monomer has

the following particular design in its center:

e Tuneable flexibility at the hinge (enclosed area in Figure 2.1a), which

gives degrees-of-freedom to the monomer.

e Contacting edges (Figure 2.1a), which limit the angle between 60° and

120°

In the tuneable flexibility at the hinge, the arms are connected by a
single staple strand (precisely speaking is a single phosphate and works as
a hinge that allows rotation) and two unpaired DNA segments belonging to
the DNA origami scaffold. These DNA segments have two functions. One
function is to eliminate undesired degrees-of-freedom such as twisting between
arms. The other function is to be entropic springs (spring A and spring B). An
entropic spring the one that, when stretched, tend to return to higher entropy
states. The length of spring A and B can be exactly adjust by regulating
the scaffold, in such a way that loops are formed in the origami (Figure 2.2a,
loops are shown in yellow stars); this idea was similarly used for tensegrity
structures [31]. For instance, by exchanging the blue-coloured staples in Figure
2.2b, the spring B length is modified. The DNA sequences of the springs

should be flexible and should not form any secondary structure. This is done
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a)

~— Contacting edges

Crossovers

+—— Bonding
edges

b)

Figure 2.2: DNA origami design. (a) origami scaffold (in black), tuneable
flexibility at the hinge (in mustard), contacting edges (in red) and blunt-end
stacking codes (in sky-blue). (b) design detail showing staples in colour and the
yellow stars indicate the scaffold loop position for tuning springs.
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by carefully choosing the sequences along the DNA scaffold, in such a way
that five Thymine (TTTTT) are placed in each spring center. This design is

equivalent the conceptual shape-variable monomer shown in (Figure 2.3a)

b)

A

120°

Springs in tension

60°

Figure 2.3: DNA origami design and shape-varibale concept. (a) DNA origami
and its equivalent shape-variable monomer (b) Origami profile and its correspon-
dent representation for the 60° and 120° configurations.

For simplicity, the notation M(a,b) is defined for the monomer having
a and b nucleotides (nt) in each spring A and B, respectively. The tested

values of a = 11 nt and b = 8-18 nt; these values are set depending on the
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flexibility of the single stranded DNA. The sequences are:

e Spring A=... TATTATTTTTCTTGT ... =a bases.

e SpringB=... CCTGATTTTTGATTT... =Db bases.

Monomers are prepared following the DNA origami preparation pro-
tocol in buffer solution. Details of the CAD design (cadnano) are shown in
Figure 2.4. Basically, 100 ul DNA origami is made by mixing 2 nM of the
scaffold M13mp18 with 75 nM of the staple strands in 40 mM Tris, 20 mM
acetic acid, 2 mM EDTA| 12.5 mM Mg acetate (this is called the IxTAE/Mg2+
buffer solution). The final mixture is maintained at 90 °C for 5 min, then
cool down to 4 °C (rate of -1 °C/min). Samples are finally stored at 4 °C.
Before atomic force microscopy (AFM) observation, samples are kept at room

temperature for at least 4 hours and then used.

Monomers are characterized on mica substrate under the same prepa-
ration buffer, which is practically enough to the keep the origami immobilized

(Figure 2.5). The protocol consists of the following steps:

1. 2 ul sample is deposited on freshly cleaved mica (1.5 mm diameter,
few times with 2 mm diameter) for different deposition times. The
usual deposition time for shape-variable monomers is 10 min. The usual

deposition time for fixed monomers is 25 min.
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Figure 2.4: DNA origami design made with cadnano.
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2. Then samples are rinsed with 10 ul of 1IxXTAE/Mg?", leaving a small

drop on top of mica.

3. Samples are observed using AFM under 1xTAE/Mg?* buffer.

Results and Discussion

This section covers the experimental results and discussions. To
characterize the monomers and their assembly, atomic force microscopy (AFM;
all images are obtained using the High Speed AFM Ando model, except
for images with large covering area where the JKP AFM is used) is used.
The sample containing the monomers and the assemblies are deposited on
a substrate, in this case mica substrate. The used AFM can only be used
to observed the nanostructures under solution conditions. The used buffer
solution, is the same as the used for preparing the sample, that is IxTAE/Mg?*
buffer solution. AFM images with large covering area show the one-pot
polymorphic formation of rings out of M(11,11) with diverse size (Figure 2.6
and 2.7). Rings can be in closed state (Figure 2.8), as well as open state (I do

not find closed 6-mer during AFM observations).

The cluster size distribution is defined as the total monomer number
contributing to a given cluster. It is calculated by normalizing the number

of x-mers, in an open or closed state, in AFM images and multiplying it
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b)

After diffusion by AFM tip

Figure 2.5: Diffusion of monomer on mica surface driven by the AFM. Two
consecutive frames under the protocol for AFM observation are (a) before and
(b) after. Movement of the monomer is shown in red. Subsequent frames do not
show movement of the monomers. Scale bars are 100 nm.
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Figure 2.6: Polymorphic rings made of shape-variable monomers M(11,11) as
observed by AFM. Scale bar is 1 um.
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Figure 2.7: Polymorphic rings made of shape-variable monomers M(11,11) as
observed by AFM. Scale bar is 500 nm.
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2.5. Results and Discussion

Figure 2.8: Representative rings as obtained from an AFM image such as 2.5.
(a) Closed 3-mer. (b) Closed 4-mer. (c) Closed 5-mer. (d) Opened 6-mer.
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to monomer number in the x-mer. 1-mers, 2-mers and 3-mers distributions

change when tuning spring B to 9 nt or 18 nt (Figure 2.9).

1 1 11
”» N4
mm M(11,9), (n=6)

% M(11,11), (n=3)]
40% =M(11,18), (n=3)

50% I

30% [ -
20% |- -
10% |- iii -
0% [ HEN NN NAN NON Ghd = HEN _

o = H n 0 O Unclear

Rings

Rings population in %

Figure 2.9: Population distribution of monomers contributing to the formation
of x—mers for M(11,9), M(11,11) and M(11,18). Error bars indicate the standard
error. n indicates the number of analyzed AFM images of 2040 nm x 1680 nm
area.

Statistics is used to study the statistical significance for those springs;
this is done by calculating the p-values. 1-mer has low distribution for 11 nt
(with a p < 0.01) and high distribution for 18 nt (p < 0.01). 2-mer (p < 0.01)
and 3-mer (p < 0.05) have low distribution for 18 nt. The increment in 1-mer
matches the idea that a monomer is more flexible for longer spring B. That is,
a more flexible monomer has less probability to connect with other monomers,
which leads to less 2-mers and thus less 3-mers. This variation in 2-mers

distribution with spring length also agrees with transition state theory, where
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the reaction of two particles is described by their relative orientations. Here,
although reaction surface area is constant (bonding edge does not change),
monomers with longer spring exhibit different energy landscape compared
monomers with shorter spring. Increasing spring B to 11 nt increases the

closed:open ratio of 4-mers (p = 0.04) (Figure 2.10).
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Figure 2.10: Ratio open:closed x-mers for M(11,9), M(11,11) and M(11,18).
Error bars indicate the standard error. n indicates the number of analysed AFM
images of 2040 nm x 1680 nm.

Some kinetic barriers for the formation of x-mers are shown by the
parallel polarity (Figure 2.11a), dislocation and mismatching (Figure 2.11b)
of bonds. Closed dimers are also found (Figure 2.11c) and larger clusters

(x > 6; Figure 2.11d). The type of ring is identified based on those kinetic
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barriers (Figure 2.2, 2.3 and 2.4). By using programmable stacking interactions
[17], it is assumed that all the minor grooves make a bond with antiparallel
stacking polarity. In the design this polarity ensures cis configurations while
preventing other bonding configurations. However, it is found that bonds can
be formed by mismatching. Figure 2.11a shows stacking bonds with parallel
polarity found after deposition on mica. Finding parallel stacking polarity
is unexpected. To the best of my knowledge, no other experiment was done
to demonstrate stacking through parallel polarity. On the one hand, parallel
polarity after deposition on mica may be due to the degrees-of-freedom of the
monomer. On the other hand, in the stacking paper, cis-trans experiments
are done static shapes. A triangle corner needed to fit into a 2-mer for closing

the cluster, being only one stacking bond enough for that purpose.

However, two stacking bonds are required for closing cluster out of
shape-variable monomers. While one bond has the correct stacking polarity,
the other may be kinetically trapped in a parallel polarity due to the inherent
degrees-of-freedom. In this work, trans configurations are regarded as an
indicator of the formation of clusters through the union of two or more
open clusters as shown in Figure 2.12, 2.13 and 2.14 (values in the figures
indicate average number of events in a deposition area of 2240 nm x 1680 nm).
Sometimes it is not clear identifying what kind of cluster is present and are

counted as “unclear”.
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Figure 2.11: Clusters with mismatching. (a) Parallel polarity. (b) Mismatching.
(c) Closed dimers. (d) Longer polymers. Scale bar is 100 nm.

Table 2.2: Average number of clusters with mismatching. Clusters are combination
of X and Y small sub-clusters. * indicates samples at room temperature for up to
one month. Values indicate the average number of occurrences in a AFM image with
2240 nm x 1680 nm.

X+Y 142 | 143 | 144 | 145 | 242 | 243 | 244 | 343 | 3+4 | 4+5
M(11,18) | 1.9 | 0.6 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0
M(11,11) | 20 | 0.8 | 0.0 | 0.3 | 0.6 | 0.1 | 0.0 | 0.0 | 0.1 | 0.0
(
(

M(11,9) 26 /13101 |00]05|04]01]02)00] 0.1
M(11,9* | 23 | 1.2 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0
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Table 2.3: Average number of rings with mismatching. Clusters are combination of
X, Y and Z small sub-clusters. * indicates samples at room temperature for up to
one month. Values indicate the average number of occurrences in a AFM image with
2240 nm x 1680 nm.

X4Y+Z | 14141 | 14142 | 14143 | 14242 | 14243 | 24243
M(11,18) | 0.3 0.0 0.0 0.0 0.0 0.0
M(11,11) | 0.0 0.4 0.0 0.1 0.1 0.0
M(11,9) 0.1 0.6 0.1 0.0 0.2 0.1
M(11,9)% | 0.0 0.0 0.0 0.0 0.1 0.0

Table 2.4: Average number of rings with mismatching. Clusters are combination of
X, Y and Z small sub-clusters. * indicates samples at room temperature for up to
one month. Values indicate the average number of occurrences in a AFM image with
2240 nm x 1680 nm.

X+Y4Z+W | 1414141 | 14+142+42
M(11,18) 0.0 0.3
M(11,11) 0.0 0.0
M(11,9) 0.3 0.2
M(11,9)* 0.0 0.0

Simulation

The dynamic formations of the rings are simulated using a chemical
kinetics model. The model is an extension of a pioneering model on dynamical
systems done by Hosokawa et al. [72] In the present model, the shape-variable
monomer is abstractedly represented by a flexible monomer (Figure 2.12a)
instead of the rigid monomers used by Hosokawa. Flexible monomers change
their shape randomly between a minimum and maximum angle. Consider a

flexible monomer, a second flexible monomer will have different configurations
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for approaching the first flexible monomer (Figure 2.12b). The bonding
probabilities of the flexible monomer are calculated based on the imposed
geometrical restrictions. For example, according to the present experiments,
the bonding probabilities for a shape-variable monomer with angles between
60° and 120° are shown in Table 2.5. The results of the simulation are in Figure
2.13. Since this simulation illustrates the time evolution for the formation of
the rings, the simulation is compared to experiments in two different conditions:
after preparation and after long time at room temperature (up to one month).
The results are shown in Figure 2.14. The experimental ring formation is
qualitatively represented by the present model. Full details of the simulation

model are presented in Appendix A.

Table 2.5: Bonding probabilities for flexible monomer with angles 60° and 120°. X,,
and X; represent two intermediates. For example, m =1 = 1 are monomer, but m =1
= 2 represents dimers.

m\l| 1 2 3 4 |56
1 |0.438 | 0.375 | 0.087 | 0.021 |0 | -
2 0.076 | 0.002| 0 |- -
3 0 - -] -
4 , - -
5 - -
6 -
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Figure 2.12: Scheme of flexible monomer used for simulation. (a) Shape variable
monomer is represented by a flexible monomer. (b) Possible bonding configurations
for a flexible monomer interacting with other flexible monomers.
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Figure 2.13: Simulation result for flexible monomer with angles 60° and 120°.
X-axis is the simulations steps, not the real time.

Q
-

(*))
~

I T mm t=0 (n=6)
After annealing O s t—1 month (7=5)

After long time at RT ©

60% [~

50% [~

40% [~

T T T T T T T
30% |-
20% |~
10% |- I
11T
o% o 1 L 1 L =l7 717 1 i

N ™A D 0 { Uunclear
Rings

1

|

Rings population in %
Rings population in %

200 400 600 800
Number of simulation steps

Figure 2.14: Simulation result for flexible monomer with angles 60° and 120°.
Results are compared for experiment in two conditions: after preparation (tem-
perature annealing) and after long time at room temperature (up to one month)
(a) Same result as in (Figure 2.13) but for time steps up to 800. (b) Experimental
distribution.
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Table 2.6: Summary of the method proposed and demonstrated in this chapter

METHOD
Applied

INTERACTION

STRUCTURE

Fabricated

FUNCTION

Achieved

1 Mechanical force

(molecular)

e Entropic
springs

e Hinge

e Contacting
edges

DNA origami

e Shape-
variable
monomers
with stacking
edges

e Using only
DNA as
building
material

Self-assembly

e Shape control
of monomers
using en-
tropic springs

e Supra mole-
cular control
of rings size
by springs

In conclusion, the self-assembly of rings made of shape-variable

monomers (flexible monomers) has been studied by experiments and sim-

ulation, which makes it the first-time study at the nanoscale. The diameter

of the rings can range from 100 nm to 200 nm, which makes them useful as

scaffold for long-term experimental investigations such microtubules running

in circles [73]. The kinetic model qualitatively represented the ring formation

over time. Kinetic barriers were found and large closed rings. The method-

ology presented is general; this means it is possible to model a monomer

with geometrical restrictions (or any other restriction that can be modeled

by probabilities). Therefore, it could be extended to simulate the dynamic
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formation of polymers with bonds that change change directions.

This work will be referenced for the design of shape-variable monomers
in 2D, and will inspire the fabrication of 3D monomers, whose degrees of
freedom must be carefully addressed. In the future, the design and construction
of reconfigurable rings will be aided by this concept and simulations. This

chapter is summarized in Table 2.6.
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3. Harnessing Hydrophobic Molecules for Molecular Motion and
Force-Directed Self-Assembly

XMB [ntroduction

Nanostructures made of DNA are increasingly used for realizing nan-
otechnology with molecular precision. This molecular precision is due to the
well-defined and characterized structure of single-stranded and double-stranded
DNA, which is based on the Watson—Crick base pairing [3]. From one to
three-dimensional (1, 2, and 3D) structures can be fabricated by following
stablished DNA nanotechnology methods such as DNA origami [15,74,75] and
DNA tiles [71]. These methods enable the fabrication of wires [76,77], sensors

[35,78] and semiconductors [79].

Structural characterization of DNA nanostructures with tens of nano-
metric resolution is done with atomic force microscopy (AFM). The core
principle that enables observation is the semi-static immobilization of DNA
nanostructures on a surface substrate such as mica or silicon wafer. This
immobilization is mainly because DNA and the substrates are hydrophilic,
and the strong ionic interaction of cations surrounding the DNA nanostruc-
ture and the substrate [80]. Particularly, the interaction of lipid-modified
DNA nanostructures with hydrophobic surfaces has been recently reported
[81-85]. The dynamic motion of hydrophobic nanostructures on hydrophobic
substrates suggests application in dynamic positioning of molecular devices

and machines [86]. Most of such hydrophobic nanostructures are created by
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covalent bonding of lipids (hydrophobic molecules), particularly cholesterol
molecules linked to DNA strands. Interestingly, DNA complexation with
cationic lipids is an alternative method for creating hydrophobic nanostruc-
tures [87,88]. However, a stablished methodology remains challenging since
simple in-solution preparation leads to complex aggregation. In this chapter,
a methodology for creating hydrophobic DNA nanostructures is reported and
extracting them onto hydrophobic regions. This methodology is further shown
to expand the available techniques used to self-assemble large scale structures

with architectural precision.

Highly architectural components based on DNA can be made for
integrated nano/micro devices linking the bottom-up and top-down fabrication
strategies [89,90]. The large-scale organization of DNA nanostructure units in
solution is relatively straightforward, even though very large structures are
restricted by inherit fluctuations and deposition on a substrate can alter the
assemblies [17,71,91-96]. To solve this, the self-assembly in the presence of a
substrate were reported yielding highly ordered lattices in the micrometer range
by temperature annealing [71,97], and by induced-diffusion on mica[98,99] or
lipid bilayer [100,101]. However, the yields strongly depends on parameters
including concentration [102], temperatures [103], ionic solutions [98,99] and
DNA nanostructure [103]. In those methods, nucleation of nanostructures
occurs spontaneously which prevents control on the self-assembled product

scale. Using Langmuir-Blodgett (LB) films to regulate a wide range of states
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at the air—water interface is interesting [104-107]. it is hypothesized that
LB films provide sufficient free space for promoting self-assembly of DNA
nanostructure units. The LB system enables applying pressures by tuning the
macroscopic area of the film (in the range 10-100 cm?) while retaining the

film thickness at the molecular level.

Novelty

In this work, a methodology for circumventing the self-aggregation
of a cationic lipid in-solution and for maintaining the integrity of assembled
DNA structures on 2D substrate is proposed and demonstrated. This method

is used in two ways.

First, to demonstrate the motion of DNA nanostructures from hy-
drophilic regions to hydrophobic regions. Transfer of DNA nanostructures is
achieved by complexation of the DNA nanostructures with a cationic lipid
(2C12N™). This extraction transfer enables structural persistence of the DNA
nanostructures, which is not possible by drop-casting. Second, to integrate
DNA nanostructure units into a Langmuir-Blodgett (LB) system in order
to self-assemble 1D larger nanostructures by reducing the 2D confined space
on the air-water interface. The 2D confined medium enables dynamic self-
assembly of DNA nanostructures by tuning the macroscopic film area (this

is in the range 10-100 cm?). The LB system allows compression-expansion
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cycles. This is done by making a hydrophobic DNA nanostructure that is a

DNA origami sheet conjugated with cationic lipids (2C;gN™).

Purpose

The purpose of this chapter is three-fold. First, to fabricate a hydropho-
bic DNA nanostructure. Second, generate a driven motion on substrate. Third,
generate a driven motion at the air-water interface. With these purposes, two

methods are designed and summarized in the following Table 3.1.

Table 3.1: Methods presented in this chapter. It can be read as “physico-chemical
interaction X is applied on structures fabricated with Y to achieve function Z”

METHOD INTERACTION  STRUCTURE FUNCTION

Applied Fabricated Achieved
2.1 Hydrophobicity DNA tiles Separation
2.2 Mechanical force | DNA origami Self-assembly

(macro pressure)
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Design

3.4.1| Design of Hydrophobic DNA Nanostructures

In this chapter, two types of DNA nanostructures are used: a wheel-
structured DNA [71] (Figure 3.1a) and a DNA origami sheet[37] (Figure 3.1b).
The DNA wheel is made by tile self-assembly [71]. Since it is made out of two
complementary DNA strands, it is available in larger quantities (uM) than
DNA origami which is composed of a scaffold strand at nM concentrations.
The wheel is also suitable for analysis of its mechanical properties. The DNA
wheel is prepared as in the original paper of Hamada et al. The DNA origami

sheet is prepared according to the original paper of the Simmel group.

Once the DNA nanostructures are assembled, they can be modified
with the cationic lipid by following method A and B (Figure 3.2). The method
A is the modification of DNA nanostructure deposited in solution (Figure
3.2a). The method B is the modification of the DNA nanostructure on a

substrate (Figure 3.2b).

A typical Method A involves mixing an aqueous solution of a cationic
lipid (for example, dioctadecyldimethylammonium bromide 2C;8N*) (50 pl,
2.1 mM; 2 mol equivalents to DNA phosphate groups) at room temperature
with a solution of bare DNA wheels (500 pl, 1 uM) in 1xXTAE/Mg?* buffer. Just

after mixture a water-insoluble white precipitate is formed. The cationic lipid

54



3.4. Design

10 nm

Figure 3.1: DNA nanostructures used in this chapter. (a) DNA wheel used in
Hamada et al. [71] (b) DNA origami sheet used in the Simmel group. [37].
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Figure 3.2: Conjugation of DNA nanostructure with cationic lipid. (a) Method
A: conjugation in solution. (b) Method B: conjugation on mica.
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complexation with DNA wheel is dissolved in an organic solvent (chloroform,

CHCl3) (500 ul) to separate modified wheels from bare wheels.
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Figure 3.3: Characterization of lipid-modified DNA wheels prepared with the
Method B. (a) Scheme of the preparation process and where the measurements
are taken. (b) UV absorption (UV) spectroscopy of bare DNA wheel (before
preparation), aqueous and CHCl3 phase (after preparation). (c) circular dichroism
(CV) spectroscopy of bare DNA wheel and CHCl3 phase. (d) Histograms of
hydrodynamic diameters of lipid-modified wheel (2C;8N") measured by DLS for
bare DNA wheel in TAE/Mg?* buffer (in color blue) and lipid-DNA wheel in
CHClI; (in color green).

In order to characterize the properties of the lipid-modified nanostruc-
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ture in solution, several properties are characterized as shown in Figure 3.3a.
Optical properties are measured using circular dichroism (CD) spectroscopy
(J-820, JASCO) and UV absorption (UV) (UV-3600, SHIMADZU). The dimen-
sions of the modified wheel are measured using dynamic light scattering (DLS)
(DelsaNano C, Beckman-Coulter). Structural characterization of the wheels is
performed using two AFM systems: 1) High-Speed AFM system (HS-AFM)
(Nano Live Vision, RIBM) with a silicon nitride cantilever (BLACI0EGS-A2,
Olympus) at 50 sec/frame, and 2) AFM system (Nanoscope V, Bruker) with
a cantilever for a dynamic force mode (SIDF40, Hitachi High-Tech Science)
at 260 sec/frame. First system is used for fast tracking of dynamic events,
while the second is used for large scale AFM observation. In the case of the
LB system, the Fourier transform-infrared (FT-IR) spectra of cast films using

FT-IR spectrometer (Nicolet NEXUS 670 FT-IR) is measured.

The absorbance of the CHCl3 phase at 260 nm is 0.887 (Figure 3.3c, in
red color) while the absorbance of the aqueous phase is significantly decreased
to 0.046 (in blue color) compared with before extraction (which is 0.932; in
black color). The extraction yields are calculated assuming a constant DNA
molar extinction coefficient. A CD analysis is done for the modified DNA
wheel in CHCl3 solution compared to the bare DNA wheel (Figure 3.3d). The
spectrum shows a positive Cotton effect pattern (in color red) similar to B-type
of the bare DNA (in black color). The 6 value of the positive Cotton effect at

260 nm increases for the modified wheel. The same trend is usual in A-type
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DNA spectrum; this suggests the modified wheel may be dehydrated due to

CHCl;.

0 0.5 1.0
[um]

Figure 3.4: Drop casting on mica of the modified wheels as prepared in Method
A.

By using DLS, the hydrodynamic diameters of bare wheels are analyzed
(10 uM in TAE/Mg*"), modified wheel (10 pM in CHCl3) and 2C1gN* vesicles

(10 mM in water). Since the shape of the wheel is disk-like with a thickness

58



3.4. Design

of 1.5 nm, the hydrodynamic diameter must be smaller than the geometrical
diameter of a wheel (40 nm). Peaks at 45 £ 9 nm and larger size (>2000 nm)
are observed for the Method A (Figure 3.3d, in green color). This indicates
aggregates of modified wheels when comparing with peaks due to vesicles of
lipid alone (174 + 82 nm) (data not shown). In summary, the diameter of
the wheels increased from 31 + 9 nm to 45 + 9 nm after lipid modification
(2C1gN+). +). This data suggests that modified wheels can be mono-dispersed
in solution (10 mM wheel). Drop casting on mica can-not simply be used
for extracting modified wheels, as shown by aggregations in AFM images
(Figure 3.4) [108]. To avoid aggregation, Method B is adopted, which is in-situ

modification of wheels deposited on mica.

HS-AFM is used to confirm the wheel structure before and after
addition of cationic lipid (didodecyldimethylammonium bromide; 2C15N™)
(Figure 3.5). Hereinafter, experiments with wheels are done using the smaller
cationic lipid (2C1oN™) to avoid dissolution of the lipid. Bare wheels have
characteristic delicate framework in their interior (Figure ba and 6a) which
becomes rough when modified by the lipid (Figure 3.5a). Modified wheels
have a 3.0 nm height (Figure 3.5b), which is 1.5 nm (comparable to 2C;oNT
length [109]) higher than bare wheels whose height is 1.5 nm (Figure 6¢). This
high increment is comparable to an interdigitated bilayer made of cationic

lipid, which is plausible [110].
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Figure 3.5: Lipid-modification of DNA wheel on mica surface. (a) Left: Repre-
sentative AFM image of bare wheel and modified wheel on mica surface. Right:
inset of a modified wheel (indicated by black dot lines) enclosed in a white box.
Scale bars are 50 nm. (b) Height distributions of left image in a. (c) Height
profile of the white line in left image in a.

3.4.2| Design of LB Films with Hydrophobic DNA Nanostructures

The design of hydrophobic DNA nanostructures is essential for inte-
grating DNA nanotechnology and Langmuir-Blodgett (LB) systems. LB films
are prepared incorporating hydrophobic DNA nanostructures. As bare DNA
nanostructure, a DNA origami reported by the Simmel group is used [37].
This origami is a twist-corrected single-layered sheet and is made using same

sequences and preparation as the original paper.

The shape of the sheet is rectangular with theoretical dimensions: 90
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Figure 3.6: AFM image of bare DNA wheel on mica surface. (a) Left: represen-
tative image. Right: Inset of a section. (b) Density distribution of wheels of the
left image in a. (c) Height distribution of the line profile of the right image in a.
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Figure 3.7: AFM image of bare DNA wheel on mica surface. (a) Left: represen-

tative image. Right: Inset of a section. (b) Density distribution of wheels of the

left image in a. (c¢) Height distribution of the line profile of the right image in a.
nm x 65 nm. This sheet is modified with a cationic lipid (dioctadecyldimethy-
lammonium bromide, 2C;gNT; 1 mol equivalent to DNA phosphate groups)
by following the Method A. UV, CD and FT-IR are measured for the formed
complex. UV measurement at 260 nm of the CHCI3 phase containing mod-
ified sheets has 0.263 (Figure 3.7a, in red color). The UV at 260 nm of the
aqueous phase decreased to 0.021 (Figure 3.7a, in blue color), which indicates
that. UV at 260nm of bare sheets is 0.392 (Figure 3.7a, in black color). By
assuming a constant DNA molar extinction coefficient, the extraction yield
is 67%. According to CD measurements, the modified sheets maintain DNA
helicity (Figure 3.7b). Fourier transform infrared (FT-IR) measurements of

the film show complex formation of lipid with DNA. FT-R confirms retention
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of stacked base-pair structure (Figure 3.7¢).
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Figure 3.8: Method to create a LB film made of hydrophobic DNA nanostruc-
tures. (a) Scheme for the preparation of LB film made of lipid-modified DNA

sheets. (b) (a) Surface pressure isotherms of DNA origami sheets (red) and a
lipid (2C,8N*; black).

After confirming the modification, a LB film is prepared with the
modified sheet. DNA sheets in CHCl3 are spread on the air—water interface
(Figure 3.8a, left). In the interface, the space containing the DNA sheets is
compressed to form a LB film (Figure 3.8). The 7—A isotherm indicates the
formation of a stable monolayer with a collapse pressure of ca. 43 mN m~!

(Figure 3.8b)). The lipid density on the DNA sheet side is theoretically 0.53
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nm? per molecule, which agrees with the LB film collapsing. This agreement
suggest that the long alkyl chains of the lipids are perpendicular towards the
air phase. The compressed LB film of DNA sheets is transferred at 32 mN m~!
to a mica for AFM observation (scheme in Figure 3.8a, right). The structure
of the modified sheet is preserved as shown by approximately 100 nm x 70
nm dimensions in AFM observation under dry conditions (Figure 3.9). This
suggests that lipid modification do not cause the sheet disintegration after
dissolution in CHCI3, and that the air-water interface allow the hydrophobic
nanostructures to disperse homogeneously. This monolayer made of hydropho-
bic nanostructures is formed on pure water in which bare DNA nanostructures
disintegrate [111]. After lipid-modification (Method A), the sheet increases
its height from 0.8 nm to 1.2 nm (Figure 3.9) in dry condition. The sheet
thickness is smaller than the single-layered DNA origami in liquid phase (1.5

nm). This may be due to dehydration.
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Figure 3.9: Representative AFM images. (a) modified DNA sheets (left) and
line profile (right). (b) bare DNA sheets (left) and line profile (right).
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Results and Discussion

In previous section, the design of the hydrophobic DNA nanostructure
is shown for two purposes. First, the motion of hydrophobic nanostructures
from one hydrophilic to hydrophobic regions. Second, the pressure-directed

self-assembly of hydrophobic nanostructures at the water air interface.

3.5.1| Motion of Hydrophobic DNA Nanostructures

The concept of the motion is shown in the scheme in Figure 3.10. To
demonstrate motion of hydrophobic DNA nanostructures, a patterned 2D
substrate is fabricated [112]. The patterning procedure is shown in Figure
3.11a. The 2D substrate with hydrophobic regions is prepared by treating with
an alkyl (Cyg) silane. Untreated regions remain hydrophilic (SiOH) (Figure

3.11b).

Bare DNA wheel prefer the hydrophilic substrates (Figure 3.12a), while
not depositing in hydrophobic substrates (Figure 3.12b). When using the
patterned substrate, wheels deposit only in the hydrophilic region (Figure 13,
left). After adding the cationic lipid on the patterned 2D substrate, DNA wheel
modification starts and resulting modified wheels transfer onto hydrophobic
regions (Figure 3.13, right). This motion (lipid-assisted transfer) using 2D

surfaces is analogous to 3D-extraction using organic solvents. This process
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Figure 3.10: Concept for the motion of a hydrophobic nanostructure. The
nanostructure is deposit on the hydrophilic region. After addition of the cationic,
the lipid modifies the nanostructure making it hydrophobic. The hydrophobic
nanostructure migrates onto the hydrophobic region.

resulted in up to 30% transfer of wheels, despite the strong immobilization on

the hydrophilic by divalent magnesium ions [80].

During AFM observations closed wheels and wheels with opened
structure are observed in the hydrophobic and hydrophilic region (Figure
3.14a). The number of closed and opened wheels are counted before and during
lipid-modification. In the hydrophilic region, after lipid-modification, closed
wheels reduces from 65% to 34% (Figure 14b), maybe due to stress caused
by complexation by the cationic lipid. In the hydrophobic region, the ratio of
closed wheels (68%) is comparable to the initial of bare wheel in hydrophilic
region, indicating that the modified DNA is extracted to hydrophobic region
due to complexation with the cationic lipid. This transfer process maintains

pristine wheel structures, which do not aggregate, and are immobilized trough
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Figure 3.11: Patterning of silicon wafer. (a) Scheme of the patterning procedure
for alkylsilane (C;18) on SiOy wafer. (b) AFM image in air phase of C;g-patterned
SiO9 wafer substrate (using Nanoscope V, Bruker). Frame rate: 260 sec/frame.
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Figure 3.12: Scheme and representative images of AFM observation. (a) Depo-
sition of bare DNA wheel on SiOH. (b) Octadecylsilyl coated substrate. Scale
bars: 100 nm.

hydrophobic interactions between alkyl chains on the hydrophobic substrate.

The density distribution of DNA wheels is calculated as a function of
wheel distances from the hydrophilic/hydrophobic borderline (Figure 3.15a).
If a modified wheel moves to the hydrophobic regions by mere 2D diffusion,
wheels density should decrease for longer distances from the borderline [113].
However, the behavior seems to be combined (Figure 3.15b). No simple distance
dependency is found for the whole observation time, but the density increases
suddenly after 9 min of adding lipid (Figure 3.15¢). This effect indicates that
wheel transfer is governed by 3D transfer through solution, involving wheels

migrating to solution and later absorption onto the hydrophobic region. This
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Figure 3.13: Representative AFM images of motion of a hydrophobic nanos-
tructure. Left: before adding cationic lipid. Right: after adding cationic lipid.
Hydrophobic nanostructures move onto the hydrophobic region after adding lipid.
Scales bars are 100 nm.
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Figure 3.14: Open and closed structures of wheels. (a) Wheels before and after
the addition of cationic lipid. (b) Wheels density in hydrophilic and hydrophobic
regions before and after adding cationic lipid.

3D transfer is also confirmed by a suggested wheel inversion (flip—flop) on to
the hydrophobic region. The flip-flop mechanism agrees with the height of
modified wheels (1.5 nm) on hydrophobic region (C;s) (Figure 3.16b). This
height is the same as the bare wheel thickness (Figure 3.16¢) suggesting
interdigitation of wheel lipids with Cyg alkyl chains [114]. From Figure 3.15b,
the diffusion coefficient constant (D) of the modified wheels in the hydrophobic
region is D = 0.7 & 0.9 nm? s!, which is 6 orders of magnitude smaller than
for cholesterol-modified DNA origami [81,85]. This smaller diffusion agrees

with a larger number of anchors provided by the cationic lipid.
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Figure 3.15: Quantification of wheels. (a) Closed and opened wheels in red and
blue, respectively. Image was taken after 22 minutes of adding the cationic lipid.
(b) The wheel density (wheels um™2) is calculated as a function of time and space
(distance from the borderline interface between the hydrophobic and hydrophilic
regions). (c¢) Averaged density of modified wheel on hydrophobic region (0-400
nm from the borderline) after adding lipid (2C;2NT).
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Figure 3.16: Modified wheels and characterization. (a) Scheme of the flip-flop
mechanism. Heights are shown. (b) Representative image of modified wheels and
profile distribution on a hydrophobic region. (c) Representative image of wheels
and profile distribution on silicon wafer substrate after adding cationic lipid.
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3.5.2| Pressure-Directed 1D Self-Assembly at the Air-Water Interface

A LB film monolayer of modified sheets is prepared as discussed in
the Design section of this chapter (Design of Langmuir-Blodgett films made
of hydrophobic DNA nanostructures). Our aim is to dynamically control the
monolayer morphology by directly perturbing the monolayer confined space
(Figure 3.17). Diverse modes of pressure perturbation can be applied to the
LB system. In the present case, dynamic pressure changes are applied through
compression /expansion processes. The applied pressure range is from 3 to 30

mN m~! (Figure 3.18), which must follow the m-A isotherm.

Compression
Air- waler interface p

/ ‘ § k-.-\
/ ’ Expansion

Q AL LS SRR

1-D supramolecular
polymerization

Langmuir film

Figure 3.17: Scheme for the dynamic control of the air-water interface area.

The result of compression/expansion cycles is the gradual self-assembly
from a state of isolated modified sheets (Figure 3.18a) to larger 1D assemblies
(Figure 3.18c). This compression/expansion is the main factor for the observed
1D assemblies because simple stationary compression (for 30 min) at low (3

mN m~!) or high (30 mN m™1) retain modified sheets in isolated form (Figure
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Figure 3.18: Dynamic control of the hydrophobic sheet monolayer conformation
at the air-water interface applied through pressure. (a) 0 cycles. (b) 1 cycle. (c) 2
cycles of compression/expansion. (d) High pressure 30 mN m™1. (e) Low pressure
3 mN m~!. (f) Applied pressure over time for the cases in a, b, ¢, d and e.
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3.18d-e). Increasing the cycles (up to 10 times) also promotes formation of 1D
assemblies (data only shown in the original article [115]). While cycles with
higher pressure (between 30 and 40 mN m~!) generate no significant difference
compared to normal cycles. A quantitative analysis of the structures after
compression /expansion cycles is done. The number of isolated modified sheets
per surface area is analyzed. After 1 cycle, the number decreases from 61 to
19 sheets per mm?. After 2 cycles, the number decreases to 0.4 sheets per
mm? (Figure 3.19a). The length of the 1D assemblies made of DNA sheets

increases by increasing the compression/expansion cycles.
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Figure 3.19: Quantitative analysis for the compression/expansion cycles. (a)
Isolated hydrophobic DNA sheets that remains after compression/expansion
cycles. (b) Average length of 1D assemblies made of hydrophobic DNA sheets
after compression/expansion cycles.

The aspect ratios of the length (L) versus height (H) and width (W)
(Figure 20a) of the 1D assemblies are calculated. The L:W and L:H are 17

and 15 (Figure 3.20b) times larger than the one for a single modified sheet,
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respectively. W:H ratios are constant, which indicates that the thickness of a
single sheet is maintained at molecular level. This supports the role of the 2D

confined space at the air-water interface preventing 3D aggregates.
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Figure 3.20: Characterization of the modified DNA nanostructure sheet. (a)
Scheme of the modified sheet with length (L), height (H) and width (W). (b)
Aspect ratios of the 1D assemblies for 0 and 2 compression/expansion cycles.

FT-IR of LB films indicates that the structure remains almost intact
during pressure perturbation (Figure 3.20b). The C=0 band, at 1712 cmy, of

stacked base pairs is maintained [116]. This strongly indicates that the sheet
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DNA helices persist in the 1D assembly. On the one hand, the persistence
of the CHs band of the LB films (2926 cm;) shows amorphous packed state
of the lipids. On the other hand, cast films of hydrophobic sheet shows the
CH2 band at 2917 cmjy, which suggests a crystalline packing structure (Figure
3.20c) [117]. In summary, the supra-molecular 1D assembly of DNA sheets is

achieved by a dynamic process on the 2D air-water interface.
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Figure 3.21: Detail of the nanostructures formed by compression/expansion
cycles. Representative AFM images after 0 (a), 1 (b) and 2 (¢) compres-
sion/expansion cycles.

This selective 1D assembly may be due to the non-specific random
hybridization of unpaired loops (32 bases) on the DNA sheet shorter side. These
loops have an electrostatic charge and are placed on the sheet for preventing
aggregation of sheets [37]. After complexation with the cationic lipid, the

loop balances its net charge. Therefore, lipid-modified loops may interact
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each other making non-specific base pairings. Furthermore, hydrogen bonding
may be promoted at the air-water interface [118,119], which may promote
DNA sheet connections through the loops. This speculation is supported, by
the shorter side connection of the 1D assembly (Figure 3.21). Importantly,
the dynamic compression—expansion perturbation procedure was essential in
the induction of supramolecular 1-D polymerization of lipid-modified DNA
sheets. Thus, fusion occurs by balancing the condensing effect of compression
at higher pressure (which facilitates base pairing) with a greater fluidity at

lower pressure (which promotes the reorganization of the DNA sheets.

Conclusions

For the first-time, it has been demonstrated the in-situ lipid-

modification of DNA nanostructures deposited on a substrate. DNA nanos-
tructures became hydrophobic with its structural properties preserved, as it
was shown by the present diverse experimental confirmations. In addition to

the in-situ modification, an in-solution modification has been confirmed too.

By using the demonstrated in-situ lipid-modification, I have developed
an extraction method of DNA nanostructures from 2D surface to another 2D
surface by 3D migration. Substantial extraction was obtained after 10 min
of injecting the lipid. A novel flip-flop mechanism for the nanostructure was

observed, which is a first-time physical insight in DNA nanotechnology. In
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the future, by using this technique, researchers will make sophisticated DNA
devices deposited on hydrophilic surfaces, and transfer them to hydrophobic
surfaces. Precise alignment of DNA nanostructures can be designed and
fabricated using special architected surface patterns with nano-metric precision.
This developments will lead towards a nanoarchitectonics [120] with complex

DNA nanostructures.

By using the present demonstrated in-solution method, I have made
for the first-time a LB-film made of hydrophobic DNA nanostructures at
the air—water interface. By applying pressure, hydrophobic nanostructures
underwent supra molecular anisotropic self-assembly (1D self-assembly) due to
nonspecific hybridization of the loops surrounding the DNA nanostructure. The
1D self-assembly was controlled up to 2 um after two compression/expansion
cycles. 1D self-assembly is showed, but a 2D self-assembly at the air-water
interface can be induced by distributing the DNA nanostructure loops along
appropriate directions. Furthermore, by harnessing the non-specify interaction
of the loops, it may be possible to design a dynamic self-assembly [121][122];
i.e. self-assemble when applying pressure, and dis-assemble in the absence of
it. In the future, by carefully balancing hydrophilicity and hydrophobicity,
3D DNA structures with motions will be actuated by macroscopic pressure

(applied by "hand") at the air-water interface.

This chapter is summarized in the following Table 3.2.
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Table 3.2: Summary of the method proposed and demonstrated in this chapter.

METHOD INTERACTION  STRUCTURE FUNCTION
Applied Fabricated Achieved
2.1 Hydrophobicity DNA wheel
e Between e Simple DNA e Structure
hydrophobic nanostruc- becomes ‘
molecule and ture with hydrophobic
hydrophobic wheel Shape e Molecular
pattern (a  delicate .
frame i separation
. (extraction):
visible) -
motion from
e Electric 2D, to 3D
repulsion be- solution, and
tween DNA eventually to
duplexes s 2D surface
minimized
2.2 Mechanical force | DNA origami sheet | Self-assembly
(macro pressure)
e A flat DNA e Hydrophobic
e By pressure origami with structure
(macro-force) crowded float at the
controlling DNA du- air-water
confined plexes interface
space at
air-water e Pressure-
interface controlled 2D
distribution
e Random
base-pairing e Length  de-
between pends on
origami units number  of
cycles
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4. Harnessing Light Irradiation for Phase Transitions in DNA
Hydrogel

BB [ntroduction

DNA nanotechnology makes possible the fabrication of nanometer to
millimeter scale structures [123—-128], for example, millimeter scale hydrogels
integrating DNA molecules [129-136]. There are two types of these hydrogels.
One is fully made of DNA molecules [125], and the other is made of polymers
which structural rigidity is mediate by DNA [130-132]. The former, which is of
particular interest to this chapter, is made of DNA motifs hybridizing at their
sticky-ends. Since these gels are purely made of DNA, the component DNA
molecules can be chemically functionalized in diverse ways for making useful
devices [133-136]. However, these hydrogels may lack structural rigidity or
require high concentrations of monomers for gelation (mM range). To improve
the mechanical stability of the hydrogel, their DNA network may be ligated
[125] at the expense of generating molecular waste products in the hydrogel.
Ligation leads to a covalently linked network that is not reversible preventing
gel-sol transition, which may serve for drug release. Using photo-responsive
artificial bases is an alternative route to provide ligation without generating
waste products. They allow speedy and efficient reversibility [137-139], and
they have been applied in DNA devices [136,138], with the exception of

hydrogels fully made of DNA.
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Novelty

A DNA hydrogel is designed and it can, under photo-irradiation, un-
dergo repeatable gel-sol/sol-gel phase transitions. The hydrogel is made of
specially designed DNA motifs binding each other. The binding can be acti-
vated or deactivated by photo-irradiation leading to the phase transitions. The
conditions for gelation and solation (such conditions include DNA concentra-
tion, DNA dimensions, diffusion coefficients), and the structural characteristics

of this DNA hydrogel are carefully studied by diverse proposed experiments.

Purpose

The purpose of this chapter is two-fold. First, to make a DNA hydrogel
with reversible bonds. Second, to externally control the phase transitions of
the hydrogel. With these purposes, a method is designed and summarized in

the following Table 4.1.

Table 4.1: Method presented in this chapter. It can be read as “physico-chemical
interaction X is applied on structures fabricated with Y to achieve function Z”

METHOD INTERACTION  STRUCTURE FUNCTION

Applied Fabricated Achieved
3 UV light DNA hydrogel Gel-sol phase tran-
sition
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Hydrogel
Design

The motif design is based on a reported X-shaped motif for hydrogels
[125,140]. To make a DNA hydrogel, diverse motifs designs are tested looking
for the optimized motif size. A motif with general dimensions is represented
by Xxx-Yyy-Zzz, where xx is the sticky end length in nucleotides, yy is the

arm length, and zz is the unpaired bases number (Figure 4.1).

a) b)
\ X
X Strand-1
Y
P "‘\)2 _Strand-d
.................... D — —
N\, Strand-2
Strand-3 [ v
c)
+ Stickv end 4 nt
Strand-1 5° XTCGAG 3
Strand-2 5° XTCGAG CGACGCTTGGACCGCAAA 3’
Strand-3 5" XTCGAGTTGAATGCCTAACCGATGTAAGCCGTGTCAGGAA 3
Strand-4 5° XTCGAGTTCTCACTGGTAGCAC 3
+ Sticky end 6 nt
Strand-1 5" XTCATGAG 3
Strand-2 5° XTCATGAG CCTGCCTGTATCTAAA Y’
Strand-3 5" XTCATGAGTTTAGATACAGGCAGGTCGGTGGCTATTTCAA 3
Strand-4 5 XTCATGAGTTGAAATAGCCACCGA 3
+ Sticky end 8 nt
Strand-1 5" XTGGATCCAG 3
Strand-2 5" XTGGATCCAG CACGACCTAATCTTA 3
Strand-3 5" XTGGATCCAGTAAGATTAGGTCGTGATGGTGAAATGTAAA 3°
Strand-4 5° XTGGATCCAGTTTACATTTCACCAT 3

*X represents <N VK

Figure 4.1: X-motifs that self-assemble into a DNA hydrogel. (a) X-motif as
represented by Xxx-Yyy-Zzz, where xx is the sticky-end length in nucleotides, yy
is the arm length, and zz is the unpaired bases number. (b-c¢) X-motif showing
the strands and corresponding DNA sequences in color.
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Figure 4.2: Scheme of the dying method used to prove the gelation of the DNA
hydrogel.

DNA sequences are show in Figure 4.1b-c. Unmodified DNA is syn-
thetized by Eurofins Genomics, while “VVK-modified DNA is purchased from
Nihon Gene Research Laboratories (Sendai, Japan) and Tsukuba Oligo Service
Co (Ibaraki, Japan). Hydrogels are prepared by annealing DNA in Tris (10
mM, pH 8.0) with EDTA (1 mM), and NaCl (50 mM) as shown in Figure

4.2.

For photo-responsive experiments, UV light is from a light emitter
(MAX-303 xenon light). The light emitter has 340 and 360 nm filters (Asahi
Spectra, Tokyo, Japan). The 360 nm filter is chosen as the closest to the
wave length 366 nm. The trajectory (due to Brownian motion) of fluorescent
beads (ThermoFisher Scientific, Catalog No.: F8811) is measured by total
internal reflection fluorescence microscopy (TIRF) using microscope (IX71
ARC EVA microscope, Olympus). The beads are diluted (1:200) from the

original stock.
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46 nt

56 nt

76 nt

100 pm

75 um

60 um

50 um

40 pm

30 um

20 pm

10 um

X X X X
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i

X
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Figure 4.3: Motif arm test for the dyeing method shown in Figure 4.2. Motif
has no photo-responsive base. Gelation is if the dyed hydrogel remains as a lump
when surrounded by excess water. If the lump dissolves, it is said the hydrogel
gelation is not possible. Motifs are X8YyyZ4 where the tested yy is 17, 27, and
37. In the figure, circle means that gelation is confirmed, A triangle means gel is
formed but broken by inserting surrounding water, X means gel is dissolved.
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4.4. Design

To find the motif dimensions that generates a hydrogel at the lowest
concentrations, it is tested under the dyeing method diverse motif designs
without photo-responsive bases. The dying method scheme is shown in Figure
4.2. This method requires using a loading buffer (Takara Bio, Japan) for
dying the hydrogel, and then immerse it into an excess amount of water. To
guarantee inter-motif connections at room temperature, the sticky-end length
is set to 8 nt (= xx). Inserting short flexible linker such as 4 nt (= zz) at the
junction lowers the minimum required concentration (according to data not
shown). Motifs with three different arm lengths (= yy) are tested at various
concentrations (Figure 4.3). A longer arm length forms a gel at 20 mM, which
is ten times lower than the concentration required by the X-motif (X4Y14Z0)

[125].

The photo-responsive artificial base is placed at the sticky-ends of
the motifs to allow dissociation of inter-motif binding. Different types of
DNA with photo-responsive molecules were reported. For example, p-CVP
(p-carbamoylvinyl phenol nucleoside) [137], “¥VK (3-cyanovinylcarbazole)
[138,139], azobenzene [136]. p-CVP and ““VK are used as cross-linkers.

Azobenzenes are used as intercalator.

CNVYK is used as photo-responsive base, in this chapter, because it
is ultra-fast, photo-reversible, highly specific to pyrimidine bases (Cytosine

and Thymine), and has non-distorting structural properties [141]. “VVK is
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Cross-cleaving

L e

Cross-linking

o diE,

Figure 4.4: ““VK photo-responsive base cross-link and cleave Thymine in
response to light frequencies.

used to photo-crosslink with (or cleave from) an adjacent Thymine base in a

complementary sticky-end.

Ultraviolet (UV) irradiation at two different wavelengths are used
(Figure 4.4). Finally, a motif design with photo-responsive bases is given in
Figure 4.5a. Gelation (photo cross-linking) is achieved under 366 nm UV
for 5 minutes at 48°C, and solation (photo cross-cleaving) is achieved under
340 nm UV for 15 minutes at 45°C (Figure 4.5b). The application times

and temperatures are optimized as shown for 125 uM X6Y16Z0 (Figure 4.6).
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a)

b)

340nm, 15min
45°C
Sol phase Gel phase

Figure 4.5: Gel-sol phase transitions. (a) X-motif with incorporated “NVK
photo-responsive base. (b) Sol-gel phase transition under 366 nm (4°C, 5min),
and gel-sol phase transition under 340 nm (45°C, 15min).

The time influence on irradiation is analyzed for both gelation and solation
(Figure 4.6a-b). The diffusion coefficient of the 0.2 pm fluorescence micro
beads trapped in the samples is measured using TIRF. The beads are diluted
(1:200) from the original stock. Results indicate that at least 1 minute and
2 seconds of irradiation are required for gelation and solation, respectively.
The temperature dependence for solation is tested (Figure 4.6¢). Result
shows no solation at 4°C but for 37°C; therefore, 45°C is enough for solation.

The diffusion coefficient of the beads in polyacrylamide-bis solution and its
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hydrogel is tested control experiment (Figure 4.6d). Solution is a mixture of
9.7 % Acrylamide and 0.33 % BIS (final concentration) in 1xXTBE buffer. The

diffusion coefficient in the polyacrylamide-bis hydrogel and its solution are
comparable for DNA hydrogel gel and sol phase.

10 i 10
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0.001 . I 0.001 .
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0 2 10 60 300 900 0 2 10
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o

=
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4 37 Solution without  Hydrogel with
Temperature [°C] polymerization  polymerization

Figure 4.6: Diffusion coefficient of 0.2 um fluorescence microbeads trapped in
the samples. (a) Time influence for sol-gel transition. (b) Time influence for
gel-sol transition. (c) Temperature influence for solation. (d) Control experiments.
a, b, ¢c and d are in logarithmic scale.

Results and Discussion

The gel-sol transitions are tested using the steel ball test for 500 mM

motifs with photo-responsive bases and with three different sticky-end lengths
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(xx = 4, 6, 8) (Figure 4.7). The steel ball is a binary test where the ball is
included into the sample, and if the ball stays on top (sinks) it is verified the
quality of the sample as gel; if the steel ball sinks, it is confirmed that the
sample is a sol. xx = 6 shows the most stable transitions among the results.
xx = 8 shows gel formation but it fails returning to solution phase. 40 uM
X6Y 3474 with photo-responsive bases shows repeatable gel-sol transitions.
Therefore, it is concluded that 40 uM is the lowest concentration for reversible

gel-sol transitions.

Iterationl Tteration2 Iteration3 Iterationd Iteration5
Gel B> Sol B> Gel B> Sol B> Gel B> Sol P> Gel B> Sol B Gel B> Sol

X4Y17Z0 W \g ‘ |
500uM >4

: 'g | K8
X6Y34Z2 ‘ |
40uM ® Iﬂ
X8Y15Z0 ‘1,1"' N, #
500pM E j Vo §

| | “

Figure 4.7: ““VK photo-responsive base cross-link and cleave Thymine in
response to light frequencies.

X6Y16Z0
500uM

In order to characterize the hydrogel mechanical properties, the
“swelling degree” ratio is calculated. To calculate this ratio, the hydrogel
weight variation under both wet and dry conditions are measured. 5 ul DNA
hydrogel is put in liquid nitrogen (1 min) and it is dried in a freeze-dry chamber

(for 24 h). The weight is measured in this dry state. Then 200 ul buffer is
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added to the sample, and incubated for 24 h to allow swelling. The weight is
measured in this swelling state. Swelling degree is defined by the Equation

4.1:

M
Swelling degree in percentage = 7 (4.1)
d

where M, and M, are the swelling and the dry state weight, respectively.

In Table 4.2, the swelling degrees of motifs with arms xx = 4, 6, 8 are shown.

Table 4.2: Swelling degree for two different concentrations and three motif
sticky-ends.

Swelling degree in percentage
XX
motif concentration 4 nt 6 nt 8 nt
0.5 mM 1.5x10% | 1.9x 103 | 2.0 x 10°
1 mM 1.5x10° [ 1.9 x 10% | 2.0 x 103

The diffusion coefficients [142,143] for the gel and sol phase are also
measured by entrapping fluorescent beads (0.2 pm diameter) in the hydrogel
(Figures 4.8). The Brownian motion of the bead is observed by TIRF mi-
croscopy. Diffusion coefficients are calculated by following bead trajectories
using a tracker package in Fiji image processing software. The larges variation
is for the motif with xx = 6 nt arm (maximum difference 0.5 pm?s—!). The

variation decreases when increasing the number of gel-sol transitions iterations.
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Although the diffusion coefficient change is smaller for xx = 4 nt, the difference
increases after five cycles. Diffusion coefficient is almost zero for the motif

with sticky-end xx = 8 nt.

— 0.8 1 L L Il J
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Figure 4.8: Diffusion coefficient of 0.2 pum diameter fluorescence beads in DNA
hydrogels vs the number of iterations. The motif has sticky-ends xx with 4, 6, or
8 nt: X4Y17Z0 500 uM, X6Y16Z0 500 uM, X6Y347Z2 40 uM, X8Y33Z2 40 uM.
Error bars represent standard deviation (n=30).

Conclusions

For the first time, a novel DNA hydrogel (completely made of DNA
molecules) with designed phase transition properties based on reversible photo
reaction (UV irradiation at different wavelengths) was implemented. Different
configurations and concentrations were tested, and suitable conditions for
gelation were found; i.e. the minimum DNA motif concentration is as low as

40 uM. Gel-sol transitions were observed for at least 5 cycles. The physical
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properties of the hydrogel were assessed by using the swelling degree and

diffusion coefficient of entrapped beads.

In the future, the proposed photo-responsive hydrogel will be useful as
medical device in applications including drug delivery and molecular diagnostics
by delivering sensing molecules in cells. The reversible gel-sol transition will
be utilized as a mechanical actuator in biochemical-mechanical devices, i.e.

molecular robots [68].

This chapter is summarized with the following Table 4.3.

Table 4.3: Summary of the method proposed and demonstrated in this chapter.

METHOD INTERACTION  STRUCTURE FUNCTION

Applied

Fabricated Achieved

3 UV light (Photo ir- | DNA origami Self-assembly
radiation)
e Simple DNA e Control
e UV light at motifs with 3D confor-
two different sticky ends mation of
frequencies DNA motifs:
e Sticky ends sol-gel
e Photo- have photo-
responsive responsive e Fast response:
base con- base at least 10 sec
formation (sol-gel) and
change 2 sec (gel-sol)
e Repeatable
transitions:
at least 5
times
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5. Harnessing Electrophoresed Nanoparticle for DNA
Dehybridization

5B [ntroduction

In previous chapters, DNA nanotechnology was used for fabricating
several materials including, in increasing size, DNA tiles, DNA origami, hy-
drophobic DNA nanostructures, and DNA hydrogels (fully composed of DNA
molecules) and DNA-integrated hydrogels [123]. All these structures are com-
posed of hybridized DNA molecules. Control of hybridization and, its reverse,
dehybridization reactions is fundamental for realizing useful DNA devices
based on DNA nanostructures; for example, molecular computing devices

[144-146] and drug delivery materials.

The most widely-used method to control DNA hybridization is a simple
temperature annealing. In case of DNA dehybridization control, it is not so
simple but it can be the toehold-mediated strand displacement reaction can
be implemented [32]. Basically, in this reaction, a target DNA strand in a
DNA duplex is displaced by an external DNA strand. An advantage of this
reaction is its sequence-specificity which provides reliability and robustness. A
disadvantage is that generated molecular waste may interfere with the system’s
function [147]. On the other hand, other method such as tensile force control of
DNA dehybridization [148] maintains a waste-free environment. A tensile force
on a DNA duplex can cause two effects depending on where the force is applied.

Basically, the force can be applied perpendicular (unzipping of DNA duplex) or

98



5.1. Introduction

parallel (shearing of DNA duplex) to the DNA duplex axis. The most common
example of unzipping is when DNA helicase unzips parental DNA during
cellular replication [149], and shearing can be used in molecular sensors [150].
Applied force magnitude is also important for the dehybridization dynamics;
for example, a common parameter in tensile dehybridization is the critical
force, which is defined as the force that gives 50% of dehybridized duplexes
[151]. Also it is well-known that the critical force for unzipping has smaller
magnitude than the shearing one [152]. Moreover both forces reach a plateau
when the DNA lengths are sufficiently long (more than 25 bps in the case of

shearing) [153].

Diverse studies have been performed in the theoretical arena about
the tensile dehybridization. Among them, the most interesting one is the
simulation platform developed at Oxford University. Recently, by using this
simulator, Ouldridge and coworkers claimed that the critical force for dehy-
bridizing short DNA duplexes depends on the observation time (or application
time, hereinafter) [151]. In other words, the applied force is not an issue for
sufficiently long application times. To the best of my knowledge such a claim
has not been confirmed experimentally; therefore, the proposed system in
this chapter may be the first confirmation. One interesting way to generate
tensile force is by using external force fields. External force fields have been
already applied in single molecule experiments for studying the extension and

dehybridization dynamics of DNA duplexes. External force fields are, for
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example, optical trapping fields [154], magnetic field [152], and gravitational
field [155]. A third type of force field is the electric field [156], which is not fre-
quently used for generating tensile dehybridization force but for electric-driven

dehybridization.

Hydrogels are 3D materials that have plenty applications such as
electrophoresis, which is a common method for molecular separation based on
electrical forces on charged molecules. A standard electrophoresis hydrogel
is polyacrylamide-bis which has a neutral charge. The hydrogel structure,
i.e. its porosity, allows diffusion of molecules of diverse sizes [157]. Moreover,
the mechanical strength and stretching of hydrogels can be enhanced as, for
example, polyacrylamide matrix with alginate chains [158]. The hydrogel
structure also allows chemical conjugation with functional molecules; for
example, DNA molecules can be chemically conjugated to polyacrylamide-bis
hydrogels [159]. In addition to electrophoresis, other applications include
controlled drug release [160,161] and tissue/robot interface for heart failure
treatment [162]. In DNA nanotechnology, hydrogels incorporating DNA devices
[163] were used for molecular computations including edge detection [144],
cellular automata simulations [145] and reaction-diffusion generated patterns

[146].

Two dehybridization electric control methods have been demonstrated

for detecting single nucleotide polymorphism [156,164]. In the first method,
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Sosnowski and coworkers anchored DNA duplexes in the polymeric network of a
1 um-thick agarose hydrogel, which is placed over nanofabricated Pt electrodes.
DNA strands were released from the hydrogel when electric current is applied
through the electrodes. Based on the applied electric current, the electric field
was estimated to be orders of magnitude lower than the required theoretical
value. Therefore, the authors suggested that pH change in combination with
electric field contributed to dehybridization. In the second method by the
Bartlett’s group [164], DNA duplexes were directly anchored to the surface of
a gold electrode. When the gold electrode was driven negative, DNA strands
were released from the electrode. It was suggested that dehybridization was due
to the electrical repulsion between the electrical double layer of the electrode
and the negatively-charged DNA. However, the same group recently refuted
this hypothesis suggesting a new mechanism related to the electronic states
of the DNA when borrowing electrons from the electrode [165]. Therefore,
understanding the underlying molecular mechanisms for dehybridization under

electric field requires further investigation.

Novelty

In this chapter, a new method for electric control of dehybridization
modes (unzipping and shearing) of DNA strands captured (hybridized) by DNA-

integrated hydrogel (hereinafter called simply hydrogel) is presented. Tensile
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force on the DNA duplex is applied by electrophoresing gold nanoparticles.
The tensile force is generated by applying an electrophoretic pulling force
on negatively-charged nanoparticles attached to the DNA strand. For this
purpose, negatively-charged gold nanoparticles (GNPs) [166-168] are used.
To apply voltages, the DNA duplexes are immobilized in a hydrogel segment
inside a capillary placed inside a silicon chamber. DNA duplexes are located
some centimeters far away from the electrodes, to eliminate the electrical
double layer effect due to the electrical electrodes. Under electric field (25
V em™!), DNA strands captured to DNA-integrated hydrogel are pulled by
the GNPs. This is similar to pulling DNA duplexes in single-molecule studies
by micromanipulation (for example, optical tweezers [154]), but in our case
manipulation is done in hydrogels and dehybridization is massively in parallel.
Over time, dehybridized DNA strands are gradually released from hydrogel.

Moreover, this system avoids undesired increments in pH and temperature.

Purpose

The purpose of this chapter is two-fold. First, to find an experimental

system for applying voltages (in the order of 100V) without significant incre-
ments of temperature and pH. Second, to dehybridize the duplex by applying
electric field. With these purposes, a method is designed and summarized in

the Table 5.1.
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Table 5.1: Method presented in this chapter. It can be read as “physico-chemical
interaction X is applied on structures fabricated with Y to achieve function Z”

METHOD INTERACTION  STRUCTURE FUNCTION

Applied Fabricated Achieved
4 Electric DNA-integrated Decomposition
hydrogel (Dehybridization)

Design

The notation Un-GNPd and Sn-GNPd are used for simplicity, where
U/S stand for the Unzipping/Shearing configuration (Figure 5.3a and b).
Unzipping samples are prepared when GNP is attached at the 3 end of the U
strand, and Shearing samples are prepared when GNP is attached at the 5’

end of the S strand.

In Un-GNPd and Sn-GNPd, the letter n indicates the number of
nucleotides that can be captured (hybridized). d after GNP shows gold size in
nm. 15, 20, 25, 30 and 49 nucleotides (nt) are tested. GNPs with diameters of

5 and 10 nm.

DNA strands (HPLC purified from Eurofins Genomics) are function-
alized with GNP (Tanaka company, Japan); this modification is hereinafter
called DNA-GNPs. After arrival, DNA strands are dissolved in water water.
Two types of GNPs coated with citrate acid are used (5 nm and 10 nm).

GNPs are passivated with Bis(p-sulfonatophenyl)phenylphosphine dihydrate

103



5. Harnessing Electrophoresed Nanoparticle for DNA
Dehybridization

dipotassium (BSPP) salt. For passivation, 250 ul of GNPs and 50 ul of
BSPP solution (50 mg/ml in water) are mixed in a micrutube. A total of 6
microtubes are heated at 50°C for 30 min using a thermocycler (Eppendorf
Mastercycler personal). Under 20,000 G at 4°C for 2 h, all microtubes are
centrifuged in centrifuging machine (Kubota 3780). Supernatant is discarded
carefully, and remained gold on the bottom becomes the stock gold solution.
Thiol-modified DNA (50 uM) is mixed with 100 uM TCEP, and incubated at
room temperature for 1 hour. This mixture gives a final DNA concentration

of 40 uM.

To prepare 10 ul of DNA-GNPs, the GNPs stock is diluted to a final
volume containing 1 mg/mL BSPP, 1xTBE, 200 mM NaCl, and 4 ul water.
Once prepared, it is added 1 pl of deprotected thiol-modified DNA (26 uM) to
the mixture. The final mixture is pipetted many times (at least 3 times) until
the solution becomes homogeneous at simple sight. For 1 hour, the mixture
sample is heated at 50°C. Then, the mixture is stored at room temperature.
Characterization using 2% agarose gel electrophoresis (5 V per 4 cm, 1.25 V
cm~! for 15min) for DNA-GNP5 and DNA-GNP10 are shown in Figure 5.1.
This gel electrophoresis confirms that each GNP modifies only a single DNA

strand.

Prepared DNA-GNPs are introduced into a capillary containing a

DNA-integrated hydrogel, which is a hydrogel with covalently anchored DNA
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Figure 5.1: 2% gel electrophoresis assay for both two DNA-GNP of different
diameters. a) 5nm and b) 10nm GNP. Gel imager uses white EPI light source
and 530/28 filter.

strands. The hydrogel is a 3% polyacrylamide (3.3% acrylamide:bis). The
anchored DNA strand is 50 nt long and it is hereinafter referred as anchor.

Anchor DNA is complementary to DNA-GNP.

Anchor is linked to the hydrogel via a 5’ end acrydite chemical modifica-
tion. The anchor concentration in the hydrogel is 1 uM. In such a concentration,
there is approximately one DNA anchor molecule in a cube with 120 nm side.
This cube is at least 24 times or 12 times bigger than the 5nm or 10 nm GNP
diameter, respectively; therefore, the DNA-GNP must be captured by only

one DNA anchor. The hydrogel is put in a 3 cm-long glass capillary with 1
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mm/1.5 mm inner/outer diameters (Figure 5.2).

The DNA strand in the DNA-integrated hydrogel is complementary to
DNA-GNP. 0.5 ul of DNA-GNPs, which are mixed in a final volume containing
8% sucrose in water, are injecting into the capillary using a micropipette. DNA-
GNPs can not enter inside the hydrogel but are trapped over the hydrogel
due to the sucrose molecules. The capillary is placed into a vertical chamber
with platinum (Pt) electrodes separated 4 cm. 5V are applied for 2 hours,
which is sufficient for the DNA-GNP to be captured by the DNA-integrated

hydrogel.

For the modification of U and S with GNP, a single thiol molecule is
used. In case of U, the thiol is modified in its 3’ in the C3 Carbon; while in case
of S, it is modified in its 5" in the C6 Carbon. Molecular structures of 3’ thiol
and 5’ thiol with protection are shown in Figure 5.4a and 5.4b, respectively.
Connection between the GNP-thiol and the complementary sequences of the

U/S strands is done through two Thymine bases (TT).

GNP are colloids with a visible reddish color, that makes them a
suitable colorimetric label detection inside the capillary using a CCD camera
(canon EOS Kiss X7) (Figure 5.5) [157]. The CCD camera is coupled to
an optical microscope stage to magnify the region including the DNA-GNPs
captured by the hydrogel. To provide a uniform background for CCD recording,

a 1 mm thick polytetrafluoroethylene (PTFE) white sheet is used as background
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Figure 5.2: Scheme of the preparation of capillary with DNA-integrated
hydrogel and captured DNA-GNPs. a) Glass capillary tube with 1.5
mm and 1 mm for outer and inner diameters, respectively. b) 10 ul of
DNA-integrated hydrogel in sol state is introduced inside the capillary
for gelation. ¢) DNA-integrated hydrogel gelates inside the capillary for
1 hour. d) After gelation 1xXTBE buffer solution is introduced to fill the
capillary. e) Capillary is placed in vertical silicon chamber, and 5 volts
are applied for 30 min. f) 0.5 ul DNA-GNP in 8% sucrose are introduced
into the capillary. g) 5 volts for 2 hours are applied along the capillary
to make the DNA-GNP get inside and be captured by the hydrogel. h)
Capillary is taken out of the chamber, and 1xTBE buffer solution is
replaced by new 1xTBE buffer solution. i) Capillary is stored in 1IxTBE
buffer solution.
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Figure 5.3: DNA dehybridization by electrophoresing negatively-charged gold
nanoparticles. DNA-GNPs captured by hydrogel in unzipping a) or shearing b)
configuration is achieved by using two different DNA-GNPs
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Figure 5.4: Thiol modifications for a) 3’ and b) 5’.
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Figure 5.5: CCD recording setup for the dehybridization time evolution.
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illuminated by white LED array. CCD recording is done at 30 frame per second.
Recording time is done for a total time of 12 min; that is, 10 min of voltage
application (20 V, 60 V, 80 V, 100 V), and 1 min before and 1 min after
voltage application. The hybridization ratio is calculated by analyzing the

time evolution (decrease) of the average reddish intensity in a fixed area.

—

Pt [

=
O\
\x\, Electrophoretic force

Pt ==

Figure 5.6: Experimental setup for voltage experiments. Glass capillary with
DNA-GNP is inserted into the horizontal silicon chamber.

A silicon chamber is made for voltage application through the capillary
axis (Figure 5.6). Basically, the chamber is two silicon compartments that
works as buffer reservoirs for 1xTBE buffer solution (pH 8.5). To apply
voltages, two 0.2 mm diameter Pt wires are introduced as electrodes. After
inserting the capillary between the two compartments, Pt electrodes have a
separation interval of 4 cm. Each Pt electrode is connected to the opposing
poles of a regulated DC power source (DC160-7.2 from NF corp, Japan),
whose ripple noise is below 12 mV. One half of the capillary is filled with the
hydrogel and the other half with the buffer solution. The hydrogel is placed

at the negative side. pH recordings are carried on near electrodes by using an
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electrode (Micro ToupH electrode 96185S-10D) connected to a pH meter device
(Horiba D-54). Temperature recordings are taken on the external surface of the
capillary, at its middle point, by using a Type-K thermocouple (Fluke 80PK-1
Bead Probe, fast response, 260 °C maximum temperature) connected to a
data logger (T&D MCR-4TC). Electrical currents on the capillary-hydrogel-
buffer-electrode system are calculated by using the voltage drops in a shunt

resistor (1.2 Ohm).

The resulting phenomena of applying voltages (electric fields) in a so-
lution medium belongs to the electrokinetics , particularly electrophoresis in a
hydrogel. Commom parameters associated with any electrokinetic phenomena
are pH change and Joule heating (temperature rise). pH change and temper-
ature rise have checked in the present experiments, and they are negligible.
A description of the parameters is provided as follows. First, DNA duplexes
may be sensitive to pH changes which are originated on the Pt electrode. In
the present case, DNA duplexes are located approximately 1.8 cm and 2 cm
far away from the negative and positive electrode, respectively. This distance
prevents interaction of the generated ions with the DNA duplexes, which is
confirmed by the low pH change before and after voltage application for both
electrodes (£ 0.2). Second, temperature increment (due to Joule heating)
may destabilize the duplex when this is comparable with the DNA melting
temperature [6]. The temperature on the outer surface of the capillary (at the

middle point) is measured while applying voltage. For 100 V, the maximum
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temperature rise at the steady state is as much as 2 °C (80% reached within
2 min. Figure 5.7). The shape of the measured temperature profile agrees
with more accurate experiments using fluorescent molecules [169]. Third, the
electric current through the hydrogel is measured using a shunt resistor in series
with the chamber. For 100 V, the electric current density is approximately 0.3

fA/nm? (considering the inner capillary diameter of 1 mm).
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Figure 5.7: Representative plot of the measured temperature on the outer surface
of the capillary axis under 100V.

Results and Discussion

A representative result for U15-GNP5 under 100 V is shown in Figure
5.9). The time-evolution of the hybridization ratio (HR; related with the

dehybridization ratio by following DH = 1 - HR) of U15-GNP5 under 100 V
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(electric field of 25 V em™!) is calculated for 10 min (a representative result is

shown in Figure 5.10). The calculation is done by recoding a fixed area includ-

ing the DNA-GNPs, and then processing the color intensity corresponding to

the reddish color (Figure 5.8).
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Figure 5.8: Scheme of the calculation of hybridization ratio by analysis of the

red intensity corresponding to DNA-GNP.

The HR over time shows a gradual dehybridization or release from

the hydrogel to buffer solution. DR over time can be represented by rates

assuming a linear fitting. For example, DR of U15-GNP5 (0.067 min™!)

is 3 times faster than the rate of S15-GNP5 (0.023 min~!) (Figure 5.10).

The difference between the dehybridization of U15-GNP5 and S15-GNP5 is

expected, because shearing configuration is known to be stronger than the
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unzipping configuration according to other methods [152].
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Figure 5.9: Representative capillary experiment using U15-GNP5 under 100 V.

Unzipping and shearing 15nt are tested under different voltages (Figure
5.11a and 5.11b, respectively) using a 5 nm GNP (U15-GNP5 and S15-GNP5).
The results show that the HR over time depends on the applied voltage for
both unzipping and shearing. By using the same data, the time development
of the HR as a function of voltage is shown in Figure 5.12c-d. In the unzipping
case (Figure 5.12a), there is the existence of a critical voltage, which is defined
as the voltage that gives 50% of DNA dehybridization. This critical voltage
depends on the application time. For example, for an application time of 10

min, the critical voltage is 80V. This plot also shows that critical voltages
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Figure 5.10: Representative capillary hybridization ratio using U15-GNP5 and

S15-GNP5.

lower than 80 V are possible for longer application times (> 10 min). The case

of shearing is different (Figure 5.12b). There is no significant dehybridization

compared with unzipping.
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Figure 5.11: Unzipping and shearing of 15nt over time for different voltages. a)

Unzipping and b) shearing.

Under 100 V, Un-GNP5 and Sn-GNP5 are tested for different DNA
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lengths (n = 20, 25, 30, 49 nt). Results are shown in Figure 5.13a. In case of
the unzipping and shearing, there is a direct dependency between the HR and
the DNA duplex length. For example, in case of U20-GNP5, the maximum

dehybridization ratio is about 15%.

a) b)
Unzipping, U15-GNP5 Shearing, S15-GNP5
0 min 0 min
1 1 4
1minp
o M o 1§
© © @
= 0.75 ~ =075 o )
o - O 10 min
g 3 &
2 05 - 2 05 -
o] o]
> >
I I
10 min
0.25 T I I T 0.25 T T T T
20V 60V 80V 100V 20V 60V 80V 100V
Voltages Voltages

Figure 5.12: Unzipping and shearing of 15nt over different voltages for different
times. a) Unzipping and b) shearing.

Un-GNP10 and Sn-GNP10 are tested for n = 15, 20, 25, 30, 49 nt,
under 100 V (Figure 5.13b). Dehybridization with GNP10 is different than
with GNP 5. In the case of 15 nt, unzipping with GNP10 is achieved within 4
min, which is faster than with GNP5. Shearing of 15 nt with GNP10 shows
significant dehybridization compared with shearing with GNP5. Other DNA
lengths do not significant dehybridize within the application time of 10 min.
These results agrees with the increment of the GNP size, which leads to a

surface-charge increment. If the surface-charge increases, the electrophoretic
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force increases. In turn, the time-scale for dehybridization or release are sped
up as found. These results also demonstrate that the linkage between gold

and DNA (which is due to the thiol modification) is stable under 100 V.
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Figure 5.13: Unzipping and shearing for different DNA lengths and GNP under
100 V. a) With 5 nm GNP. b) With 10 nm GNP.

To prove the effect of GNPs under voltage, a control experiment
without GNP is realized. In particular, 100 V are applied on 15 nt DNA
modified with FAM and observed by fluorescent microscopy (Figure 5.14).
The FAM intensity change over time is not significant; it decreases about
10% within 10 min. This result supports the effect of GNP, because the
electric field of 25 V ecm™! is too weak for dehybridizing the bare DNA duplex
(without GNP) as compared with the theoretical required electric field for
dehybridization. The required electric field can be calculated considering
the free energy of the DNA duplex and the electrical work on the negative

charge backbone done by the external electric field. The required field has an
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order magnitude of 10* V em™? (this is also in the same order as shown by
a statistical mechanics [170]). This order of magnitude is two orders greater
than the one in the present experiments. In summary, this results suggests
that the DNA duplex alone is stable enough under electric field, and that when

using GNP it is possible to drive the dehybridization of the DNA duplex.
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Figure 5.14: Fluorescent microscope of DNA with FAM molecule at its 5" end
under 100V.

It is also possible to calculate the electrophoretic force on the GNPs.
By assuming a constant surface charge density of the GNP [171,172] and
evaluating based on the measured zeta potential (-42 + 1 mV for GNP5 is
obtained in water with 10xBSPP by using Zetasizer Nano (Malvern) under

default conditions), the obtained force is approximately 11 fN. This fN force
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order of magnitude agrees with the gradual dehybridization or release of DNA-
GNPs. Furthemore, this agrees with the claim that any force magnitude can
drive DNA dehybridization given sufficient application time [151], which is 10

min in the present experiments.

Conclusions

DNA dehybridization in hydrogel have been achieved by using elec-

trophoretic force on negatively-charged GNPs (electric field of 25 V cm™1).
The gradual release of unzipping molecule was faster than shearing, which
indicated that unzipping configuration is weaker than shearing as reported by
optical trapping fields [152]. For the first-time, it was demonstrated that the

hybridization ratio depends on the voltage application time.

In the future, GNPs will be used as electromechanical actuators. The
proposed method will be applied in real-world devices for DNA computing,
theragnostics (therapeutics/diagnosis) and mechanobiology. For example, by
using metastable DNA molecules such as DNA hairpins [173,174], seesaw gates
[175] or DNA origami [176], reusable DNA molecular circuits will be realized.
The release of DNA-GNP will be used for simultaneous cell poration and
DNA vaccine delivery in cells [177]. The propsed experimental setup is general
and can be applied with other types of hydrogels,[156][178] microfluidics

[179,180] and nanofabrication [181-183]. This method will contribute to
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DNA nanotechnology for manipulating DNA molecules in a sequence-specific

manner.

This chapter is summarized with the Table 5.2.

Table 5.2: Summary of the method proposed and demonstrated in this chapter.

METHOD INTERACTION STRUCTURE FUNCTION

Applied

Achieved

4 Electric

e Gold
nanoparticle
electrophore-
sis

e Tensile force
on DNA du-
plex

Fabricated
DNA-integrated
hydrogel
e Hydrogel
with an-
chored
DNA  du-
plexes

Decomposition (De-
hybridization and re-
lease from hydrogel)

e Sequence-
specific control
(tested  with
sequences from
15 nt to 49 nt)

[ J
Dehybridization
modes (unzip-
ping/shearing)

e Unzipping is
faster than
shearing

119






6

CONCLUSIONS OF THIS
THESIS




6. Conclusions of This Thesis

The main question of this thesis, “how to use physico-chemical inter-
actions for novel dynamic structures?”, has been answered by designing 4
methods for dynamic DNA structures. These four methods were published in
five papers from peer-reviewed journals including the PCCP of the Royal So-
ciety of Chemistry, ChemBioChem of John Wiley & Sons, and Nanomaterials

of MDPI.

The four methods presented opens new directions for the state of the
art. The four methods are summarized in the following Table 6.1, which adds

to the methods showed in Introduction chapter.

Table 6.1: Novel methods presented in this thesis. It can be read as “physico-
chemical interaction X is applied on structures fabricated with Y to achieve
function Z”

METHOD INTERACTION

STRUCTURE FUNCTION

Applied

Fabricated

Achieved

1 Mechanical force | DNA origami Self-assembly
(molecular)

2.1 Hydrophobicity DNA tiles Separation

2.2 Mechanical force | DNA origami Self-assembly
(macro-scale)

3 UV light DNA hydrogel Gel-sol transition

4 Electric DNA-integrated Decomposition

hydrogel

Specific conclusions are shown in each chapter conclusion section.

However, here the main conclusions are briefly described. In chapter 1, a

122



general background and specialized background are introduced to grasp the
context of the thesis. Contents of this chapter belongs to the “Chapter 8 -
Engineering DNA Molecules for Morphological Reconfiguration” in the book

“Supra-Materials Nanoarchitectonics” [184].

In chapter 2, the self-assembly of rings made of shape-variable
monomers has been studied by experiments and a chemical kinetic simu-
lation of flexible monomers, which makes a first-time study of this type at the
nanoscale. The diameter of the rings can range from 100 nm to 200 nm, which
makes them useful as scaffold for long-term experimental investigations such
microtubules running in circles. In the future, the design and construction of
reconfigurable rings will be aided by our concept and simulations. Contents
of this chapter belongs to the published peer-reviewed paper “Polymorphic
Ring-Shaped Molecular Clusters Made of Shape-Variable Building Blocks”

29].

In chapter 3, I have shown, for the first-time, in-situ lipid-modification
of DNA nanostructures deposited on surface substrate. DNA nanostructures
became hydrophobic with its structural properties preserved. With this in-
sight, it was developed an extraction method of DNA nanostructures from
2D surface to another 2D surface by 3D migration and novel flip-flop mecha-
nism. Substantial extraction was obtained after 10 min. Hydrophobic DNA

nanostructures were put at the air-water interface to form Langmuir-Blodgett
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films. By applying pressure to the confined are at the air-water interface, hy-
drophobic nanostructures underwent supramolecular anisotropic self-assembly
(1D self-assembly). The 1D self-assembly was controlled up to 2 um after two
compression/expansion cycles. In the future, with the help of the presented
lipid-modification methods, researchers will extract sophisticated DNA devices
from surfaces, create DNA architectures on complex patterns, and use the LB
film to actuate by pressure multi-degrees-of-freedom 2D and 3D structures.
Contents of this chapter belongs to two published peer-reviewed paper “In
situ 2D-extraction of DNA wheels by 3D through-solution transport” [185]
and “Supra molecular 1-D polymerization of DNA origami through a dynamic

process at the 2-dimensionally confined air—water interface” [115].

In chapter 4, for the first time, a novel DNA hydrogel with designed
gel-sol phase transition properties based on reversible photo reaction when
irradiating UV light was implemented. It was found that the minimum
concentration for each DNA component should be as low as 40 uM. Gel-sol
transitions were observed for at least 5 cycles. In the future, the proposed photo-
responsive hydrogel will be useful as medical device in applications including
drug delivery and molecular diagnostics by delivering sensing molecules in
cells. The reversible gel-sol transition will be utilized as a mechanical actuator
in biochemical-mechanical devices, i.e. molecular robots [68]. Contents of
this chapter belongs to the published peer-reviewed paper “Reversible Gel-Sol

Transition of a Photo-Responsive DNA Gel” [186].
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In chapter 5, I have achieved DNA dehybridization in hydrogel by
using electrophoretic force on negatively-charged GNPs (electric field of 25 V
cm ~1). The gradual release of unzipping molecule was faster than shearing.
For the first-time, it was shown that the hybridization ratio depends on the
voltage application time. In the future, GNPs will be used as electromechanical
actuators, and our proposed method will be applied in real-world devices for
DNA computing including resetting the logic-circuitry of slime-type molecular
robots [68], theragnostics (therapeutics/diagnosis) and mechanobiology using
hydrogels. Contents of this chapter belongs to the published peer-reviewed
paper “Unzipping and Shearing DNA with Electrophoresed Nanoparticle in

Hydrogel” [187].
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Appendix

Simulation of Abstract Flexible Monomers

A.1| Hosokawa Model

In 1995, Kazuo Hosokowa et al. did a pioneer work in the field of arti-
ficial self-assembling systems by utilizing chemical kinetics as a mathematical
model for the formation of clusters of homogeneous triangles [49]. They created
macroscopic rigid triangles that moved in a 2D shaking box. Two sides of the
triangles incorporated magnets of complementary polarity (north and south in
such a way that six triangles can self-assemble into hexamers. However, after
the experiment some intermediate products were present indicating kinetic
barriers in the formation of the final hexamers. The intermediate products
(hereinafter referred to as clusters) are characteristic of any self-assembly
system and belong to what is known as the yield problem. The insight of this
model is to use an analogy with chemical kinetics for modeling the dynamic

formation of the clusters.

The self-assembly process of any cluster was modeled as the reaction of
monomers and intermediate clusters as in the bimolecular reactions in Equation
A.1 (simultaneous reactions of more than three clusters are neglected). X;
(1 < < 6) indicates the type of cluster in the simulation. Monomers (1-mer)
are indicated as X (Figure A.la). The intermediate clusters are described as

Xy (2-mer), X3 (3-mer), Xy (4-mer) and X5 (5-mer), and the target cluster is
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indicated as Xg (6-mer) (Figure A.lc). The symbol z; is the state variable
that represents the number of clusters for an specific type X; at a certain time.
All monomers are disassembled as initial condition and move in a plane with

the same side facing up (Figure A.1b).

*.0=605" 2
\ /
o > <

X3 X3
X, X X,

Figure A.1: Concept of rigid monomers. (a) Rigid monomer in its fixed configu-
ration. (b) Rigid monomers interacting with other rigid monomers. (c)
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2X — Xy (A.1a)
X + Xy — X3 (A.1Db)
X+ X5 — Xy (A.1c)
X+ X4 — Xs (A.1d)
X + X5 — Xe (A.le)
2X9 = Xy (A.1f)
X+ X3 — X5 (A.1g)
Xo+ X4 — X (A.1h)
2X3 — Xg (A.1i)

For a large enough z;, the state vector x = (x1,...,x¢) obeys the a
differential equation (Equation A.2). t in the differential equation is the
number of steps in the simulation (collisions between clusters or time evolution

of the self-assembly system).

x(t+1)=x(t) + F(¢) (A.2)

Where each F; = Fij(x1,...,26) = Y v;;P; (1 < i < 6)in F =
J

(F1, ..., Fg) is the expected value of increment of x; for one step (from ¢

152



Appendix

to t +1). The term v;; corresponds to the stoichiometric number (coefficient
of X; in the j-th reaction in Equation A.1). v;; is positive if X; is a product
(right side of the reaction, meaning generation of clusters), and negative if
X; is a reactant (left side of the reaction, meaning consumption of clusters
for generating new clusters). The term is shown in Equation A.4 and is the

probability of the j-th reaction.

P; = P),P;, (A.3)

P; depends on the two factors: the collision probability Fj;,, and the
bonding probability P, (if they collide) for clusters X; and X,, reacting. Pf,
is assumed to be equal to the probability of picking up clusters whose type is
X; and X,, from S = x1 + 29 + 23 + 14 + x5 + z¢ clusters. Equation AA.2 is
constructed based on the assumption that x; is large enough (z; > 1), then

Equation AA .4 shows the probability of collision Fj,.

2212, /5%, 1 #m

/8% l=m
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P(A1) = P(B1) = 1/3
P(A2) = P(B2) = 1/6

P(A3) = P(B3) = 1/3

P(A4) = P(B4) = 1/6
Probability for areas of the monomers sides Mired (South) in A; of Mypee

c) d)

Mired (North) in Az of Mypiue Mired in Ay Of Mypjue

Figure A.2: Schemes for calculating the bonding probabilities of two rigid
monomers. (a) Scheme of rigid monomer. (b) Rigid monomers interacting with
other rigid monomers for one configuration. (c¢) Rigid monomers interacting with
other rigid monomers for other configuration. (d) Rigid monomers interacting
with other rigid monomers for another configuration.

The bonding probability P?, depends on the geometry and orientation
of the clusters when facing each other. Two clusters face each other on a 2D
plane. Depending on which side of a cluster is facing the side of another cluster
it is possible to calculate a probability of bonding. For example, consider the
two monomers as in Figure A.2. The sides of the monomers My,.q and Mipe

can be divided into four areas: A;, Ao, A3, As and By, By, B3, By, respectively
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(Figure A.2a). The probabilities of the divisions can be calculated according
to the geometry of the monomer. Its shape is an equilateral triangle. Then
the probability of the North side is P(A;) = P(B;) = 1/3, the South side
is P(As) = P(Bs) = 1/3, the overlapping region between North and South
side is P(A2) = P(Bs2) = 1/6. The region in where there is no magnet has a

probability P(A,4) = P(B,) = 1/6.

The bonding probabilities can be calculated from how the sides of the

monomers face each other. There are four probabilistic independent cases:

e The probability for facing each other the South side of Mj,.q and
North side of M. (Figure A.2b). The conditional probability is

P<M1red in Al)P<M1blue in By U Bg) = 1/3 X 1/2 = 1/6

e The probability for facing each other the North side of Mj,..q and
South side of Mjpye (Figure A.2c). The conditional probability is

P(ered in A3>P(M1blue in By U BQ) = 1/3 X 1/2 = 1/6

e The probability for facing each other the side Ay of Mg, and North
and South sides of Mype (Figure A.2d). The conditional probability is

P<M1red in AQ)-P(Mlblue in Bl U BQ U Bg) = 1/6 X 5/6 = 5/36

e Mi,eq in Ay. The probability of bonding is zero since there is no magnet

n A4.
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Then the bonding probability of two monomers is the summation of all
the four cases: 1/6+1/6+5/36 = 17/36 ~ 0.472. Other bonding probabilities
are calculated in similar way. All bonding probabilities for the reaction of

clusters X; and X,,, are summarized in Table A.1.

Table A.1: Bonding probabilities for clusters X; and X,

m\l | 1 2 3 4 5 16
1 |0.4720.444 | 0.417 | 0.278 | 0.139 | -
2 0.380 | 0.333 | 0.222 | - |-
3 0.250 | - - -
4 _ o
5 i} _
6 ]

The vector F; = Fj(xy,...,z) can be expressed explicitly as the Equa-

tion A.5.
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Fi(x) = (=2P} 2% — 2P 100 — 2PYa 03 — 2Py — 2P w1 25) ) S?)
Fy(x) = (Pha? — 2P x 29 — 2P% 23 — 2PYaom3 — 2PY2924) /S?)
F3(x) = (2Pbx129 — 2Pha1703 — 2Pwow3 — 2P%23) /S?)

Fy(x) = (2Phaqx3 + Plha3 — 2P)axy — 2Py aon4)/S?)

F5(x) = (2Pf’4x1:1:4 + P2b3:62x3 — 2P1b5x1:l:5)/52)

Fs(x) = (2Plb5:1:1x5 + P2b4:1:2x4 + 2P§3x§)/5’2)
(A.5)

Finally, the vector x = (x1, ..., x¢) is solved by introducing the Equation

A5 into Equation A.2. The result is plotted in Figure A.3.

20 Hos!okawa e!t al.

17.5

12.5

0 200 400 600 800 1000

Figure A.3: Simulation for the monomers described in the original paper of
Hosokowa et al
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A.2| Flexible Monomers Model

The method of Hosokowa et al is extended to the case in which the
monomers are not rigid and have some degree of flexibility. These monomers
are called flexible monomers. In general, the flexible monomer is an abstraction
for simulating the behavior of the shape-variable monomers and the fixed
monomers. In our model, the behavior of the flexible monomer is abstracted as

an isosceles triangle of variable angle Figure A.4). The angle oscillate between

emin (elein) and emax (eleam)-

Flexible monomers move randomly on a surface colliding each other.
Sides A and B of different monomers can stack, thus forming a flexible dimer.
Over time (after many collisions) the monomers self-assemble into multiple

clusters whose size depends on the angle range of fx;,.

P(A) =5 — 35}
Ox
P(Az) = 5+
P(4y) = - %
? (A.6)
P(Ay) =32

Where 0x,min < 0x, < 0x,maz

The sides of a flexible monomer are divided into four areas: A;, As,
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Az and A4. For a monomer of angle 6 the probability of the sides can be

described as in Equation (A.6).

In general, the probability of the sides of any cluster X; can be described

as Equation (A.7).

P(Al OfXZ):%—HQ);’
P(A3 OfXZ):%—G;T(r’

(A7)
P(A4 of Xz) = O,

2T

Where eXimin S HX,; S eXimax

The bonding probability can be obtained from the relative position
of the colliding clusters X; and X,,, (with angles fx, and 6, , respectively).
Fig. S11.4b shows the orientation of the North and South sides of the clusters
for bonding each other. Assume that the angles of the clusters just before
colliding are fixed. Then, the expression for the bonding probability gx, x,, is

developed in similar way as in SI S11.1 (Equation (A.8)).
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9x,,%, = P(A1 of Xi)(P(B> of X;,) + P(B3 of Xp,)) +
P(Ag of Xl)(P(Bl of Xm) + P(B3 of Xm)) +

P(As of X,)(P(By of Xpn) + P(By of Xp) + P(Bs of X,))

9x,,%,, = 2P(Ar of X;)(P(By of X)) + P(Bs of X;)) +

P(As of X))(P(B; of X)) + P(By of X)) + P(Bs of X,))

_ 1 Ux0x,
gXl,Xm — g(HXH QXm) - 9 A2

HXZ VAN ‘9Xm € R*

Where R* = [0y, 0x,,]

- {elein < eXl < gleam U eXmmin < HXm < ‘9Xmma:c U ‘9Xl + eXm < 27T}

(A.8)

R* defines all possible values of fx, and fx,, for assembling the new
cluster X;,,,; in this case, there should be enough space for one cluster to insert
itself into the other cluster. Note here that it is assummed 0y, + 0x,, < 2,

meaning that assembled clusters keep their shape on the plane.

The function gy, x,, = 9(0x,,0x,,) is the bonding probability function
of the clusters X; and X,,. Clusters are also flexible and can change their

angle. The probability density function of fx, and fy,, are fx, = fx,(fx,) and
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fx, = fx,,(0x,,), respectively. Then, the differential of bonding probability
Pk, x,, = Pk,.x,, (0x,,0x,,) for fixed angles can be described in terms of fx,,

fx,, and gx, x,, (Equation (A.9)).

P, x,, = (Probability of 0x, A 0x, € R* | 0x, AOx, € R)

(Bonding probability | 0x, A 0x,, € R*)

) [ fx, Fxm dOx, dOx,,
Px, x,, = ( }ff Fx, Fxm dOx, dOx,, ) (sz me 9X1, Xm deXl deXm) | eXz N HXm S
R

ff le (exl) I xm (me) daXl dfx,
R*
( ff le (GXZ) fX»m(eX»m)deXl d@Xm ) (le(eXl> me (eXm)

R

(5 — 2452 dox, dox, ) | O, A Ox,, € R

b
leva _

Where R = [QX” ‘9Xm] - {Hlein < QXZ < 9leax U eXmmin < eXm < HXmmax}

R* = [GX”eXm] = {V[exl,exm] €ER | ng + GXm < 27T}

(A.9)

R defines all possible values of 0x, and 0, independently if they

interact or not.

The differential of bonding probability depends on 0, and fx,, just

before colliding (Equation (A.9)). Then, this differential should be integrated
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over R and R* resulting in an integral form (Equation (A.10)).

b _ b
PleXm - ‘IREJ; thXm

IT £x,00x,) Fxm (0x,) dOx, dOx,

b _
PXZ’X’" N Iff Ix,(0x;) fxpm (0x,,) dOx, dOx,, {‘%[* le(eXz) fx., (QXm) (A.lO)
R

0x,0x,,
(3 — =) dbx, by,

Expression (Equation (A.10)) depends on the probability density func-
tion of the angles. Throughout all the simulations, a continuous uniform
distribution is used by basing on the minimum and maximum angles of the

particular cluster.

In these calculations there is no distinction between an open and closed

cluster: clusters open and close at all times.

A.2.1| Simulation for Shape-Variable Monomers

In order to simulate the behaviour of the shape-variable monomers
on a surface it is required to set the angle of the flexible monomer between
60° and 120°. The angle is approximated by an uniform function. Flexible

monomers move randomly on a surface colliding each other. Sides A and B
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a)
6
\O/
[emin - emax]
Flexible monomer as equivalent of shape-variable monomer
b)

Scheme of the possible positions for clusters X, and Xz to bond

Figure A.4: Flexible monomers and scheme for possible bonding.
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of different monomers can stack, thus forming a flexible dimer. Over time
(after many collisions) the monomers self-assemble into clusters from dimers
up to hexamers. Table A.2 shows the bonding probability values used in the

simulation.

Table A.2: Bonding probabilities for clusters X; and X, made of flexible monomers
(60°-120°)

m\l | 1 2 3 4 |56
1 ]0.438 | 0.375 | 0.087 | 0.021 | 0 | -
2 0.076 | 0.002 | 0 |- |-
3 0 _o -
4 _ oo
5 - -
3] -

Figure A.5 shows the cluster formation for 50000 Number of collisions
(time steps for the simulation). The simulation shows that the amount of
trimers overcomes the tetramers. However, dimers and pentamers have similar
yield. In addition, hexamers are highly improbable due to flexibility range of

the flexible monomer; the probability of the angle to be 120° is neglectable.

Of course other geometries are possible by this model, as for example

linear self-assembly with rotational connections. The proposed simulation
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350 .
X, ——
oo X, —— -
X; ——
os5o0H X, .
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Xs —

Number of clusters X;

25000 50000
Number of collisions

Figure A.5: Simulation of the formation dynamics of self-assemble clusters made
of flexible monomers with an internal angle between 60° and 120°.

for flexible monomers will be used elsewhere, as for example in the study of

reconfigurable structures.
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