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Preface

This master thesis is authored by a nanobiotechnology student at the department of Physics
and Nanotechnology at Aalborg University. The thesis project began the 3rd of September
2015 and lasted until the 15th of September 2016. The reader will benefit from having a
prior understanding of DNA nanotechnology, electromagnetism and optics at the university
level.

Reading guide: References to various sources throughout this report will be denoted in
brackets as [∗], where a given number refers to a specific source in the bibliography. Each
article source will have the author names, title, journal and year of publication as well
as journal volume and article pages. Similar information will be given for book sources.
References written before a period indicates information from that specific source is used
in that particular sentence, while references written after a period means information from
that source is used throughout the entire section.

Figures and tables are numbered by the chapter in which they are present. "Figure 1.2"
refers to the second figure in the first chapter. The third figure would therefore be named
"figure 1.3". The same system is used to number tables. All figures and tables will have a
brief description of the content. If no sources are present, the figure has been constructed
solely by the author. If the source is followed by "inspired by", the figure has been remade
using the information gathered from an existing figure from that source. Lastly, if a standard
source is given, the figure of the book or article has been used.

The front-page contains AFM images of the 42 hb, 15 nm Au-NPs and the successful
conjugation of 15 nm Au-NPs onto the 42 hb.
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AFM: Atomic Force Microscopy
APTMS: 3-Aminopropyl)trimethoxysilane
Au-NP: Gold nano-particle
BSPP: Bis(p-sulfonatophenyl)phenylphosphine
DNA: Deoxyribonucleic Acid
DLVO: Derjaguin Landau Verwey Overbeek
dNTP: Deoxyribonucleotide triphosphates
EDL: Electric double-layer
FEF: Fluorescence enhancement factor
hb: helix-bundle
HR-SCC: High-Resolution Solid Carbon Cone
kb: kilo-base
MNP: Metal nano-particle
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1 | Introduction

Metal nano-particles (MNPs) have been shown to possess unique optical properties due to the
ability to support surface plasmons, which result in the occurrence of interesting scattering
and absorption phenomena [1, 2]. Gold nano-particles (Au-NPs) are promising candidates as
central components in nano-optical circuits partly due to the above mentioned properties but
also the relatively easy synthesis process of a wide range of particle sizes and shapes. [3] One
of the main issues is controlling the precise geometric placement of individual components
ensuring optimal control of the electro-magnetic profile. Using existing optical lithographic
techniques present several challenges and limitations that have turned some focus into the
development of buttom-up self-assembly approaches. [4]

The solution to this problem may be solved by using DNA as the structural building
block. DNA is capable of programmed self-assembly due to its unique molecular recognition
properties. This has resulted in the creation of a wide range of complex motifs and structures
that are not limited to either one or two dimensions. [5, 6] Additionally, DNA can be
chemically modified allowing the incorporation of optically active elements such as Au-
NPs and fluorophores enabling the formation of optical circuits and devices with nanometer
precision [57].

In this project, the synthesis of small nano-photonic circuits using DNA origami and
Au-NP/DNA conjugation techniques will be examined. Two separate structures will be
designed to include Au-NPs at pre-defined positions and the coupling efficiency in addition
to the folding success of each origami structure will be examined using TM-AFM. The
structures are designed using available CaDNAno DNA origami software and the structural
properties will be predicted using Cando finite-element analysis resources before final
synthesis. Furthermore, general bio-physical properties of the above mentioned origami
structures will be studied. The optical properties of an Au-NP dimer model system will
be predicted using finite-element programs COMSOL and Lumerical. This will be done for
several particle sizes and gap distances and the properties of an inserted dipole acting as a
fluorephore will be examined. Lastly, the knowledge obtained will be used to quantitatively
predict fluorescence enhancements.
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1. Introduction

1.1 General properties of DNA

DNA (deoxyribonucleic acid) is recognized as the fundamental building block of life that
contains genetic information and instructions on the maintenance of all known living
organisms. DNA was first isolated by Friedrich Miescher in 1869, while its role as the
carrier of genetic information was subsequently suggested by Oswald Avery and co-workers
in 1944. These findings were followed by years of research into the chemistry, structure and
physical properties of DNA. This resulted in perhaps the most noteworthy finding in 1953
at which point Watson and Crick presented an accurate description of the double-helical
structure of DNA. [7]

Chemical structure

The chemical structure of DNA consists of a bio-polymer known as a nucleic acid that
is formed by linked monomer units named nucleotides through phosphodiester linkage.
Nucleotides are composed of a phosphate, a deoxyribose and one of four nitrogenous bases
as seen in figure. 1.1. Adenine and guanine are purines which consists of a pyrimidine
ring fused to an imidazole ring while cytosine and thymine are pyrimidines consisting of a
six-membered ring. [8]

Figure 1.1: The chemical structure of DNA and the four nitrogenous bases. Inspired
by [8]

Base-pairing

The nitrogenous bases of DNA have the property of pairing by hydrogen bonds in pairs
of adenine(A)-thymine(T) and guanine(G)-cytosine(C). AT-pairs form two hydrogen-bonds,
whereas GC-pairs form three resulting in stronger pairing. Base-pairing is illustrated in
detail in figure. 1.2.

2



1.1. General properties of DNA

Figure 1.2: Base-pairing of single-stranded DNA that illustrates the bonding of both
AT and GC pairs. Inspired by [8]

These conclusions were in agreement with the findings of E. Chargaff, who discovered
that the ratio of adenine to thymine as well as cytosine to guanine in DNA was unity.
The complementary base-pairing allows for highly specific inter- or intra-strand interactions
resulting in double-stranded DNA. [9]

The physics of DNA base-pairing in solution can be explained by the Gibbs free energy,
enthalpy and entropy contributions. Initially when two single-stranded complementary
DNA are in a aqueous solution, water molecules form hydrogen bonds with the bases
satisfying the hydrogen bonding properties. When complementary double-stranded DNA is
formed, hydrogen bonds between bases and water are broken in favour of bonding between
complementary bases. The formation of double-stranded DNA results in the displacement
of water molecules which increases the entropy of the system, stabilizing the double helix.
Additionally, electrostatic interactions (pi-pi) between stacked bases offer a contribution to
the stability as well. Overall, the enthalpic contribution are favourable for both the solvent
and DNA because of the formation of a larger H-network as well as base-stacking interactions.
The entropic contribution is partly negative due to the highly ordered structure of double
helix formation but is outweighed by the positive contribution due to water exclusion.

The ionic strength of the solution has an impact on the shielding of the phophoryl groups
of the DNA backbone which are negatively charged. At no to very low salt concentration,
the electrostatic repulsive forces inhibit the hybridization of single stranded DNA as well as
stacking of bases. Thus, higher salt concentration shields these charges thereby stabilizing
the double-helical formation. Divalent cations such as Mg2+ are effective and often used to
promote the formation of double-stranded DNA [10]. High salt concentrations can on the
other hand promote aggregation [11, 12].

Hence, the combined contributions due to base-stacking and base-pairing in addition
to the physiological conditions determine the spontaneous formation of the characteristic
double-helix structure of double-stranded DNA. [13]

3



1. Introduction

Geometrical structure

The geometrical structure of B-DNA was formulated by Watson and Crick from x-
ray diffraction patterns of hydrated DNA fibers. Their model of DNA includes two
polynucleotide chains that wind into a helical structure with a right-handed screw sense.
Moreover, the chains are anti-parallel which give them opposite polarity. The DNA sugar-
phosphate backbone is highly solvent exposed contrary to the nitrogenous adjacent bases
which are separated by a distance of 0.34 nm and located inside the helix which has a
diameter of approximately 2 nm. Moving up the helix-axis, each base rotates 36 degrees
corresponding to roughly 10 bases per helical turn. The major and minor grooves outlined
in figure. 1.3 are structural characteristics of double-stranded DNA that can be attributed
to the angle between glycosidic bonds of complementary bases. The glycosidic bond angles
are respectively 120 and 240 degrees wide. As base-stacking proceeds, the narrow angle
will give rise to a minor groove while the wide angle will result in a major groove. If the
glycosidic bond angle was instead 180 degrees in all cases, each groove would be dimensionally
indistinguishable. [8]

Figure 1.3: The 3D structure of B-DNA. [14] Visualized with UCSF Chimera software

The size difference in the major and minor groove results in an affinity preference for DNA-
binding proteins and therefore has a significant role in processes such as DNA replication.
[8, 15, 16]

In addition to the geometrical structure of B-DNA, DNA can exist in primarily the A-
DNA and Z-DNA conformational states. X-ray diffraction studies of DNA at low humidity
reveals the conformation of A-DNA. A-DNA has a lower rise per helix base pair of 0.23
nm and a helix packing diameter of 2.55 nm, which makes it shorter and broader compared
to B-DNA. Additionally, it has a tilt of its bases of +19 degrees normal to the helix axis.
Z-DNA consists of a left-handed helix and usually contains units of alternating purine and
pyrimidine with the glycosidic bond in the syn conformation at purine residues and anti
conformation at pyrimidine residues. The alternation of syn and anti conformations leads to
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1.1. General properties of DNA

a zig-zag pattern of the backbone. The left-handed conformation for purine and pyrimidine
alternating units is only observed in the presence of a high concentration of positively charged
ions which effectively shield the negatively charged phosphate groups. Z-DNA has a slim
and elongated structure with a rise per base of 0.38 nm and helix-packing diameter of 1.84
nm. [13, 17]

Stability of double-stranded DNA

Double-stranded DNA is one of the most structurally rigid known polymers with a persistence
length of approximately 50 nm [18]. As double-stranded DNA is held together by non-
covalent interactions, the mechanical properties of the double-helix structure are greatly
susceptible to changes in the physical conditions of the surroundings. Alterations in
temperature, ionic strength and pH of the DNA solution can induce the process of
denaturation. Denaturation of DNA is a phase transition where the rigid and ordered
structure of double-stranded DNA is converted to highly flexible and separated single-
stranded DNA. [19]

Long double-stranded DNA is generally temperature stable below 70-90 ◦C. Heating a
DNA solution beyond this temperature-limit disrupts the hydrogen bonds as well as the
stacking forces resulting in thermal denaturation. Slowly cooling the solution generally
results in annealing which is the correct pairing of the complementary single strands resulting
in double-helix DNA. This process can be monitored by ultra-violet light-absorption of the
bases at a wavelength of 260 nm. When a DNA double-strand is formed, base-stacking
decreases the ability of the bases to absorb ultra-violet light. Contrarily, absorption is
increased during denaturation, an effect termed hyperchromism. This can be studied by
plotting the optical density of DNA vs. temperature. The mid-point of the transition
from the double helical structure to the denatured state is the melting temperature (Tm) or
temperature of mid-transition as seen in figure. 1.4

Figure 1.4: Change in absorption of DNA as a function of temperature due to the effect
of hyperchromism. Inspired by [13]

The transition between single and double-stranded DNA can also be monitored by the
use of DNA binding dyes such as SYBR green that has a strong coupling to double-stranded
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1. Introduction

DNA. Hereafter, the fluorescence is measured yielding near identical information as in
figure. 1.4. The signals obtained from melting curve measurements from each method are
differentiated with respect to the temperature to obtain temperature points where melting
predominantly occurs.

The melting temperature of DNA is also influenced by the ratio of G:C and A:T content
and the length. A higher percentage of G:C results in higher melting temperatures due
to the additional stability of three hydrogen bonds contrary to two for A:T. Moreover,
stacking interactions between G:C base-pair and their adjacent base-pair neighbour is more
favourable.

Extreme pH often has a destabilizing effect on DNA leading to denaturation. At pH<3,
protonation of cytosine’s N(3) and adenine’s N(1) occur which eliminates these as hydrogen-
bond acceptors. At pH>10, deprotonation of guanine’s N(1) and thymine’s N(3) occur which
eliminates these as hydrogen-bond donors. This is illustrated in figure. 1.5. Additionally,
extreme pH may also either protonate or deprotonate all bases which will lead to mutual
repulsion. [20]

Figure 1.5: The protonation state of DNA bases at different pH. Inspired by [20]

Extreme pH may also irreversible cause damage to DNA in the form of hydrolysis or other
bond-breaking mechanism as can high temperatures for prolonged periods of time. [21, 22].
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1.1. General properties of DNA

Kinetics of DNA renaturation

The sharp increase in absorption at the melting temperature in figure. 1.4 is an indication
that DNA denaturation and renaturation of complementary DNA strands is a cooperative
process. It is theorized that the renaturation event itself involves two main steps in a second-
order kinetic reaction. Initially, two DNA single-strands are in close proximity with a range
of possible orientations that are not ideal for association. Due to solvent attractions as
well as DNA jostling promoted by the electrostatic repulsive forces of phosphate groups,
reorientation is achieved. The main step consists of partial molecular recognition between
the two complementary strands forming a nucleation complex (rate-limiting step). The
formation of the nucleation complex is theorized to be unstable depending on the temperature
of the system, leading to either dissociation or further association. The second step consists
of a rapid zippering from the nucleation site that results in the pairing of the remaining
complementary bases. [19, 23]

Properties of single-stranded circular DNA

Circular single and double stranded DNA are well-known to have physical and topological
properties that differ significantly from ordinary linear DNA. The topological changes are
associated with the fact that circular DNA forms a closed loop. An example of a secondary
structure that is often associated with double-stranded DNA is supercoiling, which occurs
due to the twisting of circular double-stranded DNA in the same direction as its helical
twist. Negative supercoiling is achieved by twisting in the opposite direction which results
in unwinding. Supercoiling is an important mechanism done by the cell to prevent DNA
degradation as well as denaturation. [24]

Circular single-stranded DNA is often prone to form intramolecular connections through
base-pairing resulting in so called stem-loops. These are made when two separate regions
are partially or fully complementary resulting in localized double-stranded DNA with an
unpaired loop at the end. For stem-loops occurring in circular DNA, the order is greater
which results in a stabilizing force that makes melting less likely. As several stem-loops are
likely in single-stranded circular DNA, there is a significant chance that the overall secondary
structure changes drastically resulting in different physical properties. [25]

7



1. Introduction

1.2 Structural DNA nanotechnology

The role of DNA as the molecule containing genetic information is the reason why it is
often discussed and researched in a biological context. However, Nadrian Seeman envisioned
the use of DNA as a building material allowing precise programmable construction of
structures and devices on the nano-scale. This idea was the foundation of the field of DNA
Nanotechnology which covers the design and fabrication of artificial nucleic acid structures
for various scientific and technological uses. [5, 26] DNA is an ideal building material on the
nano-scale due to its unique mechanical and recognitional properties which are indispensable
when creating stable structures for buttom-up self-assembly applications.

Furthermore, the sequence of chemically synthesized DNA is highly controllable ensuring
a high level of programmability which is critical in order to obtain highly customized and
correctly assembled structures with high yields. The chemical synthesis of DNA has been
refined from years of experience which has led to the commercialization of DNA synthesis
with affordable prices. The main issue is synthesis of DNA beyond 60 oligonucleotides. In this
case, the yield starts to drop significantly because of error rates associated with the coupling
of nucleotides leading to higher pricing. Additionally, commercial DNA synthesis also offers
the opportunity to modify oligonuclotides with biotin, thiols, amines and fluorescent labels
and more. This offers flexible options of combining the structural and active elements in few
steps. [27]

Artificially engineered DNA structures

Numerous DNA nano-structures have been engineered since the first artificial structure
in DNA nanotechnology was developed in 1991. Several designs are inspired by natural
occurring structures such as the holliday junction which can be created using a multi-strand
approach. This structure consists of four arms of double stranded DNA emerging from a
central junction point as seen in figure. 1.6. [28]

Figure 1.6: Illustration of a Holliday Junction. [28]

In biology, the structure is an important intermediate in the process of homologous
recombination [29]. Furthermore, due to the symmetry of the nucleotide sequence, branch
migration is possible enabling strands to move through the junction point leading to a
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1.2. Structural DNA nanotechnology

dynamic structure, whereas breaking the nucleotide symmetry ensures a fixed junction.
Introducing sticky ends on the branch arms allows the option of coupling individual
holliday junctions thereby principally enabling the formation of indefinite lines or 2D lattice
structures. The junction structure can be slightly modified so that various components such
as gold or silver nano-particles can be attached forming an array.

Additionally, several types of DNA motifs and tiles have been fabricated and used as
building blocks using the multi-stand approach. Motifs are often engineered by the principle
of reciprocal exchange, which results in new connectivities and often more rigid mechanical
properties compared to conventional linear duplex DNA. The principle is illustrated in figure.
1.7 along with examples. [5]

(a)

(b) (c)

Figure 1.7: Illustrations of motifs engineered by the principle of reciprocal exchange [5]

The strategy of using DNA motifs and tiles to constructs structures have several
disadvantages. Due to the relatively simple geometric shapes used, the complexity is
often limited to lattice structures. Additionally, the formation of structures using short
oligonucleotides requires a high level of stoichiometric control often followed by inter-step
purification of the structures. These steps can be difficult and often error-prone resulting in
time-consuming synthesis followed by low yields. [30]
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1.2.1 DNA origami

In 2006, Paul Rothemund brought much attention to the scaffold-based DNA origami
method. The approach consists of several single stranded oligonucleotides (staple strands)
which arrange a single-stranded DNA (scaffold-strand) into a predefined geometrical shape
by staple strand crossovers. The scaffold-strand is often the genome of a bacteriophage
such as the m13mp18. This particular genome is preferable due to the known sequence,
single-stranded nature, low cost as well as the substantial length of 7.25 kb, which offers the
possibility of large and complex structures. Staple strands are chemically synthesized and
usually consists of ≈ 25-50 nucleotides. The synthesis process of DNA origami structures
proceeds by initially briefly heating the scaffold and staple-strand solution to 75-95 ◦C to
disrupt any unwanted secondary structures. This is followed by slow cooling which allows
separate regions to be connected by staple-strand cross-overs. [31] The annealing procedure
can range from hours to days and can consist of a wide range of temperature rates and ramps
that are often customised for a particular structure to ensure correct folding. Programs are
often chosen depending on the complexity of the DNA origami structure, such as the overall
shape, size and number of staple strands and their cross-over pattern. [6, 10] This method
is illustrated in figure. 1.8.

Figure 1.8: Illustration of the scaffold-based DNA origami approach. Inspired by [30]

Due to hybridization between staples with a common scaffold, relative staple-strand
concentration is not critical contrary to several multi-strand assembly approaches in DNA
nanotechnology. This avoids the fundamental issue of equal stoichiometry DNA self-
assembly. Moreover, correctly folded DNA origami structures are partially determined by an
initial correct arrangement of the scaffold strand. As more staples bind, the arrangement of
the scaffold strand is funnelled closer to the final structure leading to more favourable correct
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1.2. Structural DNA nanotechnology

binding of the remaining staples making folding a highly cooperative process. [32, 33, 34]
Due to the natural properties of DNA, the method of DNA origami allows the possibility
of creating structures that can be fabricated with sub-nanometer precision. This results in
the programmability of features with high precision and thereby a new method of creating
structures. As DNA origami operates from the principle of parallel buttom-up self-assembly,
this allows the possibility of large-scale parallel production. Moreover, staple-strands can be
functionalized with a wide range of different elements resulting in highly customized DNA
structures.

Formation of DNA origami structures at constant temperature

One of the central issues in DNA origami production has been a combination of low yield and
in worse case week-long customized reaction-procedures for certain complex 3D structures.
This has naturally challenged the potential practical applications of such structures. Lately,
it was found that intricate 3D structures that usually required complex and long annealing
procedures could be correctly folded after a couple of hours at a constant temperature
denoted as the critical temperature. This is possible since many origami structures have
a well-defined and unique cooperative folding profile. It has been found for several origami
structures that complete base-pair formation proceeds at a narrow temperature interval of
approximately 4 ◦C. The critical temperature is decided by the shape of the structure and
staple strand sequences which requires prior study into the specific melting temperature
profile of each structure. Logically, a sharply well-defined melting temperature is also
dependent on the staple-strand crossover pattern following a defined strategy. [35, 36]
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1.2.2 DNA origami design using caDNAno

Following the introduction of DNA origami, programs such as caDNAno have been made
available which offer an interface where structures can be designed by the user by the ordering
of the scaffold strand. Hereafter, the program introduces staple cross-overs which connect
scaffold regions. As of now, the scaffold can be ordered in either a honeycomb or square
lattice structure. [6, 37] Figure. 1.9 illustrates general design principles of DNA origami
structures by examining a simple 6 helix-bundle structure.

Figure 1.9: Simple caDNAno design of a 6 helix-bundle DNA origami cylinder. The
light-blue lines represent the scaffold strand which can be customized to create various
shapes. Scaffold cross-overs can be created at selected positions resulting in helix-
connection. Afterwards, staple cross-overs are introduced by the autostaple feature while
auto-breaking breaks staples that have exceeded the recommended length. At times, the
user must correct faulty staples that are usually too short and do not provide sufficient
cross-over stability. [37]

Contrary to much pre-existing structural DNA nanotechnology, DNA origami in
conjunction with programs such as caDNAno, offer the possibility to create intricate 3D
structures that do not require advanced pre-existing DNA motifs or architectures.

Following initial design in CaDNAno, files can be analysed using CanDo (Computer-
aided engineering for DNA origami) where the mechanical flexibility is analysed using finite-
element based modelling. The DNA double-helix is modelled as a homogeneous elastic
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rod with mechanical properties that have been measured experimentally. This offers the
possibility of predicting the mechanical properties of designed structures prior to the actual
synthesis process. [38]
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1.3 Surface plasmon resonance

Surface plasmon resonance is a physical phenomenon that is generated when light induces
resonant oscillations of conduction band electrons in nano-particles or thin films of noble-
metals and alike. [39] Metals have plasma-like properties due to the non-localized conduction
electrons and can therefore be estimated as a free electron gas in the presence of a positive
nuclei lattice [40].

1.3.1 Localized surface plasmon resonance

In the case where a noble-metal nano-particle is exposed to incident light, it is subjected to
an oscillating electric field which in turn, at certain frequency ranges, induces a collective
coherent oscillation of the conduction band electrons. This results in the separation of
negative charge relative to the positive nuclei lattice thereby forming an oscillating electric-
dipole as seen in figure. 1.10. [1]

Figure 1.10: Light-induced dipole oscillation in a metal nano-sphere. [41]

Due to the presence of electric charges that oscillate, electromagnetic fields are created
in the vicinity of the nano-particle surface. This phenomenon can also be explained by light
inducing longitudinal electron-density waves which in turn creates electromagnetic waves. A
single surface plasmon is defined as the quantum of the electron plasma oscillations and its
associated electromagnetic field near a metal surface. Localized surface plasmons are trapped
light-waves confined to the surface of nano-particles much smaller than the wavelength of
incident light. [39, 42]

The conditions at which localized surface plasmon resonance occurs in spherical nano-
particles can be derived by finding the electric field and corresponding electric potential in
and around a small sphere. In the quasistatic approximation where the diameter of the
sphere is D ≤ λ

10
, the electric field strength of the incoming light is treated as homogeneous

across the particle at a point in time. [43, 44] An electric field is related to the electric
potential and the charge density by the following expressions:

E = −OV (1.1)

O · E =
ρ

ε0
(1.2)
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1.3. Surface plasmon resonance

Combining eq. 1.1 and eq. 1.2 gives the electric potential dependence on the charge density
and the permittivity of the surrounding medium.

O · OV = O2V = − ρ

ε0
(1.3)

As there are no free charges present in either the sphere or the surrounding medium, eq. 1.3
is simplified resulting in the LaPlace equation which is:

O2V = 0 (1.4)

The solutions to the LaPlace equation inside and outside of a sphere with radius R, are given
in spherical harmonics and are respectively:

ϕ1(r, θ) = A1rcosθ + A2r
−2cosθ, r < R

ϕ2(r, θ) = B1rcosθ +B2r
−2cosθ, r > R

(1.5)

The constants are solved from boundary conditions. A2 is zero to prevent an infinite electric
potential from forming as r → 0. Moving far away from the sphere, the electric field is
expected to have a uniformity which results in B1 = −E0. The remaining constants A1 and
B2 are found from the following boundary conditions at the sphere-medium interface:

ϕ1

∣∣∣
r=R

= ϕ2

∣∣∣
r=R

and εp
∂ϕ1

∂r

∣∣∣
r=R

= εm
∂ϕ2

∂r

∣∣∣
r=R

(1.6)

Where εp and εm are the permittivity of the particle and surrounding medium respectively.
This results in the following:

A1R = −E0R +B2R
−2 and εpA1 = εm(−E0 − 2B2R

−1) (1.7)

A1 = − 3E0εm
εp + 2εm

and B2 =
E0R

3(εp − εm)

εp + 2εm
(1.8)

Inserting the obtained constants yields the solution to the electric potential inside and outside
a particle.

ϕ1(r, θ) = − 3E0εm
εp + 2εm

rcos(θ)

ϕ2(r, θ) = −E0rcos(θ) +
E0R

3(εp − εm)

εp + 2εm
r−2cos(θ)

(1.9)

Using the relation in eq. 1.1 together with the expressions for the electrostatic potential in
eq. 1.9 at θ = 0, yields the electric field in and outside the particle along the center.

E1

∣∣∣
θ=0

=
∂ϕ1

∂r

∣∣∣
θ=0

=
3E0εm
εp + 2εm

E2(r)
∣∣∣
θ=0

=
∂ϕ2

∂r

∣∣∣
θ=0

= E0 +
2E0R

3(εp + εm)

εp + 2εm
r−1

(1.10)

The scattered potential obtained is identical to that of a dipole with a dipole moment of
[45]:

P =4πεmR
3 εp − εm
2εm + εp

E0 (1.11)
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Where εp can be expressed as:

εp = εp1(ω) + iεp2(ω) (1.12)

Resonant enhancements occur when the Frohlich condition is met, that is when |2εm + εp| is
minimum. In the case where iεp2(ω) is small or weakly dependent on ω, the following holds
true:

Re [εp] ≈ −2εm (1.13)

Evidently, the surface plasmon resonance conditions are given by the interplay of the
wavelength dependent permittivity εp of the particle and the permittivity εm of the
surrounding medium. This interplay can be physically explained by the mutual polarizing
effect by the particle and the medium. The charge density inside the sphere has to adjust to
both the field of the incident light as well as the fields caused by polarization effects resulting
in wavelength dependent resonance. The plasmon resonance position is found to be red-
shifted if the di-electric constant of the medium is increased. This can be used to monitor
local changes in the medium surrounding the nano-particle. Additionally, ε2(ω) determines
plasmon peak width and height. [43, 46] Moreover, increasing the size of the nano-particle
red-shifts the wavelength of plasmon resonance. This can physically be explained by the
increasing distance between charges on opposite sides of the particle, which results in the
weakening of the restoring force and thereby their interactions also known as damping. [45]

Enhanced light absorption and scattering of gold nano-particles

An electromagnetic wave interacting with matter experience loss of energy from either
absorption or scattering processes. Light absorption occurs when the energy of the photon is
converted into internal energy of the material. Light scattering results from photon induced
electron oscillations when incident light strikes an obstacle. Electron oscillations are a source
of electromagnetic radiation, thereby resulting in the re-emission of light with a propagation
direction different from that of the incident light. Light scattering is predominantly described
by either Rayleigh or Raman scattering. Rayleigh scattering is an elastic process where the
scattered light has the same frequency as the incident light whereas Raman scattering is
inelastic with a frequency-shift in scattered light. [1] The sum of the energy removed by
either absorption or scattering processes is termed as the extinction of light.

Scattering and absorption cross-sections are introduced which are the effective areas
where scattering or absorption processes can occur. These are thereby also a measure of
the probability of the occurrence of either of these processes and are defined as:

σabs =
Wabs

Pinc
σsca =

Wsca

Pinc
(1.14)

Where σabs and σsca are the absorption and scattering cross-sections, [m2], Wabs and Wsca

is the power absorbed and scattered by the particle,
[
W
m2

]
. Pinc is the incident irradiance,[

W
m2

]
. In the quasistatic limit, the absorption and scattering cross-section of a plasmonic
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nano-particle can be expressed as: [47]

σabs = 4πka3Im

[
εp − εm
εp + 2εm

]
σsca =

8

3
πk4a6

∣∣∣∣ εp − εmεp + 2εm

∣∣∣∣2 (1.15)

Comparing the absorption and scattering expression in eq. 1.15, it is implied that as the
particle size decreases, absorption will dominate over scattering.

The highly surface-localized electromagnetic field due to surface plasmons enhances both
the absorption and scattering properties of Au-NPs greatly. The calculated ratio of the per
micron scattering- and absorption coefficient found in literature is highly dependent on the
size, shape and metal-dielectric composition which results in highly tunable properties. In
the case of gold nanospheres, an increase in size results in an increase in the ratio and thereby
better scattering properties which is in agreement with eq. 1.15. [48]

Localized surface plasmon resonance coupling

It has previously been stated that single Au-NPs showing localized surface plasmon resonance
have enhanced electromagnetic fields at the surface. When two or more Au-NPs are brought
into close proximity of each other, near-field coupling occurs with the result of hotspots
located in the gap-region with electric-field enhancements. Coupled plasmon modes can
be attributed to coulomb attraction between opposite polarization charges on both sides of
the gap between the Au-NP dimers. As such, charges are concentrated at the surface areas
adjacent to the shortest gap distance resulting in local field enhancements. This electric field
enhancement in the gap occurs only if the electric field of incident light oscillates parallel to
the gap. [49] The electric field profile of such a system is illustrated in figure. 1.11.

Figure 1.11: Electric field profile of an Au-NP dimer with 100 nm particle diameter
and a separation distance of 40 nm obtained by finite element methods. The system is
irradiated with light at 633 nm with an electric field strength of 1 V/m [50]
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1.3.2 Surface plasmon polaritons

The properties of surface plasmon phenomena confined to small geometries have previously
been accounted for. The other case to be considered is the set-up where incident p-polarised
light enters a system consisting of a prism with a higher refractive index (n2), a metal film
usually consisting of either gold or silver and lastly a lower refractive index material (n2)

such as air or water. This is illustrated in figure. 1.12

Figure 1.12: Light entering a prism-dielectric-gold set-up [51]

As light travels directly from a higher to lower index material, total internal reflection
will occur if the incident angle θ, is greater than the critical angle θc, where the following
relationship holds true: sin(θc) = n2

n1
. At conditions of total internal reflection, standing

evanescent waves are formed that penetrate into medium 2 meanwhile transmitting zero
energy across the interface. If a gold film with a thickness of ≈ 50 nm is placed at the
interface, the evanescent wave will be enhanced and penetrate both the metal and the metal-
medium 2 interface. The surface-parallel component of the wave-vector of the evanescent
wave can be formulated as: [51]

kevan,|| =
2π

λ
n1sin(θ) (1.16)

The penetration of the evanescent wave can result in the excitation of conduction band
electrons in the metal forming a surface plasmon polariton (SPP) whereby a decrease in
the amount of reflected light can be monitored. [51] SPPs are contrary to localized surface
plasmons, electromagnetic excitations propagating on the interface of a metal and di-electric
that can travel in the x- and y-direction with an evanescent electromagnetic field normal to
the direction of propagation as seen in figure. 1.13 [42]. The physical properties of SPPs can
be derived by solving the wave-equation for a metal and di-electric layer [53]. Hereafter, the
solutions are matched between the layers by using appropriate boundary conditions. The
dispersion relation is described in eq. 1.17. A detailed derivation is shown in appendix A.

β = kspp = k0

√
ε1ε2
ε1 + ε2

(1.17)

This can be re-written in terms of the wavelength of light and the refractive index of the
medium as:
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Figure 1.13: Surface plasmon polaritons propagating along a metal and dielectric
interface. [52]

kspp =
2π

λ

√
n2
1n

2
2

n2
1 + n2

2

(1.18)

Equating eq. 1.16 and eq. 1.18 and rearranging gives the angle of incoming light at which
SPPs are excited and thereby the conditions for surface plasmon resonance.

θspr = sin−1

(
1

n1

√
n2
1n

2
2

n2
1 + n2

2

)
(1.19)
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SPPs dispersion profile

The dispersion of free space photons and SPPs are compared in figure 1.14. It is seen that
SPPs have a larger momentum than free space photons at the same frequency. Thus, the
incident plane-wave light in free space provides inadequate momentum for the excitation of
SPPs and thereby no coupling can occur. Momentum gain is achieved if light is passed
through a prism with a high refractive index accounting for the design choices in the
Kretschmann configuration. [52, 54]

Figure 1.14: Comparison of the dispersion relation of free space photons and a surface
plasmon. [52, 54]
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1.4. Principles of fluorescence

1.4 Principles of fluorescence

Luminescence is the physical process where light is emitted from any material due to
radiative relaxation from an electronically excited state. Luminescence phenomena include
fluorescence and phosphorescence which are distinguishable by the properties of their excited
state which can either be in an electronic singlet state in the case of fluorescence or a triplet
state in the case of phosphorescence. The excitation of the electronic state can occur by the
absorption of light with the subsequent emission of photons followed by the relaxation of
the electronic state. [54, 55] The electronic processes of fluorescence can be explained by a
simplified Jablonski diagram seen in figure. 1.15.

Figure 1.15: Jablonski diagram illustrating the concept of fluorescence. A fluorophore
subjected to incident light might absorb energy in the form of light which causes excitation
into a higher vibrational energy level. This is followed by the rapid relaxation into
the lowest vibrational state of S1, a process termed internal conversion. Lastly, a final
relaxation occurs from the S1 electronically excited state to the electronic ground state
possibly emitting a photon. [54]

Even though light is absorbed, the subsequent emission of photons may not occur at all. The
probability that a given excited fluorephore will emit energy in the form of a photon during
the transition from the excited state to the ground state is defined by the quantum yield.
If light emission does not occur, relaxation of excited fluorophores through the transfer of
non-radiative energy to the surroundings will happen.

1.4.1 Fluorescence enhancement and quenching

Fluorescence emission can be enhanced and decreased due to various processes. The decrease
of fluorescence is termed quenching and can be attributed to for instance fluorophore-
molecule collisions or donation of a fluorophore’s excited electrons to Au-NPs. [55] Energy
transfer processes are also possible through the near-field coupling to guided waves such as
surface plasmons. The efficiency is dependent on the distance and the dipole orientation of
the fluorophores. All result in the non-radiative decay of the excited state.
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Fluorescence enhancement can be attributed to local electric field enhancements that
results in increased excitation rates and fluorescence probability. [56] In the case of an Au-
NP dimer, the strong associated electric field in the gap due to plasmon coupling can provide
greatly enhanced fields that theoretically can produce fluorescence enhancement of over 100
times [57].

Fluorescence enhancement and quenching is also observed for fluorophores located close
to plane metal surfaces. In the kretschmann configuration, the evanescent electric field
associated with surface plasmon polaritons can enhance the excitation rate similarly to
previous cases. This can also provide an alternative method of monitoring the conditions of
surface plasmon resonance. Alternatively, fluorophores located at distances approaching the
surface experience intense quenching due to energy transfer and energy dissipation in the
metal surface. Quenching can also occur by fluorophore energy flow providing momentum
to surface plasmon polaritons. [58]

The fluorescence enhancement factor of a fluorescent dye located near one or several Au-
NPs can be quantitatively calculated by its quantum yield and the local electric field. In the
case of a single fluorophore, the enhancement is expressed as: [59, 60]

γem
γ◦em

=
γexc
γ◦exc

q

q0
where

γexc
γ◦exc

=
|E|2

|E◦|2
(1.20)

Where γem
γ◦em

is the ratio of the radiative emission rate of a fluorophore in an inhomogeneous to
a homogeneous environment. γexc

γ◦exc
are the excitation rates and are linked to the strength of

the local electric field (E). Specifically, the quantum yield of the fluorophore in the absence
and presence of single Au-NPs or Au-NP dimers, respectively q0 and q, can be expressed
in terms of the decay rates of the excited fluorophore through radiative and non-radiative
decay channels:

q0 =
γ◦r

γ◦r + γ◦nr
and q =

γr
γr + γnr + γabs

(1.21)

Where γ◦nr, γ◦r and γnr, γr are the non-radiative and radiative decay rates in the absence
and presence of the Au-NPs respectively. The presence of Au-NPs introduce the γabs decay-
channel which is non-radiative and thereby acts as a source of quenching. The ratio of
the quantum yield of the fluorophore in the presence of the nano-particle and the intrinsic
quantum yield of the fluorophores gives the following:

q

q0
=

γr
γrq0 + γnrq0 + γabsq0

(1.22)

Assuming that the Au-NP does not influence the value of γnr, γ◦nr = γnr holds true. By
dividing every term in eq. 1.22 with γ◦r , normalized decay rates are obtained which leads to
the following:

q

q0
=

γr−o
γr−oq0 + γabs−oq0 + (1− q0)

(1.23)
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1.5 Nano-particle formation and growth

The formation of nano-particles is described by classical nucleation which is the process
whereby a small crystalline-like nuclei is formed by the arrangement of a small number
of atoms, ions or molecules via self-assembly. The small nuclei formed act as seeds for
further growth. Homogeneous nucleation will be studied in this section which in contrary to
heterogeneous nucleation does not occur on the surface of a system. [61]

For homogeneous nucleation to occur, the solute has to exceed its equilibrium solubility.
The high Gibbs free energy of the supersaturated solution can be reduced by forming a solid
phase meanwhile maintaining an equilibrium concentration. The change of Gibbs free energy
per unit volume of the newly formed solid phase can be written as:

∆Gv =
−kT

Ω
ln

(
C

C0

)
(1.24)

Where C and C0 are the concentration of the solute and the equilibrium concentration
respectively. Ω is the atomic volume while k and T are the Boltzmann constant and the
temperature. As seen from eq. 1.24, without supersaturation it is energetically unfavourable
to form a solid phase. Accompanying ∆Gv, is the surface energy of formed particles which
counter balances the previous term. This results in the total change of Gibbs energy for a
spherical particle with radius, r being:

∆G = ∆µv + ∆µs =
4

3
πr3∆Gv + 4πr2γ (1.25)

Where γ is the surface energy per unit area. Figure. 1.16 shows a schematic illustrating how
the energy contributions behave as a function of particle radius, r.

Figure 1.16: Schematic illustrating the free energy contributions as a function of particle
radius, r. Inspired by [61]

Stable nuclei will only form for nuclei larger than r∗ = r, as these nuclei have overcome
the energy barrier and continue to grow and reduce their free energy. Nuclei with a radius

23



1. Introduction

smaller than r∗ = r will reduce their free energy by redissolving. Subsequent growth of
NPs is summarized by the kinetics of monomer diffusion to the nuclei surface followed by
surface reaction kinetics. Several theories exist on the mechanisms of nucleation formation
and growth of nano-particles. [62]

1.5.1 LaMer mechanism

The LaMer theory consists of a three-step mechanism. At first there is a concentration
increase of free monomers in solution due to the decomposition of precursor chemicals, such
as heating chloroauric acid. Following this, monomers aggregate by burst nucleation when
the concentration of monomers reaches supersaturation levels. As monomers continuously
aggregate on existing nuclei, monomer concentration naturally decreases. As the monomer
concentration decreases below Cminnu, nucleation formation stops and subsequent growth
relies on diffusion and surface reactions. Continuously adding precursor material which
becomes decomposed will continue particle growth. A schematic of this mechanism is seen
in figure. 1.17. [62]

Figure 1.17: Diagram illustrating the mechanism of particle formation and growth.
Inspired by [62]

1.5.2 Ripening effects

The size distribution of NPs in solution results in that the physical properties of each NP
may differ significantly. As smaller particles have a higher solubility as well as surface free
energy compared to larger ones, smaller particles are more prone to redissolve. This in turn
results in the formation of even larger particles. This phenomenon is known as Ostwald
ripening.

Instead of ripening effects proceeding between individual particles, intra-particle ripening
is possible as well. Under some conditions, single monomer units in solution can have a
slightly lower or equal energy compared to the surface energy of one of the crystal facets of
the NPs. This low difference in free energy results in no net diffusion of monomers in the
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bulk onto the particle surface. Some of the crystal facets can have larger energy which will
result in one facet dissolving and a lower energy facet growing. [63, 64]

1.5.3 Formation and growth of gold nano-particles

In the case of Au-NPs, two primary formation pathways are theorized that are dependent
on either acidic conditions of pH 3.7-6.5 or higher pH of 6.5-7.7. In each case, the particles
are synthesised using standard citrate recipes, where the reduction agent trisodium citrate
is injected into a boiling solution of tetrachloroauric acid. Each formation pathway is shown
is figure. 1.18

Figure 1.18: Formation pathways of Au-NPs using standard citrate reduction at
different pH. Inspired by [62]

The synthesis reaction connecting the formation of gold nuclei clusters from the precursor
material is theorized to follow one of two pathways. The first pathway consists of gold
ions that undergo complete reduction into zerovalent atoms followed by aggregation into
nuclei and further growth. The other pathway is where a cluster complex of unreduced gold
material is formed followed by full reduction. Each pathway is described in eq. 1.26 and eq.
1.27 respectively. [65]

Mx+ + xe→M0

M0 +M0
n →M0

n+1

(1.26)

Mx+ + e→M (x−1)+

M (x−1)+ +M (x−1)+ →M
(2x−2)+
2

M
(2x−2)+
2 + xe→Mx

(1.27)
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1.5.4 Nano-particle aggregation and stabilization

A suspension of nano-particles is not thermodynamically stable and therefore tend to
aggregate into clusters over time. Initially, Brownian diffusion causes nano-particle collision
and thereby allow short-range thermodynamic processes to occur. The attachment efficiency
is calculated according to whether the short-range forces present result in net-attractive or
net-repulsive contributions. Particle aggregation is often described by the DLVO (Derjaguin-
Landau-Verwey-Overbeak) theory. Classical DLVO considers the thermodynamic surface
interactions between two spherical particles and predicts whether or not sticking will occur
by summing the attractive van der Waals force and the repulsive electric double layer force.
[66]

The van der Waals interactions are comprised of a set of forces that originate from three
types of dipole interactons: [67]

• Keesom interactions refer to dipole-dipole interactions of permanent dipoles such as
those found in polarised molecules.

• Debye interactions are observed due to the fact that a permanent dipole creates an
electric field which can induce a dipole in a neighbouring molecule thereby creating an
attractive force.

• London dispersion forces describe how non-polar but polarizable molecules can attract
each other through instantaneous dipoles.

Electrostatic double-layer forces on the other hand arise due to the initial adsorption of
ions on the particle surfaces followed by loosely bound opposite charges due to coulomb
attraction and thermal motion. As separate particle surfaces with similar potential profiles
approach each other, the individual EDLs will at some point overlap which will result in
surface repulsion. [66] The potential profile of ions adsorbed onto a Au-NP is seen in figure.
1.19.

Figure 1.19: Schematic showing the interplay between a negatively charged Au-NP and
ions in solutions in addition to a simple potential profile. Inspired by [68]
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Figure. 1.20 depicts how van der Waals and EDL forces behave at different separation
distances as well as the sum of these forces.

Figure 1.20: Schematic illustrating the free energy contributions at distances away from
a particle surface. [61]

Methods of stabilization Stabilization of Au-NPs is usually done by ions that effectively
adsorb on the surface such as citrate or BSPP (Bis(p-sulfonatophenyl)phenylphosphine) in
the presence of low ionic strength, high ionic strength can result in charge neutralization and
thereby particle aggregation. Another possibility includes the use of polymers one of which
is the use of DNA bridged to the particle surface by interactions between gold and an added
thiol-group or by interactions between gold and single dNTPs. [69]
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Two separate structures will be investigated in this report. Both designs are conceived to be
the structural element in the optical investigation of primarily two set-ups.

In the first system illustrated in figure. 2.1, the origami structures will act as bridges in
an Au-NP dimer set-up with a pre-defined separation distance. This is engineered to be used
for fluorescence enhancement of a dye. Au-NP conjugation will be attempted through two
methods. In the first method, selected staple strands will be thiolated thereby connecting
the Au-NPs and the origami structure. In the second method, Au-NPs will be coupled to
thiolated strands composed of poly-dT sequences. This will later couple to origami through
poly-dA overhang sequences on selected staple strands. Au-NPs are expected to be separated
by a distance of 15-20 nm according to modelling. A clear difference in the fluorescence
properties of the dye is expected to occur when the system is irradiated by linearly polarised
light. The position of the dye was chosen to be in the center of the gap.

(a) (b)

Figure 2.1: Au-NP dimer created using two separate DNA origami structures. The
set-up will act as a nano-antenna.
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2. DNA origami designs

In the second set-up illustrated in figure. 2.2, the origami structures are meant to be
deposited on a metal-film/glass-prism surface stabilized by interactions between the gold
surface and thiolated staple strands. Afterwards, Au-NPs are meant to be deposited on top
of the origami structures. The set-up will allow fluorescence enhancement studies in a total
internal reflection fluorescence set-up.

(a) (b)

Figure 2.2: DNA origami structures acting as separators between a gold film and a
single Au-NP with a fluorophore located in between.
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2.1. 18 helix-bundle DNA origami design

2.1 18 helix-bundle DNA origami design

The first engineered DNA origami structure consists of a 18 helix-bundle (hb) designed using
caDNAno software. The scaffold is held together by 22 staple-strands forming a structure
with approximate dimensions of 18x17x15 nm. Figure. 2.3 shows a 3D model of the design
in the form of adjacent barrels representing the individual helices as well as a slice-view of
the scaffold obtained in caDNAno.

(a) (b)

Figure 2.3: 3D model of the 18 hb DNA origami structure visualized with UCSF Chimera
software in addition to a slice-view of the scaffold obtained in CaDNAno

The complete caDNAno design with the scaffold and staple arrangements are found in
appendix B.1. The staples are arranged as to accommodate binding at the ends of helix 6 and
7 to gold surfaces and Au-NPs using thiolated modifications. The break-point of the scaffold
is located on helix 9 pointing away from the structure to minimize any kinetic traps or mis-
folding during the annealing step. Additionally, any neighbouring scaffold and staple-strand
cross-overs are separated by 10 bases or less have been purposefully avoided as kinetic traps
may arise. The scaffold-strand helices are connected in pairs along one direction to ensure
that each helix bundle is equal in length as well as each end of the origami structure is planar.
This is done to ensure that nano-particle binding should proceed more successfully and that
the structure should be more rigid when binding to the metal-film lowering the possibility
of tipping. As only approximately 10 % of the scaffold is used for this particular structure,
it is possible to synthesize a separate neighbouring origami structure using flanking scaffold
DNA. A possible design is seen in appendix. B.3 where the two structures are meant to be
connected via a short DNA bridge.
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2. DNA origami designs

2.2 42 helix-bundle DNA origami design

The next structure is a 42 helix-bundle cuboid structure that was originally published by
Martin et. al. [70]. The structure has been slightly re-designed in cooperation with Tilibit
Nanosystems for the use in fluorescence enhancement experiments. The 3D model is viewed
in figure. 2.4.

(a) (b)

Figure 2.4: 3D model of the 42 hb DNA origami structure visualized with UCSF Chimera
software in addition to a slice-view of the scaffold obtained in CaDNAno

The dimensions are approximately 14 nm x 27 nm x 59 nm and the bundle ends of the
structure are originally passivated with staple strands containing 5 poly-dTs. The entire
design schematic and staple arrangement is seen in appendix. B.2.
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3 | Computational simulations

3.1 CanDo simulation

The mechanical properties of the 18 helix-bundle design is computationally predicted using
the resource CanDo (Computer-aided engineering for DNA origami) in order to gain insight
into the degree of mechanical stability before actual DNA origami synthesis. The simulation
was done for the 42 helix-bundle as well in order to compare possible structural differences
and give reasons for these. Simulations were performed with default geometric values of
B-DNA with a axial rise per base-pair of 0.34 nm, a helix diameter of 2.25 nm, a cross-
over spacing of 10.5 bp and an inter-helical angle of 60 degrees. The mechanical properties
are: Axial stiffness of 1100 pN, bending stiffness of 230 pN nm2, torsional stiffness of 460,
junction twist angle stiffness of 135.3 pNnmrad−1 and a nick stiffness factor of 0.01. The
model resolution is fine and the honey-comb lattice is used. The structures are coloured
according to the root-mean-square-thermal fluctuations in nm, which thereby provides info
on the structural properties.

3.2 Electric field and scattering/absorption
cross-section simulations

The electric field profile along with the scattering/absorption cross-sections of Au-NPs
attached to the DNA origami structure are investigated using the Radio Frequency module
in COMSOL Multiphysics v5.1. The nano-particles are modelled as perfect spheres with
diameters spanning between 2-80 nm separated by a distance of 5, 10, 15 and 20 nm. The
simulations were performed in medium with properties identical to water, assuming this
reflects the di-electric environment of the DNA origami structure and the surroundings.
The relative permittivity of gold is obtained in the range of 400-800 nm in steps of 10
nm by extracting values from Johnson and Christy [71]. This is followed by interpolation
in COMSOL. The incoming light is a plane-wave propagating perpendicular to the Au-NP
dimer gap with an electric field of strength 1 V

m
oscillating parallel to the gap. The absorption

and scattering cross-sections of a single Au-NP in both a monomer and dimer configuration
are calculated between 400 and 800 nm in COMSOL according to the expressions formulated
in eq. 1.14 by performing numerical integration. Commands used in COMSOL to find the
scattering and absorption cross-sections can be found in manuals. [72, 73]
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3. Computational simulations

3.3 Fluorescence enhancement simulations

The quantum efficiency of a fluorophore in the presence of an Au-NP monomer or dimer is
predicted using the FDTD Solutions photonic simulation and design software by Lumerical
Solutions, Inc. The radiative and non-radiative decay data of a dipole obtained from the
simulation is used to gain physical insight into the properties of an ideal dipole with intrinsic
quantum efficiency of q0 = 1. Furthermore, the data will be used to calculate q

q0
of a dipole

with quantum efficiency of 0.65 identical to the ATTO-647N. This will be done according to
eq. 1.23.

The fluorophore is treated as a single point dipole located near Au-NPs with water as
the surrounding medium. The dipole is set to emit radiation at wavelengths of 400-800
nm. Focus was put into 665 nm as this is the wavelength where the emission peak of the
ATTO-647N dye occurs [74].

The fluorescence enhancement factor is calculated according to eq. 1.20 and 1.23. The
electric-field strength that the dipole experiences is calculated in COMSOL. The dipole and
the dipole-particle system are enclosed by boxes with power monitors registering the power
emitting from the dipole and the dipole-particle system. The quantities are used to monitor
the power absorbed by one or more Au-NPs. Decay-rates are calculated from the following
relationship [75]:

γ0
γ

=
P0

P
(3.1)

Where γ0
γ
and P0

P
are decay rates and power radiation by the dipole in an environment where

one or more Au-NPs are present. Separate simulations were performed while the dipole was
in a parallel and perpendicular orientation with respect to the Au-NP surface. This was
done in order to consider the physical effects and consequences of light emission from the
fluorophores in different directions relative to the surface of the nano-particles.

The decay values obtained due to different orientations can be averaged according to [59]:

2γparallel + γperpendicular
3

(3.2)

A mesh size of 0.5 nm is used for the dipole and sphere region while a mesh accuracy of 4 is
used for the region outside. The material properties are obtained from Johnson and Christy
[71].

The simulation environment created will also be used to investigate and compare findings
published by Acuna et. al. [57] of a fluorescence enhancement set-up using DNA origami as
the structual element.
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4 | Materials and methods

4.1 Chemicals

Table 4.1: Chemicals used in DNA origami synthesis and analysis

Chemical Description/Classification Manufacturer
p7249 scaffold tilibit nanosystems
10x folding buffer XM tilibit nanosystems
MgCl2 solution tilibit nanosystems
6x gel loading due tilibit nanosystems
Agarose Sigma-Aldrich (lot#100M9432V)
Boric acid GHS08 Sigma-Aldrich (lot#106H1109)
DNase free water Sigma-Alrich (lot#RNBD9146)
EtBr GHS06, GHS08 Sigma-Aldrich (lot#00093172)
MgCl2 Riedel-de Haen (lot#62650)
6X DNA loading dye Thermo Scientific (lot#00097465)
GeneRuler 1kb DNA ladder Thermo Scientific (lot#00093172)
Tris-base Sigma-Aldrich (lot#110M54391V)

Table 4.2: Chemicals used in nano-particle synthesis/imaging and DNA conjugation

Chemical Description/Classification Manufacturer
APTMS GHS05 Sigma-Aldrich (lot#BCBBL6126V)
Toluene GHS02, GHS07, GHS08 Sigma-Aldrich (lot#STBF7647V)
BSPP GHS07 Strem Chemicals (lot#A1726129)
Chloroauric acid GHS05, GHS07 Strem Chemicals (lot#20992400)
Sodium borohydride GHS02, GHS05, GHS06 Sigma-Aldrich (Batch#11404HH
Sodium chloride In-house
TECP 0.5 M, pH 7 solution, GHS07 Sigma-Aldrich (lot#MKBW8503V)
Trisodium citrate Sigma-Aldrich (lot#28H0209)
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4. Materials and methods

4.2 Lab procedures

4.2.1 DNA origami preparation

18 hb staple strands

The DNA origami staple strands for the 18 helix bundle structure were ordered and received
in lyophilized form from SBS Genetech Co. Ltd (Beijing, China). Prior to opening the
tubes containing DNA, each tube was briefly centrifuged to prevent any dislodged DNA
material from escaping. Afterwards, each DNA oligo was suspended in DNase-free water at
concentrations of 100 µM and divided into aliquots and stored at -20◦C. The concentration
of each oligo was measured using a P200 Picodrop Microliter Spectrophotometer (Picodrop
Ltd., United Kingdom) using 1 mm thick proprietary tips. To find the concentration in
pmol/µL, the onboard oligo program was chosen along with the proportions of bases of each
respective oligo.

Staple-strand master-mix for 18 and 42 hb

A staple-strand master-mix for the 18 hb was prepared by pipetting 10 µl of each unmodified
staple-strand stock solution on a piece of para-film and fusing the content into a bigger drop.
The content was afterwards pipetted into an eppendorf tube yielding 220 µl of staple-strand
master mix with a concentration of 4.55 µM per staple strand. The master-mix solution was
aliquoted and kept at -20◦C.

Core staple strands for the 42 helix bundle structure were ordered and received from Tilibit
nanosystems in a prepared 746 nM solution. Poly-dT passivation strands were received in
a separate 1539 nM solution. Staple strands with overhang were synthesized by Eurofins
and received by Tilibit as were strands that accounted for slight modification of the design.
These strands were prepared in a separate solution with a final concentration of 11.11 µM.
All solutions were divided in aliquots and stored at -20◦. Thiolated DNA strand for Au-NP
conjugation was ordered from Eurofins and received in lyophilized form

Folding mixes

A 10-20 µl folding mix solution of the 18 hb and 42 hb is listed in 4.3 and 4.4. The MgCl2
content will depend on eventual MgCl2 screening tests.
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4.2. Lab procedures

Table 4.3: The components and amounts in the folding mixture of the 18 hb (10 µl)

Component Amount (µL) Final concentration
Scaffold, 100 nM 1 µL 10 nm
Folding buffer, 10x 1 µL 1x
MgCl2 0.5 µl 10 mM
Unmodified oligos 2.20 µL 1 µM per strand
H20 5.3 µL

Table 4.4: The components and amounts in the folding mixture of the 42 hb (20 µl)

Component Amount (µl) Final concentration
Scaffold, 100 nM 4 µl 20 nM
Folding buffer, 10x 2 µl 1x
MgCl2 2 µL 20 mM
Core staple strands 5.36 µL 200 nM per strand
Poly-T passivation strands 2.6 µl 200 nM per strand
Overhang and modified strands 0.72 µl 400 nM per strand
H20 3.32 µl

4.2.2 Annealing procedures

10-20 µl folding solution was prepared in 200µl PCR tubes followed by annealing using an
Eppendorf MasterCycler Gradient system. A lid-temperature of 105◦ was used during all
programs to prevent condensations.

As the 18 hb is an entirely new structure, different annealing programs were used in
addition to a MgCl2 screening by having samples with concentrations of 0, 4, 8, 12, 16 and
20 mM. The annealing programs programs used for the 18 hb structure are listed in table.
4.5.

Annealing procedures for the 42 hb were done according to a recommended program
provided by Tilibit, where samples were subjected to 65 ◦C for 10 min followed by cooling
from 60-40 ◦ at 1 h per ◦C. In addition, a constant temperature method was examined where
samples were incubated at temperatures between 41 and 59◦C in steps of 3◦C over a 2 h
period.
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4. Materials and methods

Table 4.5: Annealing programs used for 18 hb formation

(a) Annealing program A

Cycle number Temperature and time
1 90 ◦C, 15 min
2-71 89 ◦-20 ◦C, 1 min per ◦C
73 Stay at 4 ◦C

(b) Annealing program B

Cycle number Temperature and time
1 90 ◦C, 15 min
2-71 89 ◦-20 ◦C, 3 min per ◦C
73 Stay at 4 ◦C

(c) Annealing program C

Cycle number Temperature and time
1 90 ◦C, 15 min
2-71 89 ◦-20 ◦C, 10 min per ◦C
72 Stay at 4 ◦C

(d) Annealing program D

Cycle number Temperature and time
1 80 ◦C, 15 min
2-16 80 ◦-66 ◦C, 5 min per ◦C
17-52 65-30 ◦C, 30 min per ◦C
53 Stay at 4 ◦C

(e) Annealing program E

Cycle number Temperature and time
1 80 ◦C, 5 min
2-16 80 ◦-66 ◦C, 1 min per ◦C
17-52 65-30 ◦C, 10 min per ◦C
53 Stay at 4 ◦C
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4.2. Lab procedures

4.2.3 Agarose gel electrophoresis

Gel imaging

Purification and initial quality control of the DNA origami structures were performed by
agarose gel electrophoresis. Agarose gels were prepared by mixing 0.5-1 g agarose and 50 ml
0.5X TB-buffer (45 mM Tris-base and boric acid) buffer, pH 8.3 where-after the solution was
microwaved until the agarose was fully dissolved. The solution was cooled down to 50-60 ◦C
before adding 8 µl of 0.5 mg/ml EtBr and 550 µl of 1M MgCl2 solution (final concentration
11 mM).

The gel was immediately poured into a casting tray and a comb was inserted. When
the gel had solidified, the casting tray was put into an electrophoresis bath containing
0.5X TB-buffer and 11 mM MgCl2 followed by immersion of the bath into ice-water. The
samples were hereafter loaded and the gel was run at 65 V and 46 mA for 1.5-4 hours. The
TB+MgCl2 running-buffer was changed after 2 h to replenish the salt content in order to
avoid denaturation of the origami.

Origami purification and extraction

20 µl folding solutions underwent annealing and were afterwards loaded onto agarose gels in
two gel wells each containing 10 µL. The samples were separated in the agarose gel according
to settings in section. 4.2.3. After the separation of the primary DNA origami band from
excess staple strands could be visualised, the main band was cut out using a scalpel. The gel
slice was placed into a dialysis tubing cellulose membrane bag (Sigma-Aldrich) with a width
of 10 mm. Prior to this, a 5 cm long piece of membrane was cut and rinsed both inside
and outside with DNA-free water. Afterwards, the tubing material was submerged into
0.5X TB-buffer containing 11 mM MgCl2 at +4 ◦C for 1 h. Afterwards, one end was sealed
with a clamp followed by rinsing with buffer. Following the insertion of the gel material in
the tubing bag, 100 µl of 0.5X TB-buffer containing 11 mM MgCl2 was added. The other
end of the tubing material was sealed and the bag was placed in an electrophoresis bath
perpendicular to the flow of electricity. The material was run at 65 V for approximately 45
min followed by 65 V for 2 min at opposite polarity.

The concentration of DNA origami was measured by absorption on a P200 Picodrop
Microliter Spectrophotometer (Picodrop Ltd., United Kingdom) using 1 mm thick
proprietary tips. For the 18 and 42 hb origami structures, a molar mass of 4.48 · 106 g

mol

and 4.66 · 106 g
mol

were used respectively in addition to a mass attenuation coefficient of
0.020 µg

ml
[76] for double-stranded DNA.
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4.2.4 Au-NP synthesis and modification

Synthesis of 5 and 15 nm particles

The synthesis of Au-NPs in this study was done according to citrate and modified citrate
reduction methods. The basic recipe was adopted from Turkevich. et. al. [77].

5 nm citrate-coated Au-NPs were synthesized at room temperature primarily by using
NaBH4 as the reduction agent. 177 mL of deionized water was added into a 250 mL flask
followed by the addition of 80 µL of 0.53 M chloroauric acid under vigorous stirring. 1.8 mL
of 50 mM trisodium citrate was hereafter added followed by a 10 min wait without stirring.
Lastly, 0.45 mL of 0.5 M cold and freshly prepared solution of sodium borohydride was added
under stirring. The particles were stored overnight at room-temperature.

15 nm citrate coated Au-NPs were prepared by standard citrate reduction methods. A
150 ml solution containing 0.5 mM of chloroauric acid was heated to approximately 95 ◦C on
a hot-plate. 15 ml of a 38.8 mM tri-sodium citrate solution was added under stirring. The
solution was left for 6 min and the colour was noted to change from light-yellow to purple
and lastly burgundy red. Afterwards, the solution was left to cool at room-temperature
overnight. Both batches were afterwards kept at +4◦C for long-term storage.

Size determination

The size and growth of synthesized Au-NPs were investigated by absorption measurements
using an UV-1800 UV-VIS spectrophotometer (Shimadzu, Japan) using Greiner Bio-One
semi-micro cuvettes.

Absorption was measured at wavelengths between 400 and 800 nm with a step-size
of 0.5 nm and a scan-speed of 1 nm/sec. Absorption measurements of both batches of
synthesized Au-NPs were also done after 2 days, 1 week and 1 month to examine their
stability. Additional information regarding the size and size-distribution was attempted
using NanoSight LM10 Instrument.

In the case of 5 nm Au-NPs, immediately after adding NaBH4, 7 absorption measurements
were conducted with a 10 min interval to investigate if the growth could be monitored.
Afterwards, measurements were done every hour for a total of 5 hours.

Ligand exchange and up-concentration

Ligand exchange of citrate for BSPP was done by adding 0.2 mg/mL of BSPP to a 15 mL
Au-NP solution followed by slow shaking at 1 Hz at room-temperature in an incubator.
Afterwards, the entire content was poured into Centriprep centrifugal filters with Ultracel
YM-50 membranes and a NMWL of 50000. The content was centrifuged at 1000 g for 15
min followed by decanting of the water. This was repeated until a concentrate of 1 mL was
achieved.
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4.2. Lab procedures

Au-NP DNA conjugation

40 µl of 200 µM thiolated 15 poly-dT oligo was mixed with TECP (final concentration 20
mM) for 1 h at room temperature. 30 µl of concentrated Au-NP solution was mixed with
30 µl of oligo solution in the presence of 89 mM Tris-base and Boric acid as well as 50
mM NaCl and stored in a shaking incubator at 1 Hz room at temperature for 60 h. 20 µl
solution was run on a 2% agarose gel containing 0.5x TB buffer at 100 V and 20 min. A
solution containing Au-NP at an identical concentration was run as a reference. The band
of interest was cut and put into a dialysis tubing cellulose membrane bag pretreated with
0.5X TB-buffer according to prior instructions. Electrophoresis was run at 80 V for 15 min
followed by 80V and 2 min at opposite polarity. The final concentration was roughly 10
nM according to absorption spectroscopy using molar attenuation coefficients of 1 · 107 and
3.67 · 108 for 5 and 15 nm Au-NP solutions respectively.

4.2.5 Au-NP DNA origami coupling

The coupling of Au-NPs onto the 42 hb was attempted via two approaches. Both involve
DNA origami material isolated by membrane tubing (300 pM) mixed with isolated Au-NP
DNA conjugate (10 nM) in equivolume amounts. The first approach consisted of 10 µl of
the final solution being directly deposited on mica followed by 10 min incubation, rinsing
with 40 µl water and N2 blow-drying. The other approach followed an annealing protocol
where the solution was cooled from 37 to 20 ◦C over a 17 h time-period followed by identical
deposition and rinsing.

Attempted conjugation of Au-NPs onto the 18 hb proceeded by treating the DNA
origami tubing solution (900 pM) with TECP (final concentration 20 mM) for 1 h at room
temperature. Afterwards, a 300 pM origami solution was mixed with 10 nM Au-NP solution
in equivolume amounts with identical deposition and rinsing.

4.2.6 AFM sample preparation and imaging

All AFMmeasurements were performed on a Bruker multimode AFM in tapping mode. DNA
and Au-NP imaging was performed using either an Asylum Research (Oxford Instruments)
silicon-based cantilever with res. freq. of 68 kHz and a force constant of 1.43-2.47 N/m. Or
a Team Nanotec HR-SCC cantilever with res. freg. of 225 kHz and a force constant of 3
N/m.

Either 2x2 or 1x1 µm images were recorded with a scan-rate between 0.5 and 1 Hz.
Generally, images were done at three different areas on the mica surface for all samples to
gain an insight into the consistency.

DNA origami sample preparation for AFM imaging was done by pipetting 10 µL sample
onto a freshly cleaved mica surface followed by 10 min incubation, rinsing with 40 µl water
followed by N2 blow-drying. Imaging of scaffold samples were done by pipetting 10 µL of
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a 1 nM scaffold solution containing 5 mM MgCl2 followed by identical incubation time and
rinsing procedure.

For imaging of Au-NPs, a freshly cleaved mica surface was incubated under vacuum with
a 250 µl APTMS + 500 µl toluene solution for 30 min. 10 µl of 100 nM Au-NP solution was
pipetted on the surface followed by an incubation time of 30 min, rinsing with water and
lastly N2 blow-drying.

Image analysis was done using Gwyddion software. Height profiles were obtained using
the profile extraction tool.

4.2.7 Melting temperatures of scaffold and DNA origami
structure

10 µl scaffold and DNA origami samples were prepared according to table. 4.3 with MgCl2
concentrations at 0, 4, 8, 12, 16 and 20 mM. DNA origami structure samples underwent
thermal annealing according to program E. Each sample was mixed with iTaq Universal
SYBR Green Supermix (Bio-Rad) in a 1:1 ratio. The samples were added to a PCR plate
and covered with transparent film before brief centrifugation. The plate was afterwards
loaded into a Bio-Rad Real-time system and underwent heating from 20-95◦ with a 0.5◦

increase every 5 sec.

4.2.8 Gold-coated glass platform

A gold-coated glass slide meant for total internal reflection fluorescence experiments was
made by first cleaning a glass wafer with acetone and isopropanol (Sigma-Aldrich) followed
by N2 blow-drying. A 2 nm Cr and 50 nm Au layer was deposited on the glass by physical
vapour deposition using a Cryofox Explorer 600 system. Afterwards, the glass was sputter-
coated with photo-resist and baked at 110◦C for approximately 70 s. The glass was cut
into pieces with the dimensions of 3x4 cm using a Disco Dicer Saw. Afterwards, the photo-
resist was removed by submerging the pieces in an acetone solution (Sigma-Aldrich) in an
ultra-sound bath and finally rinsing with isopropanol and blow-drying with N2.
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5 | Results

5.1 CanDo simulation

The structural properties of the 18 and 42 hb DNA origami designs were computationally
predicted by CanDo to gain insight into the structural properties.

5.1.1 18 helix-bundle structure

The 18 hb structure along with the root mean square fluctuations are seen from different
angles in figure. 5.1. Additional images are found in appendix C.1.

(a) (b)

Figure 5.1: RMSF (nm) of the 18 hb DNA origami structure

RMSF values of 0.2-0.3 nm are observed in the left center of the majority of helices. The
left ends of these helices have slightly higher values of approximately 0.5 nm while the right
ends have values of 0.6-0.7 nm. Helix 9 and 16 which are the top and buttom helices seen
are characterised by having regions of RMSF values of approximately 0.4 nm in the center
left region while the center right and right end regions have values of 0.7 nm.
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5.1.2 42 helix-bundle structure

The root mean square fluctuations of the 42 hb are seen in figure. 5.2. Additional images
are found in appendix. C.2.

(a) (b)

Figure 5.2: RMSF (nm) of the 18 hb DNA origami

Analysing the helices seen in figure. 5.2(a), RMSF values of approximately 0.3 nm are
predominantly observed at large regions in the center area with occasional stability spikes
of 0.2 nm. The lowest stability areas are seen at the helix ends. Viewing the RMSF profile
in figure. 5.2(b), the helices have a lower RMSF of approximately 0.2 nm at nearly all
center-areas. Once again, helix ends display low stability.
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5.2 Simulations of the optical properties of Au-NPs

5.2.1 Electric field profiles

The electric field response of Au-NPs along with the scattering and absorption cross-sections
were computationally predicted using COMSOL.

Complete electric field profiles in and around 80 nm Au-NP monomer and dimers are
shown in figure. 5.3 when irradiated by light at 647 nm with an oscillating electric field in
the x-direction.

[]
(b)

Figure 5.3: Electric field profiles of Au-NP monomer and dimer systems when irradiated
by 647 nm light. The scale-bar in each case is 0-23.

Most importantly, a clear angle dependence of the electric field is observed in both cases.
The electric field strength is at a minimum at the particle surface for x=0, while the maximum
is located at y=0 for an Au-NP monomer. The same is true for an Au-NP dimer except
for the occurrence of a slight shift of the electric field minimum towards the gap. For the
dimer set-up, the field at the particle surface for x=0 is higher in the dimer gap compared
to the ends. In addition, the high electric field in the gap is significantly larger than what is
produced by an Au-NP monomer of identical size. Furthermore, a clear case of symmetry is
observed along x=0 for both set-ups.
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The electric field strengths relative to that of incoming light are measured at varying
positions relative to the particle surface of both an Au-NP monomer and dimer for different
particle sizes along the center. These are shown in figure. 5.4 when light with a wavelength
of 647 nm interacts with Au-NPs.

(a) (b)

Figure 5.4: Relative electric field strength at positions relative to the particle surfaces.

Most noteworthy is the significant electric field amplification that is seen in the vicinity of
the nano-particle surface relative to that of the incoming light. Electric field amplifications
near the surfaces are approximately in the range of 4.5-5.5 and 7.5-22 for Au-NP monomers
and dimers respectively. Moving away from the surface results in the decrease of electric
field intensity with enhancement factors of approximately 2-4 and 5-16.
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5.2.2 Full spectrum electric field enhancements

Figure. 5.5 shows the electric field enhancements in the center of the gap for wavelengths
between 400 and 800 nm for Au-NP dimers of different sizes as well as gap distances.

(a) (b)

(c) (d)

Figure 5.5: Electric field enhancement in the center of the gap of Au-NP dimers

All graphs generally have the same shape, the major difference being the location of the
maxima and the accompanied electric field enhancement factor resulting in varying degrees
of sharpness of the graphs. A consistent trait is that for each respective gap-size, increasing
the nano-particle size results in a red-shift of the maxima in addition to an increase in the
electric field enhancement factor. Widening the gap-size results in the peak values for each
respective nano-particle size being blue-shifted.
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5.2.3 Scattering and absorption cross-sections of Au-NPs

The ratio of the scattering to absorption cross-sections of Au-NP monomers and dimers for
particle sizes of 40, 60 and 80 nm are seen in figure. 5.6. These values are found in order to
initially determine at which wavelengths the excitation and emission spectra of a fluorophore
should be located in order to maximise fluorescence.

(a) (b)

Figure 5.6: σsca
σabs

of a single Au-NP in continuous medium and in a dimer set-up. The
dimers are separated by a distance of 15 nm.

Observing at 400 nm for a single Au-NP, all corresponding values lie below 0.5. As
the wavelength red-shifts towards 500 nm, a global minimum is seen for all particles
sizes. Increasing the wavelength leads to an increase in the ratio which reaches unity at
approximately 600 nm for 80 nm particles, 670 nm for 60 nm particles while for 40 nm
particles unity is not reached at this interval of wavelengths. The ratio continues an increase
reaching the maximum at approximately 700 nm for all particles investigated The increase
and decrease of the ratio value is more rapid as the particles increase in size. Generally, as
the particle size increases so does all values at all corresponding wavelengths.

In the case of a single Au-NP in a dimer set-up, many of the same tendencies are observed
as with single Au-NPs. The minima and maxima are located at approximately the same
wavelengths. An exception is that no clear maximum is observed for a 20 nm particle, instead
a continuous increase from its minima at 500 nm is observed. Importantly, all minima and
maxima are more pronounced compared to those found for identical particles sizes in an
Au-NP monomer set-up.
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5.3 Fluorescence enhancement simulations

The quantum efficiency of a dipole emitting light between 400-800 nm in dimer-gaps of
different sizes is found in order to better understand the enhancement and dimer-separation
relationship. Afterwards, in depth analysis is done on the decay rates of a dipole with
properties identical to an ATTO-647N in a 15 nm Au-NP dimer-gap in addition to a monomer
set-up with a dipole/Au-NP distance of 7.5 nm. Lastly, analysis is done on a dipole with
an emission wavelength of 665 nm in 15 and 20 nm dimer-gaps to quantitatively predict the
enhancement factor of the ATTO-647N dye in geometries similar to the ones of the origami
structures in this study.

5.3.1 Quantum efficiency predictions

Full spectrum quantum efficiency of a dipole in an Au-NP gap of various sizes

Figure. 5.7 and 5.8 show the quantum efficiency of an ideal dipole emitting light between 400
and 800 nm while located in Au-NP gaps of different sizes. The figures contain information
on a dipole located in a perpendicular and parallel orientation respectively.

In the case of a perpendicularly oriented dipole, it is seen for all spectra that the maxima
resides at approximately 650-700 nm while the minima is located at 500-550 nm. The
quantum yield is also seen to increase for larger particles. In addition, as the gap-size is
increased so are the quantum efficiency values.

For a parallelly oriented dipole, the maxima are located at approximately the same
wavelengths with the spectra for particle size 40 nm with a gap-size 15 and 20 nm being the
exceptions. The clearest trend is seen in the form of a clear decrease in quantum efficiency
values at all wavelengths as the gap-size is decreased. All QE values are also seen to be
significantly smaller than the ones obtained for a perpendicularly oriented dipole for identical
particle-sizes and gap-distances.
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(a) (b)

(c) (d)

Figure 5.7: Quantum efficiency of an ideal dipole emitting light at wavelengths between
400-800 nm in an Au-NP dimer-gap with sizes between 5 and 20 nm. The dipole has a
perpendicular orientation with respect to the nano-particle surface.

50
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(a) (b)

(c) (d)

Figure 5.8: Quantum efficiency of an ideal dipole emitting light at wavelengths between
400-800 nm in an Au-NP dimer-gap with sizes between 5 and 20 nm. The dipole has a
parallel orientation with respect to the nano-particle surface.
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Radiative and non-radiative decay rates

The normalized radiative and non-radiative decay rates of a dipole emitting light at 665 nm
identically to the Atto-647N dye in the presence of varying sizes of single Au-NPs and Au-
NPs dimers are examined in figure. 5.9. The dipole was located 7.5 nm away from Au-NPs.

(a) (b)

(c) (d)

Figure 5.9: Normalized radiative and non-radiative decay rates for a dipole in both a
parallel and perpendicular orientation with respect to the nano-particle surface.

Comparing the radiative and non radiative decay rates for both orientations and Au-NP
set-ups reveal several interesting tendencies. The non-radiative decay rates have similar
tendencies across all four sub-figures. The decay-rate is found to increase from 1-10 nm
particles where-after the values become approximately constant.

In both set-ups the radiative decay rate for a perpendicularly oriented dipole is found to
increase with larger particles whereas the opposite is seen for a parallelly oriented dipole.
Comparing the radiative decay-rate in a monomer and dimer set-up reveals that the values
are higher in a dimer set-up for a perpendicular oriented dipole. For a parallelly oriented
dipole, values are seen to be smaller in an dimer set-up especially for larger sized particles.
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5.3. Fluorescence enhancement simulations

An important property is that at small particle sizes, the radiative decay rate is
approximately unity while the non-radiative decay rate is approximately zero.

Using the data presented in figure. 5.9 along with eq. 1.23, values for the corresponding
quantum yields which are necessary in order to quantitatively calculate the fluorescence
enhancement factor can be found. Figure. 5.10 presents the results for both set-ups and
orientations along with an average that is weighed according to eq. 3.2.

(a) (b)

Figure 5.10: Quantum efficiency of an ideal dipole in perpendicular and parallel
orientations in the presence of either an Au-NP monomer or dimer with sizes ranging
between 1 and 80 nm

In the case of a dipole near a single Au-NP, a particle size of 1 nm results in quantum
efficiencies of approximately unity. As the particle size increases the quantum yield drops
for both orientations until a size of approximately 10 nm is reached. Hereafter, the parallel
orientation continues a decline which reaches roughly 0.01 at 80 nm particles while the
perpendicular orientation begins to show a linear increase which ends at 0.49. Averaging
both orientations shows an approximately linear decline in quantum efficiency between 2
and 10 nm size particles. Hereafter, a linear increase is seen

For a dipole residing in a dimer gap, the QE is located at approximately 0.9 for both
orientations for a particle size of 1 nm. As the particle size increases the QE is found to
decrease for both orientations. At 10 nm the declining trend for a perpendicular dipole
is broken and a significant increase is seen in line with figure. 5.10(a). The decrease is
continued for a parallel dipole with values significantly smaller than the ones found in the
monomer set-up.

Additional QE and decay-rate data for Au-NP set-ups with varying particle sizes and
gap-distances can be seen in figure. D.3 in appendix. D.
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Power-output profiles of a dipole near Au-NPs

To graphically exemplify the apparent difference in quantum yield for different dipole
orientations, the time-average power output behaviour of a dipole in both a parallel and
perpendicular orientations were studied near an Au-NP monomer using COMSOL. The
dipole emits light at 665 nm with a separation distance of 50 and 100 nm from a 60 nm large
Au-NP.

(a) (b)

(c) (d)

Figure 5.11: Time-average power from a dipole emitting light at 665 nm positioned at
50 nm and 100 nm away from the center of a 60 nm Au-NP monomer

The most interesting effects are observed when comparing the evolution of the power output
when varying the dipole positions. Moving a perpendicularly oriented dipole closer to the
surface results in a significant enlargement of the power output. The exact opposite is seen
for a parallelly oriented dipole. Here a noticeably damping of the surrounding power profile
is seen.
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Monomer and dimer comparison

Combining the measurements used for predicting the quantum yield in figure. 5.10 along
with eq. 1.23, the expected quantum yield of an ideal dipole as well as the ATTO-647N
dye can be calculated. The average enhancement is seen in figure. 5.12 for particles with
diameters spanning between 2 and 80 nm. The electric field strength data used for these
calculations can be viewed in figure. D.1 in appendix. D.

(a) (b)

Figure 5.12: Fluorescence enhancement factor of a dipole located at a distance of 7.5
nm of a single Au-NP and in an Au-NP dimer-gap of 15 nm

The enhancement can be seen to be highly dependent on the Au-NP particle size in
addition to the basic set-up. In each case, the fluorescence is nearly independent of the
presence of Au-NPs if the particle size is very small. As the particle-size increases, the
fluorescence enhancement is seen to decrease below unity until a particle size of 20 nm is
reached. At points hereafter, enhancements are increased significantly with increasing size.
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Fluorescence enhancement of dipole in 15 and 20 nm dimer gap

Figure. 5.13 compares the predicted fluorescence enhancement of the ATTO-647N dye in a
dimer-gap of 15 and 20 nm. These dimensions are close to the ones expected from dimer
set-ups using the origami structures in this study. All necessary decay-rate data and electric
field strengths are found in appendix. D.

Figure 5.13: Comparison of the fluorescence of the ATTO-647N dye in a 15 and 20 nm
dimer-gap

The most important property is that fluorescence is expected to be the highest for a 15 nm
set-up almost by a factor of two. The enhancement factor is found to be highly dependent
on the particle size resulting in an increase for larger particles.

Using the simulation environments adapted in this study, the case of 80 nm dimers
separated by a distance of 23 nm as investigated by Acuna et. al. [57] can be calculated and
the findings compared. The dimensions are almost exactly the same as the ones you can
expect for an Au-NP dimer set-up for the 42 hb. Acuna et. al. found that a perpendicular
oriented dye in the gap would experience a fluorescence enhancement of approximately 115
times when irradiated by light at 640 nm.

In this study, Lumerical gave a quantum yield of 0.82 and COMSOL gave an electric field
factor of 12.2 times yielding a fluorescence enhancement factor of 122. This is roughly a 6
% increase compared to the findings of Acuna.

The QE and fluorescence enhancement factor of an ideal dipole was also examined at
different positions in a 15 nm dimer-gap. Highest enhancement is found in the center of the
gap. All results are seen in appendix. E

56



5.4. DNA origami analysis gels

5.4 DNA origami analysis gels

Gel-electrophoresis was done on both 18 and 42 helix bundles to gain initial insight into the
folding quality as well as finding optimal conditions for proper folding.

5.4.1 18 helix-bundle structure

To study the effect of using different annealing programs as well as MgCl2 concentrations
on the folding of the 18 hb DNA origami structure, a MgCl2 screen was performed along
with five different annealing programs. Figure. 5.14 shows gels of samples having undergone
folding programs A, B and C.

(a) (b)

(c)

Figure 5.14: Gels containing samples undergone folding according to folding programs
A, B and C at different MgCl2 concentrations. Scaffold samples undergone the respective
folding programs were added as references

In figure. 5.14(a), it is noticeable that all mains bands appear at approximately 1600 bp.
The scaffold solutions at 4, 8, 12 and 16 mM MgCl2 appear to have the same intensity as
well as migration rate. The bands for the scaffold solution at 0 and 20 mM appear to have
lower intensity. For 0 mM no clear band is seen, instead a smear is observed located between
750 bp and 1500 bp.

Figures 5.14(b) and 5.14(c) show images of gels with samples that have undergone
annealing according to programs B and C respectively. Both images were taken after 2h. In
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the gel for program B, smearing appears to be significant for several scaffold samples and
especially folding samples, although some-what well-defined bands are seen at approximately
1500 bp. For figure. 5.14(c) all samples have noticeable smearing with no clear well defined
bands being present.

Gel analysis of samples that have undergone annealing program D is seen in figure. 5.15.

Figure 5.15: Gel containing samples that have been treated according to annealing
program D.

Here it is seen that smearing is a recurrent phenomenon. Smearing is observed for all
samples along with no well-defined bands. In this case, smearing is located between 250-500
bp for Sc(0) while for the other samples it is located between approximately 750-1000 bp.
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5.4. DNA origami analysis gels

Program E was the final program inspected with the gel sample seen in figure. 5.16

Figure 5.16: Gel containing samples that have been treated according to annealing
program E.

All bands are well defined and have no noticeable smearing near the main bands located
at approximately 1500 bp. Interestingly, for samples FS(12), FS(16) and FS(20) there are
very faint bands present all located at 2500bp. Faint traces of smearing is located in lanes
FS(16) and FS(20) stretching from near the gel wells to approximately 5000bp.
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5.4.2 42 helix-bundle structure

The 42 hb structure has previously been analysed thoroughly in literature [11, 35]. The main
attention was thereby focused on replicating already found results. Gels containing samples
prepared by Tilibits recommendation in addition to a constant temperature approach were
investigated.

Constant temperature analysis

Figure. 5.18 shows a gel containing samples that were run at constant temperature over 2
hours.

Figure 5.17: Gel results of the 42 hb DNA origami folded at constant temperatures
between 41 and 59 ◦C

Samples run between 41 and 53 ◦C are found to be largely very comparable. Each lane
contains a rather pronounced band between 1000 and 1500 bp especially for samples at
47 and 50 ◦C. It can also be seen that this main band migrates faster through the gel
compared to the reference scaffold. Additionally, smearing is seen for each lane in the area
of approximately 1500-10000 bp. The samples prepared at 56 and 59 ◦C are found to have
drastically different gel migration characteristics. In these cases, the main bands migrate
slower than both the scaffold reference in addition to the main bands of the first five samples.
A combination of smearing and a smaller band at approximately 4000 bp is seen as well.
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5.4. DNA origami analysis gels

Constant temperature and folding program comparison

A gel comparison of a sample prepared at 50 ◦C for 2 h and a sample prepared according
to Tilibits recommendation (section. 4.2.2) was done to compare the quality of folding in
addition to the final yield.

Figure 5.18: Comparison of samples prepared at contant temperature (CT) and
according to Tilibit recommendations (FT).

Both wells have bands located at approximately 1200 bp with the main band in well TF
appearing to be brighter. Material trailing appears in both lanes between 1500 and 4000 bp
with subtle differences in trailing length and brightness.
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5.5 Melting analysis of the p7249 scaffold and 18
helix-bundle structure

Melting temperatures of the scaffold and the 18 hb DNA origami structure were investigated
to gain further insight into the biophysical properties of both structures. Figure. 5.19 shows
the first derivative of the melting temperature of both the scaffold and 18 hb DNA origami
structure for samples that were prepared with various concentrations of MgCl2.

Common for all scaffold samples is the occurrence of significant melting between 20-50◦C
with a maximum residing at approximately 50◦C in all cases. Additionally, it can be seen
that for all samples, the majority of melting has occurred by 70-80◦C. For DNA origami
samples the melting primarily occurs at 20-60 ◦C with a maximum at 60◦C. The exception
is the occurrence of a negative derivative value at 60 ◦C for the origami sample annealed at
0 mM MgCl2. Besides the apparent shift of the melting maxima, the entire melting profile
of the origami sample is found to be shifted towards higher temperatures relative to pure
scaffold. Lastly, a peak is observed at approximately 80◦C for the majority of measurements.
This peak is found to decrease as the MgCl2 concentration is increased.
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(a) (b)

(c) (d)

(e) (f)

Figure 5.19: Melting curve analysis of the p7249 scaffold and 18 hb DNA origami at
different MgCl2 concentrations.
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5.6 Absorption and gel analysis of Au-NPs

5.6.1 Absorption spectra of synthesized Au-NPs

Figure. 5.20 shows a comparison of the normalized absorbance for synthesized 5 and 15 nm
Au-NPs.

Figure 5.20: Normalized absorption spectra of Au-NPs synthesized according to recipes
for 5 and 15 nm sized Au-NPs.

Most importantly, the maxima are 512 and 522.5 nm for 5 and 15 nm Au-NP solutions
respectively. Secondly, there are differences in the overall trend of each spectrum. The
spectrum of 15 nm Au-NPs is found to have a width that is significantly narrower in addition
to a sharper peak when comparing to the spectrum for 5 nm particles.
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5.6. Absorption and gel analysis of Au-NPs

Growth of Au-NPs

The growth of Au-NPs synthesized according to a recipe for 5 nm particles was monitored
by absorption spectroscopy at time-intervals after the addition of sodium borohydride. Full
spectrum graphs in addition to the wavelength of maximum absorption for each measurement
is seen in figure. 5.21.

(a) (b)

Figure 5.21: Study into the growth of Au-NPs using absorption spectroscopy

After the addition of sodium borohydride, the solution immediately turned red.
Absorption spectroscopy revealed a peak at 486 nm that continuously was red-shifted over
time followed by a decrease in absorbance until 20 min had passed. The red-shift continued
but the absorbance increased and became steady after 60 min.
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5.6.2 Gel analysis of Au-NP/DNA conjugates

Gel analysis of pure Au-NPs and Au-NP/DNA conjugate solutions were run on an agarose
gel to confirm if Au-NP/DNA conjugates had formed. Figure. 5.22 shows a comparison
where 5 nm Au-NPs were used.

Figure 5.22: Agarose gel analysis and separation of Au-NP/DNA conjugates.

Both Au-NP and Au-NP/DNA conjugates are seen as black bands under UV illumination.
In normal light, both bands had a deep red colour. The clearest difference between the bands
are seen in the migration rate. The Au-NP/DNA conjugation samples had a significantly
slower migration rate relative to a pure nano-particle sample. The white smear seen in
the Au-NP/DNA conjugate lane is excess single-stranded DNA. Same tendencies were also
observed for solutions based on 15 nm Au-NPs.
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5.7 AFM studies

5.7.1 Scaffold and DNA origami analysis

p7249 scaffold and 18 helix-bundle imaging

AFM images of the p7249 scaffold strand and an 18 hb origami sample prepared according
to program E are seen in figure. 5.23.

(a) (b)

(c) (d)

Figure 5.23: AFM images of the p7249 and 18 hb origami sample. Figures. 5.23(a)
and 5.23(b) are 2x2 and 1x1 µm scans of the scaffold while 5.23(c) and 5.23(d) are scans
of the 18 hb sample.

Figures. 5.23(a) and 5.23(b) show clear images of the p7249 scaffold having a semi-ordered
compact structure with a height of ≈ 0.8 nm. Each scaffold occupies an area of ≈ 200x200
µm. In figures. 5.23(c) and 5.23(d), it is seen that the 18 hb origami sample has high
resemblance with the p7249 scaffold. The exception being the occurrence of small patches of
DNA measuring approximately 30x24x2.7 nm. Thereby the height is significantly larger than
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ordinary scaffold DNA. Additionally, it appears that only one patch exists per individual
scaffold strand.

p7560 scaffold and 42 helix-bundle imaging

AFM images of the p7560 scaffold can be seen in figures 5.24(a) and 5.24(b). Figures 5.24(c)
and 5.24(d) are images of the 42 hb prepared at a temperature of 50◦C for 2 h as well as
according to Tilibit recommendations respectively.

(a) (b)

(c) (d)

Figure 5.24: AFM images of the p7560 and 42 hb origami sample. Figures. 5.24(a)
and 5.24(b) are 2x2 and 1x1 µm scans of the scaffold while 5.24(c) and 5.24(d) are scans
of the 42 hb sample.

The p7560 scaffold is found to occupy an area comparable to that of the p7249 scaffold.
The scaffold is mostly composed of DNA patches with a height of approximately 2.6 nm
while the remaining DNA is roughly 1.1 nm. Analysing images obtained of the 42 hb DNA
origami structure gives dimensions of approximately 70x40x5 nm of the core region. This is
irrespective of individual structures and folding programs used. This high level of similarity
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is seen in figure. 5.25 where the height profile along the width and length is compared for
origami structures prepared according to each program.

(a) (b)

Figure 5.25: Height comparison along the length and width of the 42 hb structures
prepared at either constant temperature (CT) or according to Tilibit recommendations
(FT). The structures analysed are marked in figure. 5.24(c) and 5.24(d)
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5.7.2 Au-NP analysis

TM-AFM was conducted on samples containing synthesized Au-NPs to analyse the actual
size and distribution. The information obtained will be used to discuss if actual Au-NP
coupling to origami was done. Figures. 5.26(a) and 5.26(b) show images obtained from two
separate sample spots for 5 nm Au-NP solution deposited on an APTMS modified mica
surface. Figure. 5.26(c) shows an image of a 15 nm Au-NP solution deposited.

(a) (b)

(c)

Figure 5.26: AFM images obtained containing Au-NPs synthesized according to a
recipe for 5 nm (figure. 5.26(a) and 5.26(b)) and 15 nm ( figure. 5.26(c)) sized particles.

In figure. 5.26(a) and 5.26(b), AFM imaging shows spherical nano-particles with
significantly different sizes. In figure. 5.26(c) significantly larger spherical particles are seen
with a high density. The size-distribution of nano-particles obtained from AFM analysis
on three separate sample spots for each Au-NP batch are shown in the histogram in figure.
5.27. A total of 100 individual particles were analysed in each case.

For an Au-NP solution prepared according to a 5 nm recipe, height analysis of nano-
particles by TM-AFM shows that the surface contains particles with heights between 1 and
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(a) (b)

Figure 5.27: Size distributions of Au-NPs deposited on an APTMS modified mica
surface

9 nm. Most particles are found to have a size of 2-3 nm. For a 15 nm Au-NP solution, most
particles have sizes ranging between 13-19 nm with the highest occurrence at 14-16 nm.
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5.7.3 Au-NP to DNA origami conjugation

Conjugation of 5 nm Au-NPs

Due to the small size of synthesized Au-NPs, amplitude images were analysed in order to
better analyse feature changes and thereby whether or not Au-NP conjugation had taken
place. These are compared with amplitude images obtained of pure 42 hb samples. Finally,
height analysis was done. The findings are showed in figure. 5.28.

(a) (b)

(c) (d)

Figure 5.28: Amplitude images of a pure 42 hb (5.28(a)) and one treated with Au-
NP/DNA conjugate(5.28(c)) in addition to height analysis.

Comparing figure. 5.28(a) and 5.28(c), features are observed in the form of one or two
small bumps located on several origamis that are not present on pure 42 hb bundle samples.
Bumps of 2-2.5 nm are confirmed by height profiles when comparing figure. 5.28(b) and
5.28(d).
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Conjugation of 15 nm Au-NPs

The Au-NP conjugation success of 15 nm Au-NPs was based on imaging of three different
areas with a combined sample size of roughly 150. An AFM image of roughly 15 nm Au-NPs
conjugated onto the 42 hb in addition to conjugation statistics are seen in figure. 5.29. For
this particular sample, Au-NP/DNA origami conjugates were prepared at room temperature
and did not receive prior annealing.

(a) (b)

(c)

Figure 5.29: AFM image obtained of roughly 15 nm Au-NPs conjugated onto the 42 hb
in addition to conjugation statistics. The statistics include un-conjugated species (UC)
and species where 1/2 Au-NPs are conjugated (1 Au-NP)/(2 Au-NP).

Analysis points to that Au-NP conjugation achieves a 91 % success-rate with the
occurrence of single Au-NP conjugation being the most frequent at 53 %. Successful
conjugation of 2 Au-NPs is found to be significantly less with a success of 38 %. Pure
origami structures are found to have a height of approximately 5 nm while particles are
found to have a height mostly ranging between 10-15 nm.

No clear evidence was obtained of Au-NP conjugation onto the 18 hb origami structure
for either synthesized particle batch.
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6.1 Structural stability simulation

The structural properties of the 18 hb and cuboid 42 hb DNA origami structures were
computationally predicted using CanDo.

The 18 hb structure was found to have regions of high stability especially in the left
center, usually with RMSF values between 0.2-0.3 nm. Lower stability regions at the outer
most ends of several DNA helices in the origami structure were noted as well as for larger
regions of strands 9 and 16 with RMSF values of approximately 0.7 nm. The majority of
scaffold and staple strand cross-overs are located in the left center region, thereby the CanDo
simulation is expected to show the highest degree of stability in this particular region. The
low stability regions that are seen especially at the outer right ends of the majority of the
strands as well as for larger regions of helix 9 and 16 can be explained by the ordering of
scaffold as well as stable strand cross-overs. Examining helices 9 and 16 in detail in the full
caDNAno diagram in appendix. B.1 shows that helix 9 connects the free scaffold strand
with the origami structure. This particular helix lacks strand cross-overs in the right part
which is the reason for low stability. The same explanation can be given to helix 16. The
diagram also reveals that the left ends of several helices such as 0, 4, 8, 11 and 17 have
staple strand cross-overs that should stabilize the far outer left ends. The far right ends of
the helices are not stabilized by staple strand cross-overs to the same degree which results
in more flexible ends which thereby explains the differences in the stability profiles between
the different ends of the helices.

The large 42 hb structure was found to have a highly symmetric stability profile. The
highly consistent and stabilized center regions can be explained by a highly periodic staple
strand cross-over pattern as seen in appendix. B.2. From this design, the majority of
helices can at most share staple cross-overs with 3 neighbouring helices due to the general
design principle of honey-comb lattice structures. As each helix is approximately 59 nm,
the opportunity of creating a predominantly periodic cross-over pattern of both staple and
scaffold over large areas is high. This periodicity is most successfully achieved in symmetric
origami structures. The low stability for all ends is predicted due to no outer strand cross-
overs which also explains the similarities between the 42 and 18 hb in this regard. Generally,
DNA origami structures should benefit from highly periodic staple-strand cross-overs which
should result in high stability as well as an evenly distributed stability profile.
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Examining CanDo simulations of other 3D DNA origami structures reveal similar
structural tendencies. [78, 79, 80]. Although these structures as well as the ones analysed
in this study have greatly varying sizes, stability characteristics are similar with comparable
RMSF value. The most important characteristics include high center area stability with
stability decrease as one approaches the helix ends. These characteristics appear to be a
natural consequence and property of 3D DNA origami structures due to the unique routing
of the scaffold and staple-strand cross-overs. Most importantly, small flexible ends should
not present any significant instabilities to the core regions of the structure.

Briefly examining the sheet DNA origami design in appendix. B.3 reveals significantly
lower RMSF values compared to both the 18 and 42 hb structures. This is explained by
the unique routing design of both the scaffold and staple strands in a 2D origami structure.
Each helix in the DNA origami-sheet can at most have two nearest neighbour helices that
lie in the same plane. Therefore, a helix in a single sheet can only be supported by staple-
strand cross-overs that lie in the sheet-plane and thereby each helix in less structurally
supported compared to fully 3D origami structures. The apparent lower stability of the
DNA origami-sheet and other 2D origami structures should not necessarily compromise the
structure resulting in structural degradation before actual characterization. Several other
single-layered 2D DNA-origami structures with similar shape, scaffold and staple-strand
cross-over pattern have been successfully studied without any additional remarks [6, 10, 81].

6.2 Simulations of the optical properties of Au-NPs
and fluorophores

The optical properties of Au-NPs in addition to the quantum efficiency of a dipole were
found in order to quantitatively predict the fluorescence enhancement of the ATTO-647N
dye.

Irradiating both Au-NP monomers and dimers with 647 nm light results in an expected
strong electric field response due to the occurrence of localized surface plasmon resonance. As
light interacts with a single nano-particle, the associated electric field is expected to polarise
the nano-particle resulting in a field-angle dependence formulated by combining eq. 1.1 and
1.9. This is also qualitatively observed from figure. 5.3(a). Possible discrepancies can be
attributed to the quasistatic approximation used for the derivation of eq. 1.10. Analysing the
same equation, moving away from the surface at y=0 would result in a non-linear decrease
in the electric field as this is proportional to 1

r
which initially agrees well with the data

provided in figure. 5.4. The general electric field profile is in accordance with theory and
derivations presented in section. 1.3.1 and in other studies [45, 57]. Lastly, the increase
in electric field intensity for larger particles can be physically explained by the increase in
collective oscillating electrons and is importantly in agreement with eq. 1.10. [56].

A similar electric field profile is observed in the case of an Au-NP dimer in figure. 5.3(b).
The main difference is the enhanced electric field that is observed in the gap as well as the
weaker electric field on the outer sides which is in good agreement with figure. 1.11. As
explained in section. 1.3.1, high electric field enhancements are predicted in the gap itself
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due to coulomb attraction forces between opposite charges caused by polarization by the
electric field of the incoming light. This effect would also result in higher electric fields than
for Au-NP monomers, which is also clearly the case. Initially, the simulation results validate
the design idea of using the much enhanced local electric field in a dimer-gap in order to
maximise the fluorescence emission of fluorophores according to eq. 1.20 in section. 1.4.1.
As in the case with the complete electric field simulated for a single Au-NP, the field profile
of the Au-NP dimer is in agreement with other computational studies performed as well
[50, 57].

Analysing the electric enhancement at wavelengths between 400-800 nm in figure. 5.5
shows the occurrence of the maxima at around 550-650 nm. This agrees well with literature
on the wavelength where plasmon resonance of Au-NPs occur [1]. The red-shift of the
plasmon peak with an increase in particle size is expected and can physically be explained
by the weakening in the restoring force outlined in section. 1.3.1. The red-shift is also
observed for particles of identical sizes if the gap-distance is decreased. This can possibly be
explained by increased interactions which effectively results in the occurrence of one larger
particle. The increase in electric field enhancements with a decrease in gap-size is due to an
increase in the coulomb interactions of opposite charges located predominantly on the part
of the Au-NP surface neighbouring the gap-area.

In order to choose an optimal fluorophore for fluorescence enhancement experiments,
the scattering and absorption cross-sections of single Au-NPs and Au-NPs dimers were
computationally predicted in COMSOL. As seen in figure. 5.6 in section. 5.2.3, a high
degree of absorption is noted around 500 nm which is approximately the wavelength at which
surface plasmon resonance of Au-NPs in vacuum/water medium occurs [48]. Pronounced
absorption at this particular wavelength region is therefore expected as the light absorbed is
used to facilitate the oscillations of conduction band electrons as described in section. 1.3.1.

Red-shifting the wavelength relative to the resonance frequency reveals regions at 650-
750 nm with a high level of scattering which is in accordance with several other theoretical
predictions [82, 83, 84, 85]. Studying eq. 1.15 in section. 1.3.1 in detail reveals that the
absorption cross-section is proportional to the third power of the particle radius, while for
the scattering cross-section this proportion goes as the sixth power of the particle radius.
As such, scattering processes are predicted to become dominant as the particle size increase,
which is in qualitative accordance with the increase of σsca

σabs
with particle size increase as

found in COMSOL simulations.

From these studies, σsca
σabs

is also found to be higher for a single Au-NP in a dimer set-up
than a single Au-NP with identical size in a continuous medium. This is hypothesized to
be caused by the fact that the dimer set-up is effectively a larger system compared to a
single Au-NP. Couple this with the fact that σsca

σabs
increases with larger particles, the ratio is

expected to be higher for Au-NPs in a dimer set-up compared to a single Au-NP.

Quantum efficiency simulations were performed in order to gain insight into the physical
interactions between a fluorephore and Au-NPs and calculate fluorescence enhancement.
Furthermore, QE simulations were also performed to validate the results concerning
the choice of fluorophore obtained from Au-NP scattering and absorption cross-section
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simulations. The low quantum efficiency at a wavelength of approximately 520 nm as noted
in figure. 5.7 for a perpendicularly oriented dipole is a common feature for all gap and nano-
particle sizes investigated which is expected due to plasmon resonance; as is the increase
in QE when red-shifting the wavelength. Importantly, both of these characteristics are in
agreement with the σsca

σabs
dependence found independently from COMSOL simulations. The

high quantum efficiency for perpendicular oriented dipole and the high σsca
σabs

at 650-700 nm
point to that light is much more efficiency scattered at wavelengths red-shifted with respect to
the plasmon resonance wavelength. The clear increase in QE at all wavelengths for increasing
particle sizes is expected as the scattering properties should increase. The additional increase
as the gap is widened is most likely due to less quenching occurring because of longer Au-
NP/dipole distances. A dipole in a parallel orientation is found to be heavily quenched for
all investigated gap-sizes. This is expected as the emitted light propagates directly onto the
Au-NP surface. In addition, significantly higher quenching is also observed when decreasing
the gap-size which is also to be expected.

Examining the QE of a dipole in a 15 nm large gap for particles between 1 and 80 nm in
section. 5.3.1 reveal several interesting findings. The initial quantum efficiency close to unity
in figure. 5.10 and low normalized non-radiative decay rates in figure. 5.9 are explained by
the individual small nano-particles that do not have the necessary size to facilitate strong
interactions with the light emitting from the dipole. As a consequence, the dipole is not
noticeably affected by the presence of the particle. This is also clearly seen as the radiative
decay rate is approximately unity in all cases in addition to the non-radiative decay rate
being approximately zero.

As the particle size increases, interactions between light emitting from the dipole and the
particle become more pronounced which is evident from the decay rates. The steep decrease
in QE of the dipole across particle sizes between 1-20 nm is evidence that single Au-NPs
of these sizes are good absorbers and thereby good quenchers at this specific separation
distance. This is also widely reported from both theoretical and experimental data. [48, 86].
According to the results in figure. 5.9(a) and 5.9(b) the main reason for this is the low and
constant radiative decay rate that has to compete with a steadily climbing non-radiative
decay rate.

As the particle size increases beyond 20 nm, the QE of the dipole is found to be very
dependent on the orientation of the dipole. An increase in the fraction of light which is
absorbed for a parallel oriented dipole is noted while a perpendicular orientation results
in increased scattering. As a dipole oscillates in the perpendicular orientation, emission
of light will undergo in the parallel direction as explained in section. 3.3, leading to less
light interacting with the Au-NP compared to perpendicular directed light emission. This
decreases the chance of possible absorption processes and is therefore the orientation of
choice for optimal fluorescence enhancement. This is in good agreement with the power
output profile in figure. 5.11.

Fluorescence enhancement calculations in figure. 5.12 and 5.13 show how the enhancement
is affected by the Au-NP size in the case of both set-ups in addition to a comparison between
gap-sizes of 15 and 20 nm.
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The enhancement due to the presence of a single Au-NP results in a total increase factor
of nearly 7. This is explained by the relatively weak electric-field enhancement at the dipole
position in addition to the high degree of quenching. According to the simulation, the
fluorescence enhancement dependence on the particle size is non-linear. This is explained
by the fact that enhancement is dependent on E2 according to eq. 1.20 in section. 1.4.1.
The fluorescence enhancement of a dipole in a dimer-gap is significantly higher. This is a
combination of less total quenching in addition to a much higher local electric field. In each
set-up, it appears that the use of small Au-NPs is not advised. Small Au-NPs are found
to be good absorbers and do not provide strong local electric fields thereby fluorescence is
seen to be heavily quenched. It is seen from figure. 5.13 that fluorescence of a dipole in a
dimer-gap of 15 nm is a factor two stronger than that of a dipole in a 20 nm gap. Higher
fluorescence can be attributed to a significantly higher local electric field that outweighs the
small increase in quenching.

Importantly, the simulation environment in this study was used to compare with the set-
up in Acuna et. al. resulting in a good agreement. The discrepancies are likely due to the
use of different simulation environments, general settings, conditions and material constants.

6.3 DNA agarose gels

In order to obtain initial insight into the quality of formed DNA origami structures,
agarose gel electrophoresis was conducted. Annealing programs that differ significantly were
examined. Besides examining the optimal approach in order to make well-folded origami
structures, the folding programs have also been used in order to gain general knowledge into
the biophysical properties of the scaffold as well as the origami structure.

6.3.1 18 helix-bundle DNA origami

It is observed when examining the findings obtained from gel photos of each individual
annealing program that these can mainly be classified in two groups. The first group consists
of gels where several bands are well-defined. These are the gels found in figures. 5.14(a) and
5.16 which contain samples from annealing programs A and E respectively. The other group
consists of gels where there is a high degree of band-smearing for all origami samples as well
as respective scaffold references and are seen in gel figures. 5.14(b), 5.14(c) and 5.15. These
contain samples from annealing programs B, C and D respectively.

As each scaffold reference has undergone annealing, it is apparent that this is not merely
a case of aggregated or misfolded origami structures that result in a range of structures and
thereby smearing. Furthermore, it neither points to an ensemble of scaffold DNA with various
secondary structures. Rather, it appears to be the physical conditions during annealing that
results in partial thermal degradation of the scaffold strand. This is supported by the fact
that smearing especially appears for samples that have undergone annealing at conditions
of high temperatures of 70-90 ◦C for prolonged times of at least 60 min.
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This point is further highlighted when comparing gel photos 5.14(a) , 5.14(b) and 5.14(c)
where annealing programs A, B and C were used respectively. The increase in smearing
is easily seen as the annealing from 90-20 ◦C proceeds over longer time-periods. This is
consistent with the results in gel photo 5.15 for program D which shows the overall highest
degree of band smearing. Lastly, examining gel photo 5.16 which is of samples undergone
annealing program E, the rapid temperature decrease to 65 ◦C followed by slow annealing
appears to have no degrading effect on neither the scaffold nor the origami structures at any
magnesium chloride concentration.

Smearing is also observed to be highly dependent on the concentration of MgCl2 as clearly
seen when comparing the origami and scaffold lanes for 0 and 4 mM MgCl2 in gel photo.
5.14(b)(Program B). This pronounced smearing has been pointed out by a study conducted
by Martin et al. [70]. Here a multi-layered DNA origami structure was made by subjecting
the folding solutions to a thermal-annealing program with a ramp that cooled from 65 to
25◦C over the course of at least 1.5 days with no MgCl2 present. Increasing the MgCl2
content to 2 mM resulted in the complete absence of smearing. The group theorised that the
smearing was caused by gradual thermal degradation of the scaffold strand. As the scaffold
is subjected to heating, MgCl2 may have the effect of facilitating the formation of double-
stranded DNA in the form of stem-loops that might protect against thermal degradation.

Examining samples from a range of annealing programs gives important information on
the stability of the p7249 scaffold at elevated temperatures over prolonged time-periods
at different concentrations of MgCl2. From this study, it is advised as a general rule
that the p7249 scaffold should not be subjected to temperatures over 65◦C for more than
approximately 20 min, preferably with a max temperature of 80◦C. Additional annealing
programs are needed in order to gain a more detailed understanding of the temperatures
and corresponding times needed before degradation of the p7249 scaffold becomes a serious
issue for the self-assembly and the yield of DNA origami structures.

Examining the location and brightness of gel bands for scaffold and origami structures
reveal interesting tendencies.

From gel-photo 5.16(program E), it is seen that untreated scaffold and Sc(0) migrate
similarly unlike scaffold samples annealed in the presence of MgCl2 resulting in slower
migration. This points to a significant change in the secondary structure of the scaffold
that is highly dependent on MgCl2. A possible explanation may be the formation of stem-
loops that result in locally double-stranded DNA which will affect the overall 3D structure
and thereby the resistance of movement through the gel. This is supported as the effective
formation of double-stranded DNA requires salt that can screen the negative charges as
explained in section. 1.1.

Folding solution bands are found to migrate at a slower rate compared to both the scaffold
reference and a scaffold solution undergone annealing. This points to the formation of DNA
origami structures. It is also seen that FS(0) migrates slightly faster than samples containing
MgCl2. As some salt is required in order to create properly folded origami structures, it
appears that FS(0) does not contain DNA origami. The amount of salt required is dependent
on each individual structure.
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Examining lanes FS(16) and FS(20) in gel-photo 5.16(Program E) shows traces of material
trailing behind the main band and even a slower secondary band is observed near the well
which points to a new structure. This is theorised to be an aggregate structure. Aggregate
structures are also seen for other origami structures at higher concentrations of MgCl2 [70].

6.3.2 42 helix-bundle DNA origami

The formation of the 42 hb structure was done using a constant temperature approach as
well as a folding program provided by Tilibit.

The constant temperature approach was performed at different temperature points and
yielded gel bands in excellent agreement with [35]. The smearing of each sample before the
main bands is strong evidence of an ensemble of structures with varying folding success.
The fast migrating bands located at approximately 1250 bp have been concluded from
TEM measurements to be well-folded 42 hb structures [35]. As more pronounced bands
are observed for samples folding at 50◦C in addition to less smearing, this temperature
is optimal for this specific structure. Lower intensity bands of well-folded structures for
samples at 41 and 44◦C along with more smearing is likely explained by a higher degree of
mis-folding due to low folding-temperatures. Samples which were run at high temperatures
have no bands that correspond to correctly folded structures, instead all material migrates
slower than the scaffold. The likely explanation is the presence of semi-folded structures
that consist of the scaffold and a fraction of missing or partially bounded staples due to high
temperature. Semi-folded structures will therefore have a combination of increased weight
and larger resistance due its less compact nature which would account for its migration
profile and why it travels slower than a free scaffold sample.

Comparing lanes containing the 42 hb prepared by constant temperature folding and
Tilibits annealing procedure reveals main bands that have near identical migration profiles.
The main difference appears to be the brightness of the band and thereby the total yield
of correctly folded structures. The higher yield obtained following Tilibits folding program
can be attributed to the longer folding time resulting in higher conversion of semi-folded to
well-folded origami structures.

6.4 Melting analysis of p7249 and 18 hb DNA origami

Melting temperature profiles of the p7249 scaffold and the 18 hb DNA origami structure were
examined to gain a deeper physical understanding of the thermo-structural stability. The
experiments were also performed to gain knowledge into possible competition between DNA
double-strand formation of either p7249 scaffold stem-loops and DNA origami. The melting
profiles of the scaffold and origami structure were expected to differ due to the introduction
of staple strands.

The formation of stem-loop structures have been a source of interest in this study and
whether or not these might have an influence on the proper folding of origami structures.
This is especially interesting as numerous articles use protocols which apply initial heating
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at 80◦C followed by rapid cooling to approximately 65-70◦C and further cooling over days.
The expectation is that the primary folding of the origami happens at sub 70◦C. Dietz el.
al have performed melting analysis on four separate DNA origami helix bundle structures
and found that the structures show relatively high stability up to approximately 60-65 ◦C
where-after melting predominantly occurs [35]. The study also found that the DNA origami
structures were formed at roughly 50-55 ◦C. Interestingly, 60-65 ◦ is the area where the 18
hb DNA origami predominantly melts as well. Most importantly, the melting temperature
of the scaffold is significantly lower than that of the investigated origami structures. In
addition, the slight shift of the entire melting profile for the 18 hb structure is evidence that
this structure is more stable most probably due to the binding of staple strands. As no
issues are reported concerning stem-loop formation in large DNA origamis, it is likely that
the formation of staple-connected regions are generally much more favourable and stable
than stem-loops or other intra-strand connections.

In order to completely understand the melting properties, analysis has to go into
association and dissociation of double-stranded DNA for both heating and cooling cycles
for scaffold and scaffold/staple-strand solutions.

6.5 Au-NP absorption and conjugate analysis

Characterization of synthesized Au-NPs was done before actual conjugation to origami
structures to gain insight into the size distribution so that the later conjugation success
could be thoroughly evaluated.

Absorption measurements seen in figure. 5.20 reveal clear signatures of Au-NP formation.
The difference in spectra shape and wavelength of peak absorption also confirms that the
batches produced contain nano-particles of different sizes. The apparent red-shift in peak
wavelength for the 15 nm batch is a clear indication that larger nano-particles have been
produced compared to the expected 5 nm Au-NP batch. This tendency is also in agreement
with plasmonic theory outlined in section. 1.3.1. The position of the absorption maximum
of 15 nm Au-NPs is in good agreement with other studies [87] as well as simulation studies
of the plasmon wavelength in this report. The significantly broader peak found for 5 nm
Au-NP solution is a tendency that is observed for Au-NPs below 10 nm. This is physically
explained by the increased rate of electron-surface collisions due to the small particle size
that results in a damping of the SPR band [1, 88].

The most noteworthy finding from figure. 5.21, which examines the growth of Au-NPs,
is the red-shift and change in absorbance at time intervals after the addition of sodium
borohydride. In this case, the red-shift appears to be a clear indicator of Au-NP growth and
can thereby be used to monitor the growth kinetics. The increase in absorbance at later
measurements is possibly caused by an increase in the molar attenuation coefficient which
is expected to increase for larger particles.

AFMmeasurements were performed to complement findings by absorbtion spectroscopy as
well as give more precise information regarding the size distribution. According to statistics
shown in figure. 5.27, the size of produced nano-particles prepared according to a 5 nm recipe

82



6.6. AFM imaging of scaffold DNA and DNA origami

were mostly approximately 2-3 nm in diameter. Therefore, according to AFM analysis, it
appears that the synthesized batch contains particles that neither are highly mono disperse
nor contain a majority of 5 nm Au-NPs.

Differences in nanoparticle size and distribution of the provided recipe and the batch
synthesized in this study can be due to differences in the reduction effectiveness of priorly
prepared sodium borohydride solutions. The reduction efficiency of sodium borohydride in
water decreases over time and is also highly dependent on the solution temperature as well
as the pH. If left in solution, the reaction will produce hydrogen and sodium borohydroxide.
[89]

Au-NPs synthesized according to the 15 nm recipe generally provided NPs of that size. In
addition, significantly higher densities were achieved and each individual particle was easier
to image.

AFM and absorption measurements are found to reach the same conclusions on the
general size of Au-NP batches. From these studies, it appears that standard absorption
measurements provide a cheap and quick method of initially monitoring and analysing the
size of small Au-NPs due to the plasmonic properties of these. In addition, absorption
spectroscopy was also found to provide useful information regarding Au-NP formation and
growth. Although, absorption does not provide straightforward information on whether or
not and to what degree the solution contains mono-disperse particles. This will require
advanced study into the entire absorption spectrum [90].

Efforts were put into analysing both batches of Au-NP solutions using LM10 Nanosight
equipment but imaging was unsuccessful likely due to the small nano-particle size.

Agarose gel electrophoresis was conducted to determine the conjugation efficiency between
Au-NPs and thiolated single-stranded DNA. As seen in figure. 5.22, single pure Au-NPs are
found to migrate at a faster rate compared to conjugates. This trend is seen in several
studies [91, 92]. The main reasons for this is the increased weight due to DNA loading as
well as the increase in geometric cross-section leading to a larger gel migration resistance.
The migration rate of the conjugates with respect to pure Au-NPs can therefore be used to
determine the loading efficiency of DNA.

6.6 AFM imaging of scaffold DNA and DNA origami

The AFM images of both scaffold solutions show that the structure is highly compact which
is likely due to the formation of stem-loops. Due to the low temperature and no staple-
strands present that would satisfy complementary binding, the pairing of self-complementary
regions during annealing is energetically favourable. As a wide range of possible stem-loops
can be formed between different regions in addition to the fact that stem-loops add minimal
structural stability, a range of semi-compact structures are expected. Furthermore, scaffold
DNA is found to have a relatively even height profile of ≈ 0.8-1.1 nm. This is well below the
expected diameter of B-DNA which is approximately 2 nm as pointed out in section. 1.1. In
AFM imaging, DNA is often reported to have a height ranging between 0.1-1.5 nm which is
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in line with the findings in this study. The reduced height is most commonly attributed to
DNA deformation done by the tip or DNA-tip adhesion forces. [93, 94, 95]

Examining AFM images of the 18 hb origami solutions reveal structural similarities with
pure scaffold. The main difference is the occurrence of patches with a height of 2.7 nm and
with different sizes. This is the most prevalent evidence of the formation of a DNA origami
structure. The most regular patches measure ≈ 30x24x2.7 nm and are seen in figure. 5.23(d).
Slightly different dimensional values can be related to the orientation and folding succes of
individual structures. The two instances of string-like structures seen in figure. 5.23(d) are
most likely single-stranded open ended scaffold DNA created due to partial degradation of
the initial circular form.

Characterizing the folding success of the 18 hb DNA origami is difficult due to its small size
which is possibly one of several reasons why such small structures are not seen in literature.
Removal of excess scaffold strand could benefit in the imaging of smaller origami structures.
This could be done by creating an additional origami structure. As an example, the smaller
origami structure can be connected to a DNA bridge that is connected to a flat origami sheet
using scaffold strand regions flanking the 18 hb structure. This is shown in appendix. B.3.
Another option is the removal of the excess scaffold strand using restriction enzymes etc.

Analysing AFM images 5.24(c) and 5.24(d) of the 42 hb origami sample reveal highly well-
defined and near identical rectangular structures. This points to the successful formation
of the 42 hb in agreement with agarose gel electrophoresis. Comparing gel images obtained
of samples prepared at a constant temperature of 50◦C and Tilibit’s procedure point to
that the final products are indistinguishable both when analysing agarose gels but also from
AFM imaging. Therefore, it appears that a 2 h fold is sufficient in obtaining correctly folded
structure, the only difference being the amount of end-product as seen from gel photo 5.18.
Comparing the AFM imaging results to TEM analysis reveal good agreement [35, 70].

The dimensions of the 42 hb and suspected 18 hb origami structures reveal in both cases
larger than expected dimensions in-plane. The height on the other hand is significantly
lower than expected. The reduced height can be explained by the same reasoning as
previously stated for scaffold DNA. Measured enlargement and reduced height of DNA
origami and DNA in general is also clearly observed when comparing dried and hydrated
DNA samples. This is attributed to capillary effects and change in tip-sample interactions
due to surrounding medium. [96, 97] In addition, the well-reported broadening caused by
a probe with finite tip radius is also a potential cause in addition to the strong adhesion
between DNA and mica [98, 99]. This can be seen in figure. 5.25 due to the relatively
non-sharp transition between the mica surface and origami.

6.6.1 Imaging DNA origami/Au-NP conjugates

Au-NP conjugation onto the 18 hb proved unsuccessfully according to AFM imaging. In the
case of conjugation primarily occurring after origami adsorption, Au-NP/ thiol connections
may be sterically hindered if the origami structure is preferably adsorbed onto the mica
surface via its helix sides and not its ends. An issue might also arise due to the distance of
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the thiol-group from the helix end preventing the thiol group from effectively penetrating
the BSPP layer and forming an Au-S bond. This problem could in principle be solved
by incorporating staple overhang sections. The unsuccessful conjugation resulted in total
internal reflection fluorescence experiments being omitted. As a result, focus solely shifted
to Au-NP conjugation onto the 42 hb.

The height profile seen in figure. 5.28(d) of the bumps located on the origami structure
fit well with the general size of the 2-3 nm Au-NPs obtained from AFM images as seen in
the histogram in figure. 5.27. Yet, the small features made evaluation of actual conjugation
success across numerous origami structures time-consuming.

Conjugation of 15 nm Au-NPs is much clearer and the presence of one or two Au-NPs
on 42 hb origami structures can clearly be visualized when looking at the height image in
figure. 5.29(a). The Au-NPs conjugated onto the 42 hb have a size of approximately 10-15
nm in agreement with the AFM analysis of individual particles.

Importantly, it is seen that at maximum two nano-particles are located on each origami
structure regardless of particle size investigated. This is expected as each side has two
staple-strands with overhang. The absence of observed nano-particle conjugation in the case
where overhang staple-strands have been omitted from the origami structure is important in
verifying that Au-NP conjugation is due to actual programmed conjugation and not random
Au-NP/DNA interaction. Furthermore in each case, the actual location of one or more
nano-particles fit well with the placement of the overhang staple-strands when comparing
AFM images 5.29(a) and 5.29(b) with the design schematic of the 42 hb in appendix. B.2.

The conjugation of 15 nm Au-NPs onto the 42 hb was seen to surpass 90 % efficiency with
predominant coupling of a single Au-NP. This yield is in the range of the highest reported
conjugation success. [100, 101]

In general, studies find that the conjugation success is dependent on incubation time in
addition to the use of temperature annealing programs. Groups have also achieved great
success in coupling Au-NPs to DNA origami via staple strands containing mono-thiol or bis-
thiol groups at room temperature. [100] The coupling of two Au-NPs onto a DNA origami
was in one case found to go from 45 % to 91 % in yield when switching from mono to bis-thiol
modified staple-strands [101].

As there was not found to be any significant statistical difference in conjugation success
of pre-annealing an Au-NP/origami solution before deposition, it appears that conjugation
predominantly occurs on the mica surface and not in solution. It is theorized that the
adsorption of origami onto mica creates a stationary environment for nano-particles to better
couple. This finding is interesting as a study done by Wang et. al. following the same
annealing procedure as in this report experienced successful conjugation only in the case of
several hours of pre-annealing [102]. A possible reason is the relatively long deposition time of
10 min used in this report, vs. 3 min in Yang et. al. which, in the case of this study, appears
to be adequate in achieving a high conjugation yield on pre-adsorbed origami. Additionally,
it remains unclear what the concentration of incubated Au-NPs was in Wang et. al. The
high excess of Au-NP to DNA origami (approximately 30/1) used in this report most likely
has a high impact on the coupling kinetics.
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In this project, simulations of the optical properties of Au-NPs were analysed in addition to
the properties of a dipole used for predicting fluorescence enhancement in a nano-antenna set-
up. The geometrical element in the set-up was envisioned to be DNA origami structures of
which an 18 and 42 hb were thoroughly examined using AFM and agarose gel electrophoresis.
Lastly, conjugation of Au-NPs onto the structures was attempted.

It was found from COMSOL and Lumerical simulations that the optimal choice of a
fluorophore is one with excitation and emission wavelengths red-shifted with respect to the
plasmon resonance wavelength of Au-NPs. A fluorescence enhancement of approximately
385 times was found for a simulated ATTO-647N dye in an Au-NP dimer-gap of 15 nm
containing 100 nm particles. The use of small Au-NPs are not advised as these are found to
be good quenchers. In addition, QE and electric field data was found for dimer-gaps of 5,
10 and 20 nm containing several sizes of Au-NPs. Similar in-depth studies were not found
to be provided in literature according to the authors knowledge. The data can be used as
an approximation for systems of varying dimensions in other studies.

Gel analysis of both the 18 and 42 hb provided important information regarding the
preparation of origami structures. In both cases, obtained gels were found to be useful tools
in determining the quality of folding for structures prepared by various folding programs.
According to gel analysis, the p7249 scaffold was prone to degradation at temperatures of
65◦C for more than approximately 20 min.

According to AFM studies of the 18 hb, the folding success was difficult to determine due
to the inherent small size of this origami structure, although evidence of the formation of
an origami structure was found. The folding of the 42 hb was found to be highly successful
from both agarose gel electrophoresis and AFM analysis providing results that were found
to be nearly identical with findings in literature. In addition, it was found that the 42 hb
can be properly folded at a constant temperature of 50◦C for merely 2 h with good yields.
Higher yields can be achieved if the solution is prepared using the more time-consuming
folding program provided by Tilibit Nanosystems. AFM and agarose gel electrophoresis are
found to be a powerful analytical combo for the characterization of origami structures and
is therefore advised in future studies.

The synthesis of Au-NPs was successful although in the case of a recipe for 5 nm Au-
NPs, smaller particles were synthesized. The recipe for 15 nm particles generally provided
particles of that size as seen from AFM. Absorption spectroscopy was also found to provide
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good initial estimation on the particle size in addition to the monitoring of the growth
kinetics.

Conjugation of 15 nm Au-NPs onto the 42 hb structure was shown from AFM imaging
to be successful thereby fulfilling one of the primary goals of this study. 53 % of analysed
42 hb structures were shown to have a single Au-NP conjugated, 36 % two Au-NPs while
the remaining showed no signs of conjugation. In addition, Au-NP placement was found to
fit well with the placement of overhang staple strands thereby showing the promise of this
conjugation technique for precise placement of Au-NPs. The high conjugation success and
precise placement of Au-NPs shown in this study make the 42 hb structure a candidate for
further studies in the fabrication of nano-photonics circuits and biosensors.
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A | Derivation of SPR conditions

The derivation uses the wave-equation shown in eq. A.1 as a starting point.

O2E− ε

c2
∂2E
∂t2

= 0 (A.1)

Where E is the electric field vector, ε is the permittivity of the system, c is the speed of
light and t is the time. A harmonic time-dependence of the electric-field is assumed, which
results in a monochromatic wave described by E(r, t) = E(r)e−iωt. Inserting this expression
into eq. A.1 results in eq. A.2, which is the Helmholtz equation.

O2E + k20εE = 0 (A.2)

where k0 = ω
c
. The wave is set to propagate in the x-direction with an electric field described

by E(x, y, z) = E(z)eiβx, where β = kx, which is the x-component of the wave-vector.
Inserting this into eq. A.2 gives:

∂2E(z)

∂z2
+ (k20ε− β2)E(z) = 0 (A.3)

Expressions for the field components of E and H are necessary in order to describe the
dispersion of propagating waves and the spatial profile. Using the expressions for the curl of
E and H, O×E = −iωµ0H and O×H = −iωε0E in the case of harmonic time dependence
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A. Derivation of SPR conditions

of ( ∂
∂t

= iβ) and using ∂
∂x

= iβ and ∂
∂y

= 0, the following is derived.

∂Ez
∂y
− ∂Ey

∂z
= iωµ0Hx ⇒ ∂Ey

∂z
= iωµ0Hx (A.4a)

(A.4b)
∂Ex
∂z
− ∂Ez

∂x
= iωµ0Hy ⇒ ∂Ex

∂z
− iβEz = iωµ0Hy (A.4c)

(A.4d)
∂Ey
∂x
− ∂Ex

∂y
= iωµ0Hx ⇒ iβEy = iωµ0Hz (A.4e)

(A.4f)
∂Hz

∂y
− ∂Hy

∂z
= −iωε0εEx ⇒ ∂Hy

∂z
= iωε0εEx (A.4g)

(A.4h)
∂Hx

∂z
− ∂Hz

∂x
= −iωε0εEy ⇒ ∂Hx

∂z
− iβHz = −iωε0εEy (A.4i)

(A.4j)
∂Hy

∂x
− ∂Hx

∂y
= −iωε0εEz ⇒ iβHy = iωε0εEz (A.4k)

Two set of equations can be written that govern respectively transverse magnetic modes
(p-polarised light) and transverse electric modes (s-polarised light)

TM modes

For TM modes, Ex, Ez and Hy are nonzero. Isolating Ex and Ez from eq. A.4g and A.4k
gives:

Ex = −i 1

ωε0ε

∂Hy

∂z
(A.5)

Ez = − β

ωε0ε
Hy (A.6)

Inputting eq. A.5 and eq. A.6 into eq. A.4c, while applying the identity c = 1
µ0ε0

yields the
wave equation for TM modes:

∂2Hy

∂z2
+ (k20ε− β2)Hy = 0 (A.7)

TE modes

For TE modes, Hx, Hz and Ey are non-zero yielding the following from eq. A.4a and eq.
A.4e.

Hx = i
1

ωµ0

∂Ey
∂z

(A.8)
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Hz =
β

ωµ0

Ey (A.9)

The wave-equation is therefore:

∂2Ey
∂z2

+ (k20ε− β2)Ey = 0 (A.10)
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A. Derivation of SPR conditions

TM modes in a metal and di-electric layer system

A geometry consisting of a metal and di-electric layer is now considered according to figure.
A.1.

Figure A.1: Metal di-electic layer. [53]

The electric permittivity of the system can be described as:

ε(z) =

{
ε2 if z > 0

ε1 if z < 0

The solutions to the TM mode can be obtained from solving eq. A.5, A.6 and A.7 in each
layer. The general solution to Hy(z) has to describe waves which are confined to the surface
with an electric field that decays exponentially when moving from the interface into the
di-electric describing an evanescent field. This implies solutions of the following form.

Hy(z) = A2e
iβxe−k2z

Ex(z) = iA2
1

ωε0ε2
k2e

iβxe−k2z

Ez(z) = −A2
β

ωε0ε2
eiβxe−k2z

 for z > 0 (A.11)

Hy(z) = A1e
iβxek1z

Ex(z) = −iA1
1

ωε0ε1
k1e

iβxek1z

Ez(z) = −A1
β

ωε0ε1
eiβxek1z

 for z < 0 (A.12)

The Hy(z) component in equation-sets A.11 and A.12 have to satisfy the wave equation
in eq. A.7 leading to expressions for k1 and k2.

k21 = β2 − k20ε1 (A.13a)

k22 = β2 − k20ε2 (A.13b)
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For appropriate boundary conditions to be fulfilled, it is required that there is a continuity
of the tangential components of E and H across the interface (z=0). This results in:

Hy(z = 0) = A2e
iβx = Hy(z = 0) = A1e

iβx (A.14a)

⇒ A1 = A2 (A.14b)

Ex(z = 0) = iA2
1

ωε0ε2
k2e

iβx = Ex(z = 0)= −iA1
1

ωε0ε2
k1e

iβx (A.15a)

⇒ k2
k1

= −ε2
ε1

(A.15b)

As both k1 and k2 are positive, it is apparent that SPPs are found only at the interface
between materials where the real part of the di-electric constant changes sign across the
interface.

Combining expression A.13a and A.13b with eq. A.15b results in the expression for the
dispersion relation of SPPs at the interface.

β = kspp = k0

√
ε1ε2
ε1 + ε2

(A.16)

This can be re-written in terms of the wavelength of light and the refractive index of the
medium as:

kspp =
2π

λ

√
n2
1n

2
2

n2
1 + n2

2

(A.17)

Equating eq. 1.16 and eq. A.17 and rearranging gives the angle of incoming light at which
SPPs are excited and thereby the conditions for surface plasmon resonance.

θspr = sin−1

(
1

n1

√
n2
1n

2
2

n2
1 + n2

2

)
(A.18)

101



A. Derivation of SPR conditions

TE modes in a metal and di-electric layer system

The possibility of TE surface modes can be investigated by following the previous route and
solving the equation set consisting of eq. A.8, A.9 and A.10 resulting in:

Ey(z) = A2e
iβxe−k2z

Hx(z) = −iA2
1

ωε0µ0

k2e
iβxe−k2z

Hz(z) = A2
β

ωε0µ0

eiβxe−k2z


for z > 0 (A.19)

Ey(z) = A1e
iβxek1z

Hx(z) = iA1
1

ωε0µ0

k1e
iβxek1z

Hz(z) = −A1
β

ωε0µ0

eiβxek1z


for z < 0 (A.20)

Applying the same boundary conditions result in A1 = A2 and −k1 = k2 which is not
possible since both need to be positive. Hence, s-polarised light can not excite surface
plasmon polaritons.
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B | CaDNAno DNA origami designs

B.1 18 hb design

Figure B.1: 18 hb DNA origami caDNAno design diagram
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B. CaDNAno DNA origami designs

B.2 42 hb design

Green staples have a 5′-end overhang of 15 poly-dA used as capturing anchors of 15 poly-dT
thiolated DNA strands coupled to Au-NPs. Yellow strands are newly introduced staples that
accommodate the changes in the design. The purple strand is modified with the ATTO-647N
dye. Lastly, red strands are staples that have been modified with a 5 poly-dT overhang that
serves as passivation against the formation of multimer structures.
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B. CaDNAno DNA origami designs

B.3 1D sheet

Figure B.2: CaDNAno design of a DNA origami 1D sheet
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C | CanDo simulation results
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C. CanDo simulation results

C.1 18 hb

(a)

(b)

(c)

Figure C.1: RMSF of the 18 hb DNA origami structure
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C.2. 42 hb

C.2 42 hb

(a)

(b)

(c)

Figure C.2: RMSF of the 42 hb DNA origami structure
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C. CanDo simulation results

C.3 1D sheet

(a)

(b)

(c)

Figure C.3: RMSF of the 1D DNA origami sheet
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D | Electric field strengths/decay data

Figure D.1: Electric field strengths at dipole positions.

Figure D.2: Electric field strengths in the center of Au-NP dimer-gaps with different
gap-distances.
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D. Electric field strengths/decay data

(a) (b)

(c) (d)

(e) (f)

Figure D.3: Decay-rate data and QE values of a dipole emitting light at 665 nm in
dimer-gaps of different distances.
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E | Quantum yield data/FEF for a
dipole in dimer gap

The dipole is positioned at different locations in a 15 nm dimer-gap with 80 nm Au-NPs.
The electric field used to calculate the fluorescence enhancement is found in figure. 5.4

(a) (b)

Figure E.1: Average quantum efficiency of an ideal dipole in addition to the expected
fluorescence enhancement.
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