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Spatially well-ordered structures of gold nanoparticles (AuNPs) and other metal
nanoparticles have unique electronic, magnetic and optical properties, and hence
there is ever-increasing interest towards these kinds of nanomaterials. DNA and
DNA nanostructures have successfully been used to direct the higher-ordered
arrangement of AuNPs, but the programmable arrangement of them into larger,
well-defined structures is still challenging.

The objective of this thesis is to establish a self-assembly method based on electro-
static interactions in which DNA origami nanostructures can be used to guide the
higher ordered arrangement of cationic AuNPs in a controlled and programmable
manner. The AuNP binding properties of different DNA origami structures were
studied with UV/Vis spectroscopy and agarose gel electrophoretic mobility shift
assay. DNA origami-AuNP assemblies were formed during dialysis against de-
creasing ionic strength, and the formed assemblies were characterized using small-
angle X-ray scattering, transmission electron microscopy and cryogenic electron
tomography.

Electrostatic self-assembly of DNA origami 6HB nanostructures and small AuNPs
(Dcore = 2.5 nm, Dhydrodynamic diameter = 8.5 nm) yielded highly ordered super-
lattice structures with a 3D tetragonal lattice structure, whereas other studied
combinations of DNA origami structures and AuNPs resulted in amorphous ag-
gregates. These results suggest that both shape and charge complementarity
between the building blocks are needed for well-ordered structures to be formed
through electrostatic self-assembly. According to the results, electrostatic self-
assembly guided by DNA origami structures seems promising for construction of
novel, well-ordered structures with unique properties, such as lattice geometry,
designed specifically for the chosen application.
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Guldnanopartiklar och andra metallnanopartiklar organiserade i välordnade
strukturer har unika elektroniska, magnetiska och optiska egenskaper och därför
finns det ett ständigt växande intresse för dessa typer av nanomaterial. DNA och
nanostrukturer av DNA har framg̊angsrikt använts för att framställa välordnade,
förutbestämda tredimensionella guldnanopartikelstrukturer, men det finns fort-
farande utmaningar att tackla.

Målet med detta diplomarbete är att utveckla en metod för självorganisation
baserat p̊a elektrostatiska interaktioner i vilken DNA-origaminanostrukturer
p̊a ett programmerbart och kontrollerat sätt kan användas för att sty-
ra hurudana strukturer som byggs upp av katjoniska guldnanopartiklar. De
olika DNA-origamistrukturernas förmåga att binda guldnanopartiklar stu-
derades med UV/Vis-spektroskopi och agarosgelelektrofores. DNA-origami-
guldnanopartikelsystem byggdes upp genom dialys mot stegvis minska-
de jonkoncentrationer och de uppkomna strukturerna karaktäriserades med
l̊agvinkelspridning, transmissionselektronmikroskopi och kryelektrontomografi.

Elektrostatisk självorganisation av DNA-origami 6HB nanostrukturer och små
guldnanopartiklar (Dkärna = 2.5 nm, Dhydrodynamisk diameter = 8.5 nm) gav
välordnade tredimensionella tetragonala kristallstrukturer, medan andra un-
dersökta kombinationer av DNA origami strukturer och guldpartiklar endast
resulterade i amorfa strukturer. Detta indikerar att de enskilda byggstenarna
behöver kompletterande form och laddning för att välordnade strukturer skall
kunna byggas upp genom elektrostatik självorganisation. Det förefaller dock fin-
nas goda framtidsutsikter för elektrostatisk självorganisation som en metod att
framställa välordnade strukturer med egenskaper, s̊a som typ av kristallstruktur,
lämpliga just för det önskade användningsomr̊adet.

Nyckelord: DNA nanoteknologi, DNA origami, självorganisation, guld-
nanopartikar, funktionella material, plasmonik

Spr̊ak: Engelska
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Tekijä: Sofia Julin

Työn nimi:
DNA-origamien ja kultananohiukkasten elektrostaattinen itsejärjestyminen

Päiväys: 23. huhtikuuta 2018 Sivumäärä: ix + 111
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Hyvin järjestäytyneillä kultananohiukkasilla ja muilla metallisilla nanohiukka-
silla on ainutlaatuisia sähköisiä, magneettisia ja optisia ominaisuuksia ja näin
ollen näitä nanomateriaaleja kohtaan koetaan jatkuvasti kasvavaa kiinnostusta.
DNA:ta ja DNA-nanorakenteita on menestyksekkäästi käytetty ohjaamaan kulta-
nanohiukkasten kolmiulotteista järjestymistä, mutta niiden hallittu järjestäminen
suuriin ja hyvin märiteltyihin rakenteisiin on edelleen haastavaa.

Tämän diplomityön tarkoituksena on luoda sähköisiin vuorovaikutuksiin poh-
jautuva itsejärjestymismenetelmä, jossa DNA-origaminanorakenteita voidaan
käyttää ohjamaan kationisten kultananohiukkasten järjestymistä hallitulla
ja ohjattavalla tavalla. Erilaisten DNA-origamirakenteiden kultananohiukkas-
ten sitomiskykyä tutkittiin ultravioletti- ja näkyvän valon spektroskopialla
sekä agaroosielektroforeeesilla. DNA-origami-kultananohiukkasrakenteita muo-
dostettiin dialyysin avulla, dialyysiliuosten ionivahvuutta hitaasti laskien,
jonka jälkeen syntyneet rakenteet määritettiin pienkulmaröntgensironnalla,
läpäisyelektronimikroskopialla sekä kryoelektronitomografialla.

DNA-origami 6HB nanorakenteiden ja pienien kultananohiukkasten (Dsisus = 2.5
nm, Dhydrodyaaminen halkaisija = 8.5 nm) elektrostaattinen itsejärjestyminen tuotti
suorakulmaisen särmiön mukaisesti järjestyneitä hilarakenteita, kun taas muut
tutkitut DNA-origamirakenteiden ja kultananohiukkasten yhdistelmät muodosti-
vat amorfisia ja järjestymättömiä rakenteita. Nämä tulokset viittaavat siihen, että
rakenneosasten on oltava yhteensopivia niin muodon kuin varauksenkin kannalla,
jotta hyvin muodostuneita rakenteita voidaan saada aikaiseksi elektrostaattisella
itsejärjestymisellä. Tulosten perusteella DNA origamirakenteiden ohjaama elekt-
rostaattinen itsejärjestyminen vaikuttavaa lupaavalta menetelmältä muodostaa
nanorakenteita, joilla on vaadittavia ominaisuuksia, kuten esimerkiksi tietynlai-
nen hilarakenne.

Asiasanat: DNA nanoteknologia, DNA origami, itsejärjestyminen, kulta-
nanohiukkaset, funktionaaliset materiaalit, plasmoniikka

Kieli: Englanti
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AuNP Gold nanoparticle
AuNR Gold nanorod
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bct body-centered tetragonal
bp base pairs
CCMV Cowpea chlorotic mottle virus
cryo-ET Cryogenic electron tomography
cryo-TEM Cryogenic transmission electron microscopy
DLS Dynamic light scattering
DNA Deoxyribonucleic acid
dsDNA Double-stranded DNA
DX Double-crossover
EDTA Ethylenediamine tetraacetic acid
EMSA Electrophoretic mobility shift assay
EtBr Ethidium bromide
fcc face-centered cubic
FOB Folding buffer
hcp hexagonal close-packed
LSPR Localized surface plasmon resonance
MgCl2 Magnesium chloride
MUTAB (11-mercaptoundecyl)-N,N,N -trimethylammonium

bromide
NaCl Sodium chloride
NaOH Sodium hydroxide
PCR Polymerase chain reaction
PEG Polyethylene glycol
PX Paranemic crossover
RCA Rolling circle amplification
SAXS Small-angle X-ray scattering
SH simple hexagonal
ssDNA Single-stranded DNA
SWNT Single-walled carbon nanotubes
TAE Tris-acetate-EDTA
TEM Transmission electron microscopy
TMV Tobacco mosaic virus
Tris Tris(hydroxymethyl)aminomethane
TX Triple-crossover
UV Ultraviolet
UV/Vis Ultraviolet-visible (spectroscopy)
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Chapter 1

Introduction

The past several decades have witnessed a fast growth of the field of nanotech-
nology, and impressive technological advances have been made in the area.
As a result, a diverse toolbox of nanoscale objects with arbitrary shapes,
sizes, and material properties is available for use. A full potential utilization
of these nano-objects, however, requires their assembly into larger systems
in which the individual nano-objects both interact with each other and are
organized into predefined, ordered structures [1, 2]. With traditional top-
down nanofabrication techniques, this is both hard and costly to achieve.
Inspired by the biological systems in nature bottom-up techniques relying
on self-assembly have emerged as an attractive low-cost method to construct
higher-ordered structures with nanoscale precision [3, 4].

Self-assembly is a process by which components spontaneously, with-
out human guidance or management, form ordered structures [5, 6]. Self-
assembly is the method used by nature to create complicated architectures,
and material scientists worldwide are therefore investigating the same strat-
egy to organize nanoscale building blocks into completely novel materials
with high complexity [7, 8]. A variety of biomolecules, such as DNA [9], pro-
teins [10], peptides [8, 11] and lipids [12], have been used as self-assembling
building blocks, and out of them DNA is, due to its unique properties, ar-
guably the most promising one [13, 14].

The revolutionary idea of using DNA as a self-assembling building ma-
terial to construct well-defined crystal structures was initiated by Nadrian
”Ned” Seeman [15] in the early 1980s. Since this pioneering work of See-
man, the field of DNA nanotechnology has grown rapidly (Figure 1.1), and a
large variety of different-sized two- and three-dimensional (2D and 3D) DNA
nanostructures have been produced [16–18]. A major step forward occurred
in 2006 when the DNA origami method was introduced by Paul Rothemund
[19].

1



CHAPTER 1. INTRODUCTION 2

Figure 1.1: The last three decades have withnessed a fast development in the
field of structural DNA nanotechnology, and an almost exponential growth
in the interest towards structural DNA nanotechnology. Histogram describes
the cumulative citations of a set of 1838 articles that handle structural DNA
nanotechnology. Reprinted from reference [16].

Gold nanoparticles (AuNPs) have, due to their unique properties, aroused
increasing interest in a wide variety of nanotechnology applications, but the
programmable arrangement of them into larger, well-defined crystal struc-
tures is still challenging [2, 20]. DNA and DNA nanostructures have to some
extent successfully been used to direct the higher-ordered lattice arrange-
ment of AuNPs [21], but there are only a few studies [22, 23] reported taking
advantage of the electrostatic interactions between the DNA nanostructures
and AuNPs in the assembly process. The aim of this thesis is therefore to
establish a novel self-assembly method based on electrostatic interactions in
which DNA origami nanostructures can be used to guide the higher-ordered
arrangement of gold nanoparticles in a controlled and programmable manner.

This thesis is divided into eight sections. Chapter 1, the introduction,
presents the background and relevance of the study. Chapters 2 to 5 are the
literature part of the thesis. First, the structure and properties of DNA, as
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well as the fundamentals of structural DNA nanotechnology are presented
in Chapter 2. The DNA origami method is introduced in Chapter 3, the
design and synthesis of DNA origamis are discussed, and some utilization
possibilities are presented. Chapter 4 gives an introduction to self-assembly
and gives the theoretical background in electrostatic self-assembly essential
for the self-assembly of DNA origami nanostructures and AuNPs. Chapter
5 focuses on the DNA-directed assembly of AuNPs, with the main focus lay-
ing on how DNA nanostructures can be used direct AuNPs into predefined
nanostructures. The characteristics of AuNPs and their possible applications
are also shortly discussed. The material in Chapter 5.3 draws heavily on a
literature review [21] written together with colleagues. Chapters 6 and 7 con-
stitute the experimental part of the thesis. Chapter 6 presents the materials
and methods used in the study and explain the conducted experiments in de-
tail. In Chapter 7, the results obtained in this work are presented. Finally,
in Chapter 8, conclusions are drawn, and suggestions for future research are
made.



Chapter 2

Deoxyribonucleic acid

Deoxyribonucleic acid (DNA) is widely known as the carrier of genetic infor-
mation, but it is also an excellent building block for bottom-up construction
of well-defined structures in the nanoscale regime [13, 17, 24, 25]. In this
chapter, the structure and properties of DNA are presented, and the charac-
teristics making DNA a suitable nanoscale building material are highlighted.
In addition, self-assembled DNA nanostructures are briefly discussed.

2.1 Structure and properties of DNA

Deoxyribonucleic acid (DNA) is a polynucleotide build up from covalently
linked deoxyribonucleotide units (nucleotides). Each nucleotide consists of a
nitrogenous base, a five-carbon sugar, and a phosphate group. In the case of
DNA, the sugar is 2’-deoxyribose, and the base a derivative of either bicyclic
purine or monocyclic pyrimidine. The purine bases are adenine (A) and
guanine (G), whereas the pyrimidine bases are cytosine (C) and thymine (T).
The nucleotides are covalently linked together through 3’,5’-phosphodiester
bonds, i.e. the 5’-phosphate group of one nucleotide is bonded to the 3’-
hydroxyl group of the adjacent nucleotide. As a result, a DNA strand with
a backbone of alternating sugar and phosphate residues will be formed, and
since the phosphate groups are negatively charged, the DNA strand will as
a whole have a negative charge (Figure 2.1A). The DNA strand has also a
polarity due to the free 5’-phosphate group at one end of the strand and the
free 3’-hydroxyl group at the other end. [26, 27]

DNA hybridization is the process in which two DNA strands with comple-
mentary base sequences form a double helical structure, which is the principal
secondary structure of DNA [26, 28]. The DNA double helix is mainly held
together by hydrogen bonds between the complementary strands and base-

4



CHAPTER 2. DEOXYRIBONUCLEIC ACID 5

stacking interactions between the adjacent bases, but also electrostatic forces
and hydrophobic interactions help stabilize the DNA structure [13, 29, 30].
As first proposed by James D. Watson and Francis Crick in 1953, adenine
pairs efficiently only with thymine and guanine only with cytosine [31]. Two
hydrogen bonds are formed between adenine and thymine and three between
cytosine and guanine (depicted in Figure 2.1B). For the formation of well-
aligned hydrogen bonds, the two DNA strands have to be antiparallel to each
other, that is, the strands have to run in opposite directions [26].

Figure 2.1: The structure of DNA. a) The DNA strand has a negatively
charged backbone of alternating sugar and phosphate molecules. b) Hydro-
gen bonds between the Watson-Crick base pairs link the two single DNA
strands together to a double helical structure. Reprinted from reference [28].

The base-stacking interactions are mainly van der Waals and dipole-dipole
interactions, and they stabilize the structure by allowing the bases to stack on
top of one another and thereby minimizing the contact of the bases with water
[27, 32]. The hydrogen bonds are considerably weaker than the base-stacking
interactions and the strength of the hydrogen bonds depends on the base pair.
The three hydrogen bonds formed between cytosine and guanine have in
vacuum a stabilization energy of EC−G = 46 kJ/mol, and the corresponding
value for the two hydrogen bonds formed between adenine and thymine is
EA−T = 25 kJ/mol [28]. Therefore, the more C-G base pairs the DNA
double helix contains, the more stable it will be against thermal and pH-
mediated denaturation into the initial two single strands [24, 33]. In addition,
the base sequence and the chain length of the DNA duplex and the salt
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concentration of the solvent also affect the denaturation and thereby also the
melting temperature of double-stranded DNA [33].

Figure 2.2: Models of A-, B-, and Z-DNA conformations. Reprinted from
reference [34].

The DNA double helix is flexible, and its persistence length is only ap-
proximately 50 nm in physiological salt [35]. Therefore, the double-stranded
DNA molecule can take different three-dimensional conformations depend-
ing on the environmental conditions. Figure 2.2 presents the three most
important double helical conformations; A-DNA, B-DNA and Z-DNA. B-
form DNA is the standard DNA double helical structure described by Wat-
son and Crick [31], and this form is under physiological conditions the most
stable conformation. B-DNA is a right-handed helix with a diameter of ap-
proximately 2 nm. One complete turn is on average 10.5 base pairs, which
corresponds to a helix rise of 0.34 nm per base pair. A-DNA is commonly
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found under dehydrating conditions and forms like B-DNA a right-handed
double helix. The A-DNA is though more compact than the B-DNA, the
diameter is approximately 2.6 nm and there is on average 11 base pairs per
helical turn, which gives a helix rise of 0.26 nm per base-pair. Z-DNA has on
the other hand a quite different structure, it is in contrast to A- and B-DNA
left-handed. One helical turn is on average 12 base pairs, which is equivalent
to a helix rise of 0.37 nm per base-pair. The diameter of the Z-DNA helix is
approximately 1.8 nm and the backbone has a zigzag appearance. [27, 32]

2.2 DNA as a building material

DNA is widely known to store and transfer genetic information from one gen-
eration to the next, but due to its distinctive properties, it can also be used
in a nonbiological context as a building material to produce structures with
nanoscale precision [13, 17, 24, 25]. As already discussed, DNA is a well-
known nanometer-scale structure composed of only four different building
blocks (nucleotides). The Watson-Crick base pairing makes the hybridiza-
tion between the two DNA strands both predictable and tunable, and the
flexibility and structural stiffness can be altered by changing the numbers of
base-pairs [24, 25, 30, 36, 37]. Additionally, many of the tools needed for the
manipulation, modification, and synthesis of DNA are already provided by
biotechnology, organic chemistry and molecular biology [24, 30, 36, 37]. DNA
is further both biocompatible and biodegradable, which makes it promising
for use as biomaterial also in vivo [24, 30].

The revolutionary idea of using DNA to construct well-defined 2D and
3D crystal structures was initiated by Nadrian Seeman in 1982 [15]. Inspired
by the Holliday junction found in the natural genetic recombination, he pro-
posed that single-stranded DNA (ssDNA) could be designed to hybridize
together to form immobile four-armed junction. Further, as illustrated in
Figure 2.3a, these junctions could be connected together to more complex
crystal structures trough complementary ssDNA overhangs, so called sticky-
ends, placed at the end of each arm of the junctions. The first DNA motif to
be synthesized indeed contained this immobile four-armed junction [38], and
was later followed by motif containing three-arm [39], five-arm [40], six-arm
[40], eight-arm [41] and twelve-arm [41] junctions. However, these multi-arm
junctions are rather flexible, and the assembly of these motifs into larger,
stable arrays are problematic due to the flexibility of the junction region
[3, 24].

Therefore, Fu and Seeman [42] introduced a more robust motif, the
double-cross (DX) molecule, in which two parallel DNA double helices are
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e)d)c)

b)a)

Figure 2.3: DNA structures and lattices constructed using branched DNA
motifs and sticky ends. a) Seemans’s original idea of using immobile four-
arm junctions to construct larger structures through self-assembly. Reprinted
from reference [9]. b) Larger arrays can be assembled using double-crossover
(DX) tiles with sticky-ends. Reprinted from reference [9]. c) A 2D DNA
nanogrid structure constructed from 4 × 4 DNA tiles. Reprinted from ref-
erence [48]. d) A 3D DNA crystal constructed from the tensegrity triangle
motifs. Reprinted from reference [53]. e) A cube-like 3D object constructed
using DNA. Reprinted from reference [9].

linked together by two crossover junctions (Figure 2.3b). These antiparallel
DX molecules provided the rigidity and stability needed for the construction
of crystal structures [43], and the first well-defined 2D DNA arrays were later
assembled using DX molecules with complementary sticky ends, i.e. DNA
tiles [44]. To enable the construction of more versatile 2D (and 3D) DNA lat-
tice structures, a large variety of different DNA tiles have been designed and
experimentally synthesized. These include for instance triple-crossover (TX)
tiles [45], paranemic crossover (PX) tiles [46], double-double crossover tiles
[47], 4 × 4 DNA tiles [48] (Figure 2.3c), three-point- star DNA motifs [49],
five-point-star motifs [50], six-point-star motifs [51] and T-junction motifs
[52]. The tensegrity triangle motif is constructed from three double-helical
domains connected pairwise by three four-arm junctions, and the helix axes
of this motif span, unlike previously mentioned motifs, 3-space [53]. This is
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advantageous in construction of 3D crystals, and the tensegrity triangles have
de facto been assembled into both well-ordered 3D rhombohedral crystals [54]
and 2D arrays [53] using sticky-end cohesion. (Figure 2.3d)

During the past decades, a wide range of 2D and 3D lattices have been
assembled using branched DNA motifs and sticky end cohesion [3, 24, 55].
Using the same approach, also discrete 3D nanoobjects, such as a DNA cube
[56] (Figure 2.3e), a truncated DNA octahedron [57] and a DNA tetrahedron
[58], have been designed and synthesized. However, the sticky-end assembly
of branched DNA motifs has certain limitations and disadvantages. A strict
stoichiometric control and purification of the strands used in the assembly
is needed, and the yields are often low due to sensitive assembly processes
[18, 55, 59]. Since the structures are assembled using the same basic building
blocks, the structures that can be constructed are also limited to basic geo-
metric shapes with low complexity [59]. These methods for construction of
DNA structures have therefore partially been replaced by the DNA origami
technique [19] that a decade ago revolutionized the field of structural DNA
nanotechnology. The DNA origami technique will be discussed in more detail
in Chapter 3.



Chapter 3

DNA origami

An important advance in the field of structural nanotechnology occurred in
2006 when the DNA origami self-assembly technique was introduced by Paul
Rothemund [19]. This chapter gives an introduction to the DNA origami
method, as well as the techniques used for DNA origami design and synthesis.
In addition, possible applications of DNA origami are shortly discussed with
the main focus laying on the material organization properties of the DNA
origami structures.

3.1 The DNA origami method

DNA origami method is a bottom-up technique that can be used to con-
struct almost any desired two- or three-dimensional DNA nanostructure with
nanometer precision [60]. In the DNA origami technique, a long single-
stranded DNA (ssDNA) molecule, the so called ’scaffold’, is folded into ar-
bitrary shapes through the action of many complementary single-stranded
oligonucleotides, ’staple strands’ [19]. The scaffold is usually a 7249 nu-
cleotides long ssDNA molecule derived from the bacteriophage M13mp18,
but also other scaffolds are possible. The staples, on the other hand, are
shorter synthetically produced single-stranded oligonucleotides with lengths
from 18 nucleotides to 50 nucleotides. For the folding of a normally sized
DNA origami, some hundred staple strands are typically needed. [60–62] The
principle of the DNA origami technique is illustrated in Figure 3.1.

The DNA origami technique has many advantages compared to other
methods used for DNA nanoconstruction. First of all, the same scaffold can
be used to construct a large number of two- and three-dimensional nanos-
tructures since it is the short ssDNA staples that define the shape of the
object [16, 63]. The use of a long ssDNA scaffold that is folded through

10
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Figure 3.1: The DNA origami technique. A long single-stranded DNA scaf-
fold is folded desired shapes through the action of many complementary
staple strands. Reprinted from reference [60].

the action of shorter ssDNA staples is in itself also advantageous as the sta-
ple strands favor hybridization with a common scaffold strand rather than
with each other. Each correct binding of a staple to the scaffold will further
promote the right addition of the remaining staple strands and as a result,
the error rate and synthesis time will be significantly reduced, and the yield
increased. In the DNA origami method, the staples are not designed to hy-
bridize to each other, so there will not be any need for stoichiometric control
and purification of the staple strands. In fact, an excess amount of staple
strands will facilitate correct folding and displacement of incorrect strands
through strand invasion and exchange mechanisms. [19, 59, 64]

A major drawback of the DNA origami method is the limitation of the
size of the nanostructures by the length of the ssDNA scaffold [63, 65, 66].
The structures achieved with the commercially available M13mp18 scaffold
have a maximum area of 78 × 78 nm2 or a maximum volume of 24.7 × 24.7
× 24.7 nm3 [65]. The M13mp18 scaffold is reliable and therefore the com-
monly used one, but basically, any ssDNA molecule can be used as scaffold
and various methods to create differently sized scaffolds have been investi-
gated [16, 62]. Shorter ssDNA scaffolds (756 to 4808 nucleotides) have been
amplified from M13mp18 and lambda DNA sources by polymerase chain re-
action (PCR) followed by strand separation via streptavidin-coated magnetic
beads [67]. Lambda DNA is also suitable for longer scaffolds, and a 26182
nucleotides long scaffold has been obtained by PCR and selective enzymatic
digestion of one of the DNA strands [68]. Further, strategies using restric-
tion enzymes [69] and asymmetric PCR [70] have been used to create shorter
scaffold fragments from the original M13mp18 scaffold. DNA normally exists
as a double-stranded molecule in living organisms and the successful initial
attempts to use double-stranded DNA (dsDNA) as scaffold are therefore
promising for the creation of larger and more complex DNA nanostructures.
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Högberg et al. [71] showed that two discrete nanoscale objects can be syn-
thesized from a dsDNA molecule in the same reaction process if the dsDNA
as the first step in the synthesis are separated into two ssDNA strands using
the denaturant formamide. Later, Yang et al. [65] reported a method in
which different DNA origami structures can be folded from dsDNA without
the need for a denaturating agent. DNA origami superstructures have also
been achieved using folded DNA origami tiles as staple strands instead of
usually used short oligonucleotides [72]. Even larger ”superorigamis” have
been produced by replacing the scaffold strand with a prefolded DNA origami
framework and the staple strands with DNA origami tiles [73].

Additionally, larger DNA origami structures can be constructed connect-
ing together individual DNA origami units through sticky end associations,
shape complementarity and nonsequence specific blunt end base stacking in-
teractions. Complementary sticky-ends extending from the DNA origami
structure have been used to connect individual DNA origami units into
micrometer-sized 2D DNA origami arrays [74, 75] and large, discrete 3D poly-
hedrons [79, 80]. Individual DNA origami tile units have also been assembled
into larger 2D arrays using the ”jigsaw pieces” approach in which shape com-
plementarity is combined with sticky end hybridization to direct the assembly
[76–78]. Further, larger 2D [81] and 3D [82, 83] DNA origami objects with up
to gigadalton-scale sizes have been constructed utilizing only shape comple-
mentarity and the possibility of base stacking interactions between the blunt
ends of the DNA origami helices. Recently, Qian and coworkers developed an
algorithm with certain design and hybridization rules for the construction of
micrometre-size 2D DNA origami structures with arbitrary patterns on the
surface from the same specific set of unique staple strands [84, 85].

In addition to the problems in scaling up the size of the DNA origami
structures, there are also other obstacles that need to be tackled to fully real-
ize the potential of the DNA origami method. For example, with the current
design principle, a complete new set of staple strands are needed for each
new DNA origami shape [86, 87]. The prices of synthetic oligonucleotides
have decreased remarkably during the last years, but still the staples needed
to test a new DNA origami design cost several hundreds of euros [88]. Com-
mercially available DNA origami applications will most likely be the reality
in the future, but it is still a long way to go. Most commercial applications
require both a reduction in the cost of the starting materials and a scaling-
up in the production from micro-/milligram quantities to gram/kilogram
quantities [16, 89, 90]. A promising method for reducing the DNA origami
production costs is the scalable biotechnological method for mass production
of DNA origami recently developed by the research group of Dietz [91].
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3.2 Principles of DNA origami design

The first step in the preparation of a DNA origami nanostructure is to make a
geometrical model of the desired shape of the structure. This structure is then
filled from top to bottom by parallel double-helical domains, and the single-
stranded DNA scaffold strand is folded back and forth through the structure
in such a way that it comprises one of the two strands in every helical do-
main. Shorter staple strands with unique sequences are further designed to
bind complementary to the scaffold in accordance with the Watson-Crick
base pairing rules. The staple strands hold the structure together by binding
to multiple parts of the scaffold and connecting adjacent double-helical do-
mains to each other via interhelical connections (immobilized Holliday junc-
tions). [19] These interhelical connections are usually formed by antiparallel
strand crossovers between adjacent DNA double-helical domains, and both
the staples and the scaffold strand can form these crossovers. As will be
discussed later in this section, the position of the crossovers depends on the
packing lattice for the desired DNA origami structure. [62] In addition to
double-helical domains also single-stranded domains can be included in the
DNA origami design. Single-stranded domains can prevent unwanted base-
stacking interactions between the interfaces of the DNA origami structures
[79], function as entropic springs to support tensegrity structures [92], or
provide attachment sites for other DNA origami structures or biomolecules
[62]. A combined scaffold-staple layout for a DNA origami design showing
the path for the scaffold and the staples, as well as the interhelical crossover
points is illustrated in Figure 3.2.

The first DNA origami structures, designed and synthesized by Rothe-
mund, were planar 2D structures, e.g. rectangular shapes, stars, triangles and
smiley faces. In this design, adjacent helices are connected to each other via
crossovers taking place every 1.5 helical turns, which for B-DNA corresponds
to 16 base pairs (bp). This design principle results in interhelical connections
every 180◦, which gives a single-layer of helices that forms a planar 2D struc-
ture. [19] Such 2D DNA origami sheets can further be extended to hollow 3D
structures by connecting the edges of the sheets with interconnecting strands
[59, 63]. A variety of 3D nanostructures with an internal cavity have been
designed using this approach, such as DNA box with a controllable lid [93]
and a tetrahedron [94]. (Figure 3.3a) Han et al. [95] have also developed a
design strategy for the construction of single-layer DNA origami structures
with complex curvatures, such as concentric rings, spheres, hemispheres and
ellipsoids (Figure 3.3b).

Single-layer DNA origami structures have a rather weak resistance to
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Figure 3.2: Principle of DNA origami design. The scaffold strand (black) is
folded back and forth throughout the whole area of the desired structure, and
the short staple strands hold the structure together by binding to multiple
parts in the scaffold and forming crossovers. Reprinted from reference [19].

mechanical stress, and multilayered 3D DNA origami objects have therefore
been developed to get more stable and rigid structures [59]. More densely
packed tubular and multilayered DNA origami structures can be constructed
by interconnecting adjacent dsDNA helices through a precisely 3D arrange-
ment of crossovers. The relative distance between the crossovers along the
helical axis determines the packing of the lattice formed by the dsDNA he-
lices and thereby how densely packed the DNA origami structure is. [59, 62]
Multilayer DNA origami structures can be obtained by arranging the ds-
DNA helices in parallel onto honeycomb [79], square [96], or less common,
onto hexagonal lattices [97].

On the honeycomb lattice, each dsDNA helix is connected to up to three
adjacent helices in a threefold symmetry where the potential adjacent helices
are separated by an angle of 120◦. This gives a structure with a hexagonal
cross-section. The potential crossovers along the helical axis are separated by
7 bp, which results in a distance of 21 bp between the crossovers of the same
pair of adjacent dsDNA helices. [59, 62] (Figure 3.3c) Dietz et al. [98] further
demonstrated that twisting and bending can be introduced to the structure
by deviating from the constant 7-bp crossover distance rule. The deletion of
one base pair in a selected unit of helices results in a local overtwisting of the
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DNA helices, whereas the addition of one base pair in a selected unit of helices
results in a local undertwisting (Figure 3.3e-f). Furthermore, global bending
of the helices can be introduced by a combination of base pair deletions and
and base pair additions (Figure 3.3g).

On the square lattice, the dsDNA helices are more densely packed, each
double helix is connected to up to four neighboring helices in a fourfold
symmetry where the potential neighboring helices are separated by an angle
of 90◦. There is an interval of 8 bp between the crossovers, which gives a
distance of 32 bp between the crossovers of the same two neighbors. [59,
62] (Figure 3.3d) An even more densely packed multi-layer DNA origami
structure is obtained if the dsDNA helices are arranged onto a hexagonal
lattice. Each double helix is then connected to up to six adjacent helices
with the potential adjacent helices separated by an angle of 60◦. In this case
there is a distance of either 13 bp or 9 bp between the crossovers along the
helical axis. [97]

There are several computational tools available for designing and predict-
ing the shape of DNA origami structures. SARSE [99] was the first publicly
accessible software for DNA origami design, but it is nowadays rarely used
due to the availability of other more advanced tools. Today, researchers
working with DNA origami structures commonly use the caDNAno by Dou-
glas et al. [100] combined with CanDo by Castro et al. [62] and Kim et
al. [101]. caDNAno is used to construct the routing of the scaffold strand
through the structure and to generate the sequences for the complementary
staple strands, while CanDo is used to computationally predict the shape,
mechanical fluctuations, and flexibility of the structure in aqueous solution
[18]. Even though caDNAno simplifies the process of designing DNA origami
structures, it is a bottom-up approach that requires some understanding of
the structural properties of the DNA molecule. It is the user himself/herself
that routes the scaffold strand through the structure and the sequences for
the staple strand have to some extent be manually designed. [102]

vHelix by the research group of Högberg [103] and DAEDALUS (DNA
Origami Sequence Design Algorithm for User-defined Structures) by the re-
search group of Bathe [70] are two recently developed top-down softwares
for DNA origami design. The aim of these two softwares is to simplify the
process of designing DNA origami structures by automating both the rout-
ing of the scaffold strand through the target structure and the design of
the needed staple strands. vHelix uses a routing algorithm based on graph
theory, whereas DAEDALUS uses a spanning three algorithm to direct the
scaffold strand through the polyhedral meshwork of the desired 3D structure,
which have been given as input. DAEDALUS can be used to design DNA
origami structures with a great diversity of sizes and topologies, but vHe-
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Figure 3.3: By adjusting the number of base pairs between adjacent inter-
helical crossovers along the same helical axis different single-layer (A,B) and
multilayer (C-G) DNA origami structures can be designed. Reprinted from
reference [59].

lix is still limited to only spherical topologies. DAEDALUS further enables
rigid double-crossover edges, which gives more robust structures compared
to those designed with vHelix that only enables single duplex edges. [18, 102]

3.3 Principles of DNA origami synthesis

The folding of the DNA origami structures is done in a one-pot reaction by
mixing the ssDNA scaffold with staple strands in a buffer solution contain-
ing additional ions. Staple strands are typically added in five- to ten-fold
excess amount relative to the scaffold, but depending on the DNA origami
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structure other scaffold to staple strand ratios are also possible. [61, 62] The
buffer solution for the folding is usually Tris-acetate-EDTA (TAE) contain-
ing additional magnesium ions [104]. The magnesium ions stabilize the DNA
origami structure by neutralizing the negatively charged phosphate groups
in the DNA backbone and thereby allowing adjacent double helices to come
closer to each other at the crossovers [61, 104]. The yield of especially multi-
layer DNA origami structures is further highly dependent on the magnesium
concentration and inadequate concentration often results in undesired mis-
folded and aggregated byproducts [62, 79]. DNA origami structures have
successfully been folded also in a buffer containing monovalent sodium ions
instead of divalent magnesium ions, but noticeably higher sodium concentra-
tions (up to 100 times higher than the magnesium ion concentration) were
needed [105].

For the actual DNA origami folding to occur, the reaction mixture is
subjected to a thermal denaturation and annealing process. Initially, the
reaction mixture is rapidly heated above the melting temperature of DNA
(60-90 ◦C) to separate dsDNA into ssDNA, after which the temperature of
the mixture is slowly decreased to room temperature. The slow cooling al-
lows the staple strands to hybridize to the scaffold in accordance with the
Watson-Crick base-pairing rules, and as a result, the desired DNA origami
structure is formed. [106] Single-layer DNA origami structures can usually
be synthesized within a few hours [19], while multi-layer structures require
considerably longer folding times [59]. It has also been demonstrated that
DNA origami structures can be folded at constant temperatures by slowly
decreasing the concentration of a denaturant (formamide or urea) by dialysis
[107] or by carrying out the folding at a structure-specific temperature after
a denaturating heat shock [108]. DNA nanostructures have also been assem-
bled isothermally over a wide range of temperatures and salt concentrations,
including physiological conditions, using either single-stranded tiles or single-
stranded tiles containing single-stranded linker regions, both with adjustable
sequence, length and GC content [109]. The commonly used thermal-based
folding technique is not suitable for all applications, and efficient methods for
folding of DNA origami nanostructures also at constant temperatures would
be important for a full potential utilization of the DNA origami method
[107, 109].

A purification step to remove the excess amount of staple strands and
misfolded structures is typically needed before the folded DNA origami
structures can be further utilized. Possible purification methods include
poly(ethylene glycol) (PEG) precipitation [110], rate zonal ultracentrifuga-
tion [111], agarose gel extraction using electroelution [112] or homogenization
[79], spin filtering [113] and gel filtration through size exclusion columns
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[114]. Agarose gel electrophoresis can be used to qualitatively analyze the
DNA origami folding [79], but also to confirm that the purification method
is feasible. Moreover, the DNA origami nanostructure can be analyzed and
imaged using either negative-staining or cryogenic transmission electron
microscopy or atomic force microscopy (AFM) [62].

3.4 Applications

The ability to precisely control matter at the nanoscale level is one of the
major challenges in the field of nanotechnology. As discussed in previous
sections, the DNA origami technique is a promising self-assembly method
that allows the construction of almost any arbitrary nanostructure with
nanometer-scale resolution and high complexity. The DNA origami nano-
structures have further a highly addressable surface that can be both chem-
ically modified and selectively functionalized with other nanomaterials and
biomolecules [14, 17]. The DNA origami technique has therefore found uses
in a variety of applications, ranging from plasmonics [4, 115] and optical
devices [116] to enzymatic nanoreactors [117] and drug-delivery applications
[90, 118].

3.4.1 Material organization on DNA origami

DNA origami nanostructures have custom-designed shapes and a unique ad-
dressability, which makes them promising platforms for the nanoscale level
organization of materials. Due to the Watson-Crick base pairing, each staple
has a unique position in the DNA origami structure, and selective func-
tionalization is therefore possible with a wide range of materials and a few
nanometer accuracy. [59, 61, 76] The DNA origami structures themselves
have limited chemical, optical and electronic properties, and hence the addi-
tion of other components with the desired functionality is necessary for many
applications [59].

DNA origami nanostructures are excellent templates for the organiza-
tion of gold nanoparticles (AuNPs) and other metallic nanoparticles [4, 115].
Nanoparticles are commonly attached to the DNA origami structures through
complementary DNA strand hybridization. The nanoparticles are function-
alized with one or more ssDNA oligonucleotides (generally using thiol chem-
istry), which allows them to hybridize to complementary ssDNA sequences
at specific positions on the DNA origami structure. [59] The DNA origami-
directed assembly of metal nanoparticle superlattices will be discussed in
detail in Chapter 5.3, while this chapter will focus on the attachment of
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nanoparticles to individual DNA origami objects. DNA origami structures
can be used as templates for the construction of plasmonic architectures with
new optical properties [4, 115], but are also useful for the study of the plas-
monic coupling of metal nanoparticles [59, 64]. These DNA origami-metal
nanoparticle hybrid materials posses great potential for applications in e.g.
sensing and optical devices [59, 64, 115].

One of the first approaches to utilize DNA origami templates for the
positioning of AuNPs was reported by Sharma et al. [119] that selectively
arranged one or two AuNPs at predefined positions on a rectangular DNA
origami template. Ding et al. [120] on the other hand positioned 5, 10
and 15 nm AuNPs in a six-nanoparticle chain on a triangular-shaped DNA
origami (Figure 3.4a). The AuNPs were functionalized with different ssDNA
oligonucleotides designed to hybridize to complementary ssDNA overhangs
at specific positions on the DNA origami triangle, which allowed for a pre-
cisely placement of the AuNPs into a linear array. Since these early works,
a variety of DNA-origami templated AuNP architechtures have been assem-
bled, including different AuNP arrangements on a rectangular DNA origami
template [121] and a linear AuNP chain on a DNA origami nanotube [122].
Chiral plasmonic AuNP superstructures have also been constructed. For in-
stance by rolling up a rectangular DNA origami sheet, decorated with two
diagonally well-aligned AuNP rows, into a hollow DNA origami tube [123]
(Figure 3.4b), and by assembling AuNPs into left- and right-handed heli-
cal conformations using rod-like DNA origami structures [124]. Urban et
al. [125] constructed a plasmonic toroidal AuNP structure from four iden-
tical curved DNA origami blocks, with six helically arranged AuNP binding
sites (Figure 3.4c). AuNPs [126] and gold nanorods (AuNRs) [127] have also
successfully been encapsulated into DNA origami structures.

Beside AuNPs, DNA origami nanostructures can be used to precisely and
programmable organize also other inorganic compounds. Silver nanoparti-
cles (AgNPs) have been arranged into different discrete architectures on a
triangular-shaped DNA origami [128] and into a bow-tie antenna configura-
tion on a rectangular DNA origami [129]. Further, quantum dots, i.e. semi-
conductor nanocrystals, have been positioned on DNA origami templates
using both streptavidin-biotin interactions [130] (Figure 3.4d) and comple-
mentary DNA strand hybridization [131]. Similarly, also single-walled car-
bon nanotubes (SWNTs) have successfully been assembled on DNA origami
templates utilizing both complementary DNA strand hybrdidization [132]
and streptavidin-biotin interactions [133]. Quantum dots and SWNTs have
unique electronic and optical properties, and precisely positioned they could
have uses in nanoelectronic devices [132, 134].

DNA origami structures are also promising platforms for the preciely
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Figure 3.4: Material organization on DNA origami structures. a) Different
sized AuNPs positioned in a controlled manner on a triangular-shaped DNA
origami. Reprinted from reference [120]. b) Assembly of AuNPs into a chiral
helical structure by bending a AuNP-decorated 2D DNA origami sheet into
a tube. Reprinted from reference [123]. c) A plasmonic toroidal AuNP
structure was constructed using a DNA origami template. Reprinted from
reference [14]. d) Quantum dots positioned into a well-ordered linear array
on a DNA origami nanotube. Reprinted from reference [14].

positioning of biological materials including proteins [64, 135], enzymes [117,
137] and virus capsids [138]. Complementary DNA strand hybridization is
usually used to attach the proteins to the DNA origami structures, and a
variety of strategies are available for the protein-DNA conjugation [239].
Well-definied arrangement of proteins at the nanoscale level can be used
to study protein-protein interactions and construct novel biomaterials for
applications in e.g. tissue engineering [64]. A programmable organization
of enzymes on and inside DNA origami structures allow enzyme-mediated
reactions to be controlled and regulated, and may found uses in biosensors,
drug delivery systems and other functional devices [117, 137].

3.4.2 Other applications

The application possibilities of the DNA origami method cover a wide range
of areas, and new applications are constantly being developed. It is impos-
sible to cover all these applications within the scope of this thesis, but in
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the next section some interesting applications of the DNA origami technique
will be shortly discussed. A recently published review article by Yan and
coworkers [14] can be recommended for readers who wish for a more exten-
sive summary of the applications achieved thus far.

DNA origami nanostructures are promising for use in medicine as
nanocarriers for smart and target drug delivery and as functional molecular
devices that can perform tasks in living cells [90]. DNA origami nanostruc-
tures are biocompatible and biodegradable, have structural stability under
physiological conditions and can be taken up by the cell. In addition, the
DNA origamis have a predefined shape and size, and the addressable surface
allows for site-specific loading of cargo molecules. Different biomolecules,
such as nucleic acids and proteins, and small molecules, e.g. fluorescent
dyes and doxorubicin, have been successfully loaded into/onto DNA origami
structures. [118] Implemented DNA origami delivery systems (in research
only, no commercial applications yet) include a tubular DNA origami for
delivery of cytosine-phosphate-guanine (CpG) sequences [139], a DNA
origami box with an adaptamer-encoded logic gate that enables controlled
release of antibody fragments [79] and a tubular DNA origami structure
with tunable encapsulation efficiency and release rate of doxorubicin [140].
To increase the cellular uptake and biocompatibility, DNA origami delivery
systems have been coated with a variety of materials, e.g. lipid membranes
[141], virus proteins [142], cationic polymers [143] and protein-dendron
conjugates [144].

DNA origami nanostructures can also be used for the fabrication
of custom-shaped inorganic nanoobjects with nanometer precision. For
example, a variety of differently shaped nanoparticles have been synthesized
using rigid and hollow DNA origami structures as molds [145, 146]. These
molds contain a single anchored nucleating nanoparticle seed that under
suitable chemical conditions can grow into a shape defined by the DNA
origami structure. Further, micrometer long conductive gold nanowires
have succesfully been fabricated by linking multiple of these DNA origami
molds utilizing attractive and repulsive ssDNA overhangs [147]. Customized
metallic nanostructures have also been achieved using DNA-assisted lithog-
raphy (DALI) in which the structural diversity and high accuracy of DNA
origami is combined with conventional lithography techniques to construct
well-defined nanoobjects with feature sizes of about 10 nm [148, 149]. In
the DALI method, stencil openings with the shape of the DNA origami
structures are formed on a silicon oxide layer, and these openings are used
as masks in the following conventional microfabrication steps.

In addition, DNA origami structures can find applications in nanometrol-
ogy and super-resolution imaging. DNA origami nanoobjects are excellent
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calibration standards for scanning probe microscopy, as they have precisely
defined dimensions, are relatively stable over time and can be designed in
such a way that defect structures easily can be distinguished from correctly
folded structures. [150] As an example, cross-shaped DNA origami struc-
tures have successfully been used as a repeatable calibration technique for
atomic force microscopes (AFMs) [151]. Further, combined with the DNA-
PAINT approach, DNA origami nanostructures can also be used as templates
and calibration standards for super-resolution microscopy [152, 153]. Worth
mentioning is also that nanorulers for super-resolution systems, developed
by GATTAquant DNA Nanotechnologies, are the first commercial available
applications utilizing the DNA origami technique [150, 154, 155].



Chapter 4

Self-assembly of nanoparticles

Self-assembly is the method used by nature to create complicated archi-
tectures, and material scientists worldwide are therefore investigating the
same strategy to organize nanoscale building blocks into well-ordered mate-
rials with high complexity [7, 8]. This chapter gives an introduction to self-
assembly and the basic principles of electrostatic self-assembly of nanoparti-
cles.

4.1 Principles of self-assembly

Self-assembly is a process by which elementary components spontaneously,
without human guidance or management, form ordered structures [5, 6]. Self-
assembly plays a key role in many biological processes at both the molecular
and macroscopic levels, and for instance lipid membranes, folded proteins and
protein capsids of viruses are all results of self-assembly [8]. Self-assembly
has during the past years also emerged as a promising and low-cost route
towards well-defined nanoscale structures [2, 5, 6].

For formation of ordered structures through self-assembly, the attractive
and repulsive forces between the self-assembling components have to be in
balance [6]. These forces are typically weak non-covalent or covalent inter-
actions, such as van der Waals forces, electrostatic and hydrophobic inter-
actions, and hydrogen and coordination bonds [5]. It is also important that
the building blocks have shapes complementary with each other [6].

Normally, self-assembly takes place in solution or on smooth surfaces,
since the individual components have to be mobile and come into contact
with each other for self-assembly to occur. Usually, ordered self-assembled
structures are formed at the equilibrium state, and the self-assembly process
requires either that the interactions between the components are reversible

23
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or that the components can adjust their positions within the structure also
after it has been formed. If the components irreversibly attach to each other
during the self-assembly process, a glass is produced instead of a crystal
structure. [5, 6]

4.2 Electrostatic self-assembly of nanoparti-

cles

Electrostatic self-assemblies are formed via electrostatic interactions, i.e.
Coulombic forces, between the individual charged components. This is ad-
vantageous, as the distance over which these interactions are effective in a
solution, the Debye screening length, can be controllably tuned [1]. The
Debye screening length is given by

κ−1 =

√
ε0εrkBT

e2
∑

icizi2
, (4.1)

where ε0 is vacuum permittivity, εr is the dielectric constant of the solvent,
kB is the Boltzmann constant, T is the absolute temperature (in Kelvin), e
is the elementary charge, and ci and zi are the number densities and valencies
of the electrolyte ions [156]. As can be seen from the equation above, the
strength of the electrostatic interactions can be adjusted by the selection of
solvent (dielectric constant) and the concentration and chemical properties
(number densities and valencies) of the ions in the electrolyte. Notably is
also that the electrostatic interactions will be effective over longer distances
in a dilute solution than in a concentrated solution and thereby considerably
more important [157].

Formation of well-ordered self-assembled structures requires control over
both the assembly conditions and the assembly kinetics [158, 159]. For elec-
trostatic self-assemblies this is particularly done by adjusting the electrostatic
interactions between the building blocks, e.g. tuning the ionic strength of
the solution. If the attractive interactions between the building blocks are
too strong, gel-like aggregates with only short range order are formed. On
the other hand, if the interactions are too weak no assemblies at all are pro-
duced. [156, 160] The formation of highly periodic structures with a long
range order occurs when there is a balance between electrostatic attraction
and repulsion. The components are then tightly bound to each other, the
attraction between oppositely charged components are maximized and the
repulsion of like-charged components minimized. [161] (Figure 4.1)
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Figure 4.1: Electrostatic self-assembly of nanoparticles under different condi-
tions. a) Too strong attraction between the components leads to kinetically
trapped structures. b) Highly periodic structures are formed when there is
balance between attraction and repulsion. c) No structures at all are formed
if the attraction between the components are too weak and particle-solvent
interactions dominate. Reprinted from reference [161].

In biological systems, however, also the pH of the solvent may affect the
electrostatic interactions between the building blocks. Many biological par-
ticles, such as protein cages, are build up from protein subunits consisting
of chains of amino acids that undergo pH-dependent protonation and de-
protonation. [161] Therefore, the magnitude and sign of the charge of many
biological building blocks are highly pH dependent, and for instance the elec-
trostatic self-assembly of protein cages have successfully been introduced or
inhibited by adjusting the pH [156, 162].

A prerequisite for self-assembly of well-ordered structures is that the
formed structures are dynamic and that the components can adjust their
positions within the structure also after the initial self-assembly [5, 6]. This
applies for electrostatically self-assembled systems as well, and the parti-
cle configurations and the dynamics of these systems can be adjusted by
altering the ionic strength. Well-ordered structures with long range order
cannot be formed if kinetically trapped structures, in which the building
blocks are locked in poorly ordered configurations, dominate the assembly.
Non-spherical compounds readily form these kinetically trapped configura-
tions if they are simply mixed together at low ionic strength. However, the
alignment and order of non-spherical compounds can be improved using an
assembly process in which the ionic strength is gradually decreased and the
compounds slowly can self-assembly into larger structures with optimal par-
ticle configurations. [161]



Chapter 5

DNA-directed gold nanostruc-
tures

Spatially well-ordered structures of metal nanoparticles have unique elec-
tronic, magnetic and optical properties, and hence there is ever-increasing
interest towards these kinds of nanomaterials [2, 20]. In general, the con-
struction of materials with nanometer-scale precision is rather challenging,
but owing to the predictable and programmable DNA hybridization (i.e.
Watson-Crick base pairing), the precise arrangement of molecular compo-
nents at the nanoscale becomes feasible [25, 115]. The techniques for DNA-
directed self-assembly of nanoparticles have therefore traditionally relied on
the superior molecular recognition properties of the DNA, but there are also
strategies taking advantage of electrostatic or other non-specific interactions.
In this chapter, the unique properties of gold nanoparticles (AuNPs) are pre-
sented, and some interesting application possibilities are highlighted. The
DNA-directed self-assembly of AuNPs into larger, ordered structures are
discussed with the main focus laying on the DNA nanostructure-directed
self-assembly.

5.1 Gold nanoparticles

Colloidal gold nanoparticles (AuNPs) have fascinated scientists for a long
time already, actually the first uses of AuNPs are dated back to the fourth
century when the Romans used AuNPs in the production of ”gold ruby” glass.
During the last decades, AuNPs have attracted increasing interest in the field
of nanotechnology. AuNPs have namely unique optical, electronic, physical
and chemical properties, and these properties are remarkably different from
those of individual gold (Au) atoms and bulk gold. [164, 165]

26



CHAPTER 5. DNA-DIRECTED GOLD NANOSTRUCTURES 27

The intriguing optical properties of gold and other metal nanoparticles
arise from their localized surface plasmon resonance (LSPR), which is the
coherent oscillation of the conduction electrons induced by interaction with
electromagnetic radiation, i.e. light. When a dispersion of AuNPs is illu-
minated with visible light, the light will be strongly absorbed at a certain
wavelength, which can be seen as a peak in the absorption spectrum (the
surface plasmon band). The origin of this strong absorption is the collective
oscillation of the free surface electrons induced by the incoming light (Fig-
ure 5.1). [164–168] The particle size and shape, the interparticle distance, the
presence and nature of a supporting or stabilizing ligand shell, and the di-
electric constant of the dispersion medium have shown to affect the position
of the absorption peak, and thus the color of the AuNP dispersion [164–
167]. For instance, AuNPs with a diameter of 10-15 nm typically have an
absorption peak in the region of 520 nm due to a strong absorption of green
light, which gives the colloidal gold its distinctive ruby red color [164–170].
Mie [171] originally described the LSPR by solving Maxwell’s equation for
the absorption and scattering of electromagnetic radiation by homogeneous
spherical particles, and for readers who wish for a more extensive introduc-
tion to the physics behind LSPR a review article by Ghosh et al. [164] can
be recommended.

Figure 5.1: A schematic illustrating the localized surface plasmon resonance
of metal nanoparticles. Reprinted from reference [176].

AuNPs can be synthesized using both top-down and bottom-up ap-
proaches, and in recent years many efforts have been made to develop new,
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optimized synthesis routes [165, 172–175]. These include approaches for
synthesis of AuNPs with different size and shape, narrow size distributions
and surface functionalities suitable for the target application. To date,
AuNPs have found uses in a variety of nanotechnology applications rang-
ing from biomedical analysis tools [174, 177] and drug-delivery systems
[174, 178] to nanophotonic [179] and electronic [180] devices. AuNPs are
particularly promising for use in optical, electronic, catalytic and sensing
applications, and AuNPs are in the future expected to be found in solar cells,
high-capacity drug delivery agents and theranostic materials among other
applications [181]. The optical and electronic properties of the AuNPs are
though highly dependent on their geometrical arrangements, and efficient
strategies for controlling and directing their arrangements and positions at
the nanoscale level will be needed [2, 17, 20].

5.2 DNA molecule-directed assembly

The first uses of DNA to direct the assembly of gold nanoparticles was si-
multaneously reported in 1996 by the research groups of Mirkin [182] and
Alivisatos [183]. Both groups used thiols to conjugate the DNA strands to
the AuNPs, but they came up with two very different strategies for the use
of DNA to arrange the AuNPs into assemblies. The group of Mirkin pre-
pared two sets of AuNPs with several DNA linker strands on the surface,
and these AuNPs reversibly self-assembled into macroscopic aggregates in
solution when hybridized with a complementary linking DNA duplex. The
group of Alvisatos on the other hand linked only a single DNA strand to the
AuNP surface, and when a complementary single-stranded DNA template
was added, these AuNPs assembled into discrete dimers and trimers. These
pioneering works by Mirkin, Alivisatos and co-workers served as the start-
ing point for DNA-based assembly of AuNPs, and later the same strategies
have been used to a assemble a variety of discrete clusters of AuNPs with
controllable spatial arrangements [115, 184, 185].

The ultimate goal of the DNA molecule-directed assembly of AuNPs was
for a long time 3D crystals with long-range periodicity, and in 2008, the
research groups of Mirkin [186] and Gang [187] independently constructed
the first well-ordered AuNP superlattices using DNA molecules with comple-
mentary sequences as linkers. In these studies, the AuNPs were assembled
into either face-centered cubic (fcc) crystal structures, body-centered cubic
(bcc) crystal structures, or amorphous aggregates depending on which kind
of DNA linking molecules (e.g. length and flexibility) that were used in the
assembly. Later, these works by Mirkin, Gang and colleagues have been ex-
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tended and built upon in subsequent studies by several research groups, and
a wide spectra of different superlattice arrangement of AuNPs have been
achieved using DNA molecules as linking elements [25, 188]. Design rules
for synthesizing well-ordered nanoparticle crystal structures using DNA have
also been established [188, 189].

5.3 DNA nanostructure-directed assembly

As discussed earlier in Chapter 2.2 and Chapter 3, the advances in the field
of structural DNA nanotechnology and in particular the development of the
DNA origami method have given rise to an extensive collection of structurally
versatile micro- and nanoscale DNA structures. These structures can act as
templates onto which nanoparticles can be precisely positioned or as link-
ers that connect several nanoparticles to larger superlattices [4]. Utilizing
the molecular recognition properties of the DNA, DNA-based structures can
serve as scaffolds for the assembly of nanoparticles using two different strate-
gies [179]. In the first strategy, the nanoparticles are functionalized with one
or more single-stranded DNA (ssDNA) oligonucleotides, which allows them
to hybridize to complementary ssDNA sequences on specific positions on a
pre-assembled DNA template. In the other strategy, each nanoparticle is first
conjugated to a ssDNA sequence. These DNA-nanoparticle conjugates are
then used to construct the tiles making up the lattice, and thus nanoparticles
are incorporated into the larger lattice structure during its assembly process.

5.3.1 One-dimensional arrays

One of the first approaches to use self-assembled DNA nanostructures to
precisely organize AuNPs into linear one-dimensional (1D) arrays was re-
ported by Li et al. [190]. In this study streptavidin-conjugated AuNPs
were controllable positioned on a linear DNA template constructed from
DNA triple crossover molecules (TX). The TX molecules contained two
additional hairpin loops that were modified to incorporate biotin groups,
and using streptavidin-biotin interactions the AuNPs were assembled on the
template with an interparticle spacing of 17 nm. Beyer et al. [191] also
used streptavidin-biotin interactions to construct periodic 1D arrays of 5 nm
AuNPs. Rolling circle amplification (RCA) was employed to produce a long
ssDNA that formed a dsDNA template with complementary biotinylated ss-
DNA oligonucleotides. Incubation of this DNA template with streptavidin-
coated AuNPs resulted in well-ordered arrangements of the AuNPs along the
template.
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Sharma et al. [192] constructed complex 1D helical arrays of AuNPs
using a DNA template formed from four double crossover (DX) DNA tiles,
similar to that originally reported by Liu et al. [193]. 5 nm AuNPs were
positioned on the DNA template in parallel lines with ca. 64 nm period-
icity using a thiol-conjugated DNA strand as the central strand in one of
the tiles (Figure 5.2a). The close proximity of the AuNPs on the template
induced strong electrostatic and steric repulsion between the neighboring
AuNPs, which forced the 2D template to bend into tubes displaying stacked
rings, single spirals, double spirals and nested spirals of AuNPs. When larger
AuNPs (10 and 15 nm) were assembled onto the 2D template, nearly all of
the tubules were in stacked-ring conformations, indicating that the AuNPs
plays an important role in directing the tube formation.

The research group of Sleiman adopted a different strategy for the con-
struction of well-defined linear arrays of AuNPs by encapsulating them into
triangular DNA nanotubes with longitudinal structural variations [194] (Fig-
ure 5.2b). 1D nanotubes of alternating small and large capsules were con-
structed from small (7 nm) and large (14 nm) DNA triangles and additional
DNA strands that connected the triangles. When citrate-coated AuNPs were
added during the assembly of these tubes, the AuNPs were size-selectively en-
capsulated into specific pockets of the tube, resulting in ”nanopepod” arrays
of AuNPs with controlled interparticle distances. Furthermore, the encap-
sulated AuNPs could be released from the nanotube by adding ssDNA se-
quences, ”eraser strands”, that bound complementary to the linking strands
and thus selectively opened the capsules. In a subsequent study, the de-
sign was improved, which allowed for construction of DNA nanotubes with
controllable lengths [195]. Later, the same research group have reported
an alternative DNA nanotube design that can be used to position AuNPs
into well-defined 1D arrays [196] (Figure 5.2c). This nanotube structure is
constructed from repeating triangular rung units [197] to which a double
stranded overhang with two terminal AuNPs binding sites (cyclic dithiols)
have been added. Furthermore, since the rung units have a single-stranded
binding region that is complementary to a templating RCA backbone strand,
linear 1D arrays of AuNPs can be fabricated in a controlled manner.

In addition to these works, AuNP ”ripples” have been organized into 1D
arrays with well-defined interparticle distances using different DNA motifs.
The AuNP ripples were prepared by coating 10 nm AuNPs with a binary mix-
ture of thiol-ligands, using the method described by Stellacci and co-workers
[198]. The AuNP ”rippers” were further functionalized with two thiolated ss-
DNA sequences (5’SH-DNA 20mer, 5’SH-DNA 42mer or 5’SH-DNA 60mer)
to form divalent DNA/AuNP conjugates that could self-assembly with com-
plementary DNA strands into different formations. Assembly of divalent
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DNA/AuNP conjugates with complementary 5’SH-DNA 20 mer sequences
resulted in flexible worm-like DNA nanoparticle arrays, whereas more rigid,
linear arrays were obtained using 60mer DNA/AuNP conjugates and T-motif
forming DNA strands or 42mer DNA/AuNP conjugates and DX motif form-
ing DNA strands. [199] (Figure 5.2d)

Figure 5.2: One-dimensional arrays of nanoparticles and extensions to more
complex configurations. a) AuNPs positioned in parallel lines on a double-
crossover (DX) template. Further, the close proximity of the AuNPs will
force the 2D template to bend into tubules. b) Size-selective encapsulation
of AuNPs into triangular DNA nanotubes. c) Linear chains of AuNPs assem-
bled using repeating triangular rung units. d) Rigid, linear chains of AuNP
”ripples” assembled using divalent DNA/AuNP conjugates and T- or DX
motifs. e) Assembly of AuNPs into left- and right-handed helical conforma-
tions using rod-like DNA origami structures. f) Assembly of gold nanorods
(AuNRs) into right-handed helical superstructure using 2D rectangular DNA
origami templates. Reprinted from reference [21].

The DNA origami technique can be used to construct almost any ar-
bitrary DNA nanostructure with nanometer precision, structures that can
readily be connected to each other through sticky-end associations, and to
which nanoparticles can be attached with thiol-modified oligonucleotides.
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Liedl and co-workers were among the first to utilize DNA origami structures
to precisely arrange nanoparticles into 1D arrays [124]. In this work, 10 nm
AuNPs were assembled into left- and right-handed nanoscale helices that
act as optical polarizers using DNA origami 24-helix bundles (24HB) with
precisely positioned attachment sites for ssDNA-functionalized AuNPs (Fig-
ure 5.2e). Additionally, longer 1D helical arrays of AuNPs were obtained
by connecting the left-handed nanohelices using complementary polymer-
ization oligonucleotides. Lan et al. [200] on the other hand arranged gold
nanorods (AuNRs) into left- and right-handed helical superstructures utiliz-
ing 2D rectangular DNA origami templates (Figure 5.2f). The AuNRs were
functionalized with ssDNA sequences and complementary ssDNA overhangs
were designed on both sides of the DNA origami template in a ”X”-shape
manner, which allowed controlled positioning of the AuNRs with an inter-rod
spacing of 14 nm an an inter-rod angle of 45◦.

Furthermore, DNA origami structures have been used to arrange AuNPs
into linear 1D arrays. Tian et al. [201] constructed an octahedral DNA
origami structure with AuNP attachment sites on two oppositely located
vertices and used this structure as a rigid linker to connect AuNPs into well-
aligned 1D arrays. Chains of AuNPs were obtained using AuNPs wrapped
with DNA origami bundles into flower-shaped structures [202]. The outer
ends of two bundles, separated by 180◦ in the nanoflower, were further func-
tionalized with complementary ssDNA linkers, which enabled the ”nanoflow-
ers” to assemble into 1D arrays. Liu et al. [203] used cross-shaped DNA
origami tiles to program the 1D arrangement of AuNPs. The tiles had an
AuNP attachment site in the middle, and ssDNA connector strands were
added to two of the four arms. If the connector strands were added to two
oppositely located arms of the structure, a linear 1D array of AuNPs was ob-
tained, whereas a zigzag 1D array was achieved when the connector strands
were added to two adjacent arms.

5.3.2 Two-dimensional arrays

One of the first approaches to utilize DNA templates in the construction of
two-dimensional (2D) assemblies of gold nanoparticles (AuNPs) was reported
by Maeda et al. [204]. Although only a limited ordering of AuNPs was ob-
tained on the DNA network template, the study still demonstrated the power
of using 2D DNA scaffolds for the precise and programmed arrangement of
metal NPs. Since this early work, a number of ordered 2D arrays of AuNPs
have been reported, and particularly Kiehl, Seeman, Yan and co-workers
have made significant advances towards specific arrangements of AuNPs on
2D lattices.
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In an initial study by Kiehl and colleagues, small AuNPs (1.4 nm) were
organized into well-aligned 2D arrays on a DNA scaffold, originally reported
by Liu et al. [193], and constructed from four different double-crossover (DX)
tiles with complementary ssDNA overhangs (sticky ends) [205]. Prior to the
growth of the DNA crystal, the AuNPs were covalently linked to the DNA
within one of the tiles, which enabled a controlled positioning of the AuNPs
with interparticle spacings of 4 and 64 nm. The same research group also
reported a method for controllable alignment of AuNPs on a pre-assembled
2D DNA template attached to a mica surface [206]. Similarly to the previ-
ous study, the template was constructed from four different DX tiles using
a design closely to one described by Liu et al. [193], but one of the tiles
contained an extended ssDNA overhang (dA15) instead of a covalently linked
AuNP. Further, 6-nm AuNPs were functionalized with multiple strands of
3’-thiolated DNA (dT15) designed to hybridize to the complementary ss-
DNA overhangs on the DNA template, which allowed precise arrangement
of AuNPs in large micrometer-sized rows with a spacing of 63 nm between
adjacent rows. Kiehl and co-workers later extended this work, showing that
the same principle can be used to precisely arrange 5 and 10 nm AuNPs into
parallel, alternating rows with a spacing of 32 nm [207] (Figure 5.3a). By
coating the two types of AuNPs with different 3’-thiolated DNA strands, the
sequence selectivity of DNA was effectively exploited to position the AuNPs
with remote cross-contamination between the AuNP rows. Later, similar self-
assembled DX DNA-tile templates have been used to arrange streptavidin-
coated quantum dots into regular 2D arrays [208]. Yet another approach
has been presented by Ke et al. [209], where parallel chains of AuNPs and
parallel AuNP monolayers have been assembled on DNA crystals based on
the ssDNA tile strategy [210].

In addition to these works, AuNPs have been organized into periodic
square lattices on 4 × 4 cross tile based 2D DNA nanogrids [211, 212]. Adopt-
ing the previously described strategies of AuNPs functionalized with ssDNA
(dT15) that hybridize to complementary ”target” sequences (dA15) on the
DNA template and construction of 2D nanogrids [48, 213], Zhang et al. [211]
positioned 5 nm AuNPs into 2D square lattices in a controlled manner with
a center-to-center interparticle spacing of 38 nm. Carter and LaBean [212]
utilized a different strategy and arranged 5 nm AuNPs on the nanogrid in
which a high-affinity gold binding peptide was covalently conjugated to one of
the oligonucleotides used to construct the nanogrid tiles. This work clearly
demonstrated that peptide-directed assembly is viable alternative to thiol
chemistry in DNA-templated assembly of AuNPs.

Yan and colleagues demonstrated that well-defined periodic arrays of 5
nm AuNPs can be constructed also in a one-pot reaction by incorporating
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the AuNPs into the nanogrid lattice during its assembly [214] (Figure 5.3b).
In this strategy, an AuNP-bearing ssDNA sequence is first used as a build-
ing material for the construction of a single DNA tile, which is subsequently
assembled with other DNA tiles to form a lattice structure. The spacing
between adjacent AuNPs can be precisely controlled by altering the dimen-
sions of the DNA tile. A more complex, well-ordered pattern of AuNPs was
achieved by Seeman and co-workers by conjugating AuNPs to ssDNA used
in the assembly of two different three-dimensional double crossover (3D DX)
triangle motifs [215] (Figure 5.3c). Three different periodic 2D arrays of 5 nm
AuNPs, and 5 and 10 nm AuNPs were obtained by connecting the triangle
motifs by specific sticky end associations using the approach by Liu et al.
[53].

Schreiber et al. [202] demonstrated the feasibility of using DNA origami
structures in fabrication of 2D lattices with different symmetries using the al-
ready mentioned ”nanoflowers” in which the AuNPs are wrapped with DNA
origami bundles into flower-shaped structures (Figure 5.3d). ssDNA linkers
were selectively added to the outer ends of chosen bundles of these ”nanoflow-
ers”, which allowed the ”nanoflowers” to assemble into different 2D lattices
depending on the number of attachment sites and their position. Likewise,
Liu et al. [203] used the mentioned cross-shaped DNA origami tiles with
AuNP capturing strands in the middle to program the 2D arrangement of
AuNPs (Figure 5.3e). A large variety of well-defined planar architectures
and arrays were fabricated using a lock-and-key mechanism and with dif-
ferent combinations of these cross-shaped DNA origami tiles having ssDNA
connector sequences at one, two, three or all of the four arms. AuNPs have
also been controllably arranged onto 2D honeycomb lattices that have been
assembled from DNA origami hexagon tiles [75].

A different method for constructing higher-ordered lattice arrangement
of nanoparticles is to use DNA origami nanostructures as rigid linking ele-
ments that connect the nanoparticles with each other. Schreiber et al. [216]
used DNA origami nanotubes with attachment sites at the ends to assemble
metal nanoparticles and quantum dots into hierarchical nanoclusters with a
”planet-satellite”-type structure. They further demonstrated that the nan-
oclusters formed closed-packed lattices upon slow drying on solid faces, in-
dicating that the nanoclusters were uniform in size. Tian et al. [201] later
constructed an octahedral DNA origami frame with AuNP attachment sites
on the vertices, which allowed enhanced control over positioning the AuNPs
(Figure 5.3f). Utilizing this octahedral DNA origami structure as linking ele-
ment, ordered 2D arrays were assembled by attaching AuNPs only to specific
vertices of the octahedra as connecting sites.
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Figure 5.3: Two-dimensional nanoparticle arrays. a) A 2D DX DNA-tile
template was used to arrange 5 and 10 nm AuNPs into parallel, alternating
rows. b) Assembly of a 2D square array using AuNP-bearing DNA tiles. c)
AuNPs were incorporated into ”tensegrity triangles” used in the assembly of
2D arrays. d) AuNPs wrapped with DNA origami bundles formed different
lattices depending on the position of the ssDNA linkers. e) 2D square lattices
assembled using cross-shaped DNA origami tiles with AuNP attachment sites
in the middle. f) Octahedral DNA origami structures connected AuNPs into
2D square arrays. Reprinted from reference [21].

5.3.3 Three-dimensional arrays

The self-assembly of nanoparticles into predefined three-dimensional (3D)
lattices is a formidable challenge. However, the use of DNA origami frames
have emerged as a promising solution. DNA origami frames are rigid and
have well-defined geometries. ssDNA strands extending from the structures
provide essential connecting points for nanoparticles needed for the crystal
growth. The research group of Gang constructed different 3D AuNP super-
lattices using a tetrahedron-shaped DNA origami frame with AuNP attach-
ment sites at the vertices and inside the tetrahedron [217] (Figure 5.4a). If
the AuNPs, with a core diameter of 14.5 nm, were attached only to the con-
necting sites at the four vertices, an ordered open face-centered cubic (fcc)
lattice was obtained whereas AuNPs placed inside the tetrahedron results
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in a cubic diamond lattice formation. Further, an interchange to smaller
AuNPs (core diameter of 8.7 nm) at the connection sites or both at the
connection sites and inside the structure resulted in a zinc blende respective
”wandering” zinc blende type of lattice. In a subsequent study the same
group constructed a variety of 3D AuNP superlattices using different poly-
hedron DNA origami frames with AuNP connecting sites at their vertices
[218] (Figure 5.4b). A fcc lattice was obtained when an octahedral DNA
origami frame and ssDNA-coated AuNPs (core diameter of 10 nm) were em-
ployed. Accordingly, a simple cubic lattice was obtained from a cubic DNA
origami frame, a body-centered tetragonal (bct) lattice from an elongated
square bipyramidic DNA origami frame, and a simple hexagonal (sh) lat-
tice from a prism-shaped DNA origami frame. Moreover, Zhang et al. [219]
demonstrated that a crystalline 3D rhombohedral lattice can be assembled
from DNA origami-based ”tensegrity triangles” in addition to a 3D rhombo-
hedral AuNP lattice obtained by a site-specific positioning of AuNPs on the
tensegrity triangles before lattice growth (Figure 5.4c).

Figure 5.4: Three-dimensional AuNP superlattices assembled using DNA
origami frames. a) Face-centered cubic (fcc) and diamond lattices obtained
from a tetrahedron-shaped DNA origami frame. b) Varous superlattices con-
structed using different polyhedron DNA origami frames. c) Rhombohedral
lattice constructed using DNA origami ”tensegrity triangles”. Reprinted
from reference [21].

Recently, Liu et al. [220] reported a construction of ordered 3D lattices of
AuNPs without rigid DNA origami frameworks. In this study, short 6-helix
bundle (6HB) DNA structures (21 nm in length) with ssDNA attachment
sites at both ends, were used to assemble ssDNA-coated AuNPs into dif-
ferent configurations depending on the effective size of the AuNPs. For a
small effective AuNP sizes and low stoichiometric ratios of 6HB DNA rods
to AuNPs, only disordered arrangements were formed. However, an unex-
pected transition from disorder to hexagonal close-packed (hcp) and further
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to face-centered cubic (fcc) lattices occured when the effective AuNP size
was gradually increased, and the 6HB rod to AuNP ratio was at least 5:1.

5.4 Electrostatic self-assembly of DNA and

AuNPs

As discussed in the previous sections, DNA molecules and DNA nanostruc-
tures have widely been used to direct the higher-ordered lattice arrangement
of AuNPs, but there is only a few studies reported taking advantage of the
electrostatic interactions between the DNA nanostructures and AuNPs dur-
ing the assembly process. This is rather suprising, since DNA molecules and
DNA nanostructures are polyanions that, at least in theory, readily should
form electrostatic self-assemblies with cationic AuNPs.

The first use of DNA molecules as templates for electrostatic self-assembly
of cationic AuNPs was reported by Kumar et al. [22]. By first capping the
gold nanoparticles with lysine they used the attractive electrostatic interac-
tions between the negatively charged phosphate backbone of the DNA double
helix and the positively charged gold nanoparticles to form linear and close-
packed lamellar structures. Warner et al. [23] also demonstrated that AuNPs
functionalized with a cationic ligand form close-packed structures with DNA.
Electrostatic self-assembly of the cationic AuNPs onto the DNA resulted in
linear, ribbon-like and branched AuNP assemblies that was readily visible by
TEM. Electrostatic self-assembly has also been used to construct linear 1D
chains of AuNPs on DNA molecule templates, but the control over the po-
sitioning of the AuNPs and the interparticle distances have often been quite
limited [221–224].

Different biological building blocks, e.g. cowpea chlorotic mottle virus
(CCMV) [156, 225] and ferritin [156] protein cages and tobacco mosaic virus
(TMV) rods [158], have successfully been used to guide the formation of
well-defined AuNP crystalline superlattice structures through electrostatic
self-assembly. Recently, Jiang et al. [226] also reported that well-ordered
1D and 2D peptide-DNA hybrid materials can be constructed by electro-
static self-assembly of positively charged collagen-mimetic peptides and DNA
origami nanosheets or bricks. These studies, taken together, demonstrate
great possibilities to use electrostatic self-assembly as an alternative to the
conventional techniques relying on the molecular recognition properties of
the DNA, when constructing nanoparticle superlattices with DNA origami
structures as templates.



Chapter 6

Materials and methods

In this thesis, the electrostatic self-assembly of negatively charged DNA
origami nanostructures and cationic gold nanoparticles (AuNPs) is studied in
order to establish a method based on electrostatic interactions in which DNA
origami nanoobjects can be used to direct the two- and three-dimensional
arrangement of AuNPs. This chapter presents the DNA origami nanostruc-
tures and AuNPs used in the study, as well as the methods used for their
preparation and characterization. The experimental approach used for the
electrostatic self-assembly of the DNA origami nanoobjects and AuNPs is dis-
cussed in detail, and the techniques used to characterize the self-assembled
DNA origami-AuNP complexes are presented.

6.1 DNA origami preparation and analysis

For this study, three different DNA origami nanostructures (6HB, 24HB and
60HB) were prepared. The fabrication process varied slightly between the
structures, but for all structures the same purification method and analysis
techniques were used.

6.1.1 Synthesis of DNA origami 6HB

The 6-helix bundle (6HB) DNA origami nanostructure is a tube with approx-
imately a length of 412 nm and a diameter of 6 nm (Figure 6.1). The DNA
origami design and folding conditions are with some adjustments adapted
from Bui et al. [130]. In the DNA origami 6HB design used in this study,
the extended staple strands in the original design have been replaced with
shorter staple strands of normal length. A complete list of all the 170 sta-
ple strands required for the DNA origami 6HB structure can be found in

38
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Appendix A.

6 nm
414 nm

Figure 6.1: CanDo-simulated shape and dimensions of the 6-helix bundle
(6HB).

The DNA origami 6HB was folded in 100 µl quantities in a one-pot re-
action by mixing a 7249 nucleotides long single-stranded scaffold derived
from bacteriophage M13mp18 (Tilibit Nanosystems) with ten times excess
of staple strands (Integrated DNA Technologies). The folding took place
in a buffer containing 1× TAE (40 mM tris(hydroxymethyl)aminomethane
(Tris), 1 mM ethylenediamine tetraacetic acid (EDTA), and acetic acid for
adjusting the pH to 8.0, purchased from VWR International) and 12.5 mM
magnesium chloride (MgCl2). The reagents and quantities used for the fold-
ing of the DNA origami 60HB are listed in Table 6.1. The origami folding
mixture was subjected to a thermal-annealing ramp (G-storm G1 Thermal
Cycler) that first cooled from 90 ◦C to 70 ◦C over the course of 13.2 minutes,
from 70 ◦C to 60 ◦C over 13.2 minutes and then slowly cooled from 60 ◦to
27 ◦C over 10 hours and 52 minutes. After the annealing, the origamis were
stored at 12 ◦C until the program was manually stopped. After the folding
process, the DNA origami nanostructures were refrigerated at 4 ◦C.

Table 6.1: Reagents used in the folding of the DNA origami 6HB. Final
concentration is the concentration of the reagents in the DNA origami folding
mixture.

Component Volume Concentration Final concentration
Scaffold, p7249 20 µl 100 nM 20 nM
Staples 40 µl 500 nM 200 nM
Folding buffer 40 µl 2.5× 1×

TAE buffer 2.5× 1×
MgCl2 31.25 mM 12.5 mM
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6.1.2 Synthesis of DNA origami 24HB

The 24-helix bundle (24HB) DNA origami nanostructure is a cylinder-formed
object with approximately a length of 100 nm and a diameter of 16 nm (Fig-
ure 6.2). The DNA origami design and folding conditions are with some small
adjustments adapted from Kuzyk et al. [124], and all of the 175 oligonu-
cleotide staple strands used for the DNA origami 24HB structure are listed
in the same reference.

16 nm 100 nm

Figure 6.2: CanDo-simulated shape and dimensions of the 24-helix bundle
(24HB).

Table 6.2: Reagents used in the folding of the DNA origami 24HB. Final
concentration is the concentration of the reagents in the DNA origami folding
mixture.

Component Volume Concentration Final concentration
Scaffold, p7560 10 µl 100 nM 10 nM
Staples 20 µl 500 nM 100 nM
Folding buffer 40 µl 2.5× 1×

TAE buffer 2.5× 1×
MgCl2 35 mM 14 mM

Distilled H2O 30 µl - -

The DNA origami 24HB was folded in 100 µl quantities in a one-pot
reaction by mixing a 7560 nucleotides long single-stranded scaffold derived
from bacteriophage M13mp18 (Tilibit Nanosystems) with ten times excess of
staple strands (Integrated DNA Technologies). The folding took place in a
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buffer containing 1× TAE (40 mM tris(hydroxymethyl)aminomethane (Tris),
1 mM ethylenediamine tetraacetic acid (EDTA), and acetic acid for adjusting
the pH to 8.0, purchased from VWR International) and 14 mM magnesium
chloride (MgCl2). The reagents and quantities used for the folding of the
DNA origami 24HB are listed in Table 6.2. The origami folding mixture was
subjected to a thermal-annealing ramp (G-storm G1 Thermal Cycler) that
first cooled from 65 ◦C to 60 ◦C over the course of 90 minutes and then slowly
cooled from 60 ◦C to 39 ◦C over 60 hours. After the annealing, the origamis
were stored at 12 ◦C until the program was manually stopped. After the
folding process, the DNA origami nanostructures were refrigerated at 4 ◦C.

6.1.3 Synthesis of DNA origami 60HB

The 60-helix bundle (60HB) DNA origami nanostructure is a rectangular
cuboid with dimensions of approximately 20 nm × 20 nm × 40 nm (Fig-
ure 6.3). The origami was prepared as earlier reported by Linko et al. [227]
and all of the 141 oligonucleotide staple strands used for the DNA origami
60HB structure are listed in the same reference.

20 nm

20 nm 40 nm

Figure 6.3: CanDo-simulated shape and dimensions of the 60-helix bundle
(60HB).

The DNA origami 60HB was folded in 100 µl quantities in a one-pot
reaction by mixing a 7249 nucleotides long single-stranded scaffold derived
from bacteriophage M13mp18 (Tilibit Nanosystems) with ten times excess
of staple strands (Integrated DNA Technologies). The folding took place
in a buffer containing 1× TAE (40 mM tris(hydroxymethyl)aminomethane
(Tris), 1 mM ethylenediamine tetraacetic acid (EDTA), and acetic acid for
adjusting the pH to 8.0, purchased from VWR International), 20 mM mag-
nesium chloride (MgCl2) and 5 mM sodium chloride (NaCl). The reagents
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and quantities used for the folding of the DNA origami 60HB are listed in
Table 6.3. The origami folding mixture was subjected to a thermal-annealing
ramp (G-storm G1 Thermal Cycler) that first cooled from 65 ◦C to 60 ◦C
over the course of 90 minutes and then slowly cooled from 60 ◦C to 39 ◦C over
60 hours. After the annealing, the origamis were stored at 12 ◦C until the
program was manually stopped. After the folding process, the DNA origami
nanostructures were refrigerated at 4 ◦C.

Table 6.3: Reagents used in the folding of the DNA origami 60HB. Final
concentration is the concentration of the reagents in the DNA origami folding
mixture.

Component Volume Concentration Final concentration
Scaffold, p7249 20 µl 100 nM 20 nM
Staples 40 µl 500 nM 200 nM
Folding buffer 40 µl 2.5× 1×
TAE buffer 2.5× 1×
NaCl 12.5 mM 5 mM
MgCl2 50 mM 20 mM

6.1.4 Purification of synthesized DNA origamis

A non-destructive PEG purification method adapted from the research group
of Dietz [110] was used to remove the excess amount of non-integrated staple
strands from the synthesized DNA origami structures. This technique uti-
lizes macromolecular crowding and the fact that high molecular weight DNA
origamis are sterically excluded from the hydrodynamic volume of polyethy-
lene glycol (PEG). When PEG is added as a crowding agent to the reaction
mixture after the DNA origami synthesis, the DNA origamis will precipitate
out of solution, but the excess staple strands will remain in solution.

200 µl of the DNA origami reaction mixture was diluted four-fold in 1×
folding buffer (FOB) to obtain a starting volume of 800 µl. The solution was
mixed 1:1 with precipitation buffer (15 % PEG 8000 (w/v), 1× TAE and 505
mM NaCl) and centrifuged at 14000 g for 30 minutes at room temperature
using an Eppendorf 5420 microcentrifuge. The supernatant was discarded
and the DNA origami precipitate was resuspended in 1× FOB. Depending
on the wanted concentration, the DNA origami precipitate was resuspended
to 0.12-1 times of the initial reaction volume. The PEG purified samples
were incubated overnight at room temperature before refrigerated at 4 ◦C.
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6.1.5 Analysing DNA origamis

The concentrations of the prepared DNA origami structures were estimated
using UV/Vis spectroscopy. The absorbance at a wavelength of 260 nm was
measured with a BioTek Eon Microplate spectrophotometer using a Take3TM

micro-volume plate and a sample size of 2 µl. When the absorbance at
a wavelength of 260 nm (A260) is known, the DNA origami concentration
(cDNA) can be calculated using Beer-Lambert law

A260 = ε260cDNAl, (6.1)

where ε260 is the approximated molar extinction coefficient and l is the path
length through the solution in centimetres (0.05 cm) [228]. The extinc-
tion coefficient is approximated by the number of hybridized respective non-
hybridized nucleotides in the DNA origami structure [229], and the extinc-
tion coefficient is estimated to 0.8×108 M−1cm−1 for the DNA origami 24HB
shape, 0.9×108 M−1cm−1 for the DNA origami 60HB shape and 1.0×108

M−1cm−1 for the DNA origami 6HB shape.
Agarose gel electrophoresis was used to qualitatively analyze the DNA

origami folding and confirm the removal of excess amount of non-integrated
staple strands. Gel electrophoresis is a widely used technique to separate
nucleic acid fragments by size. When an external electric field is applied,
the negatively charged DNA fragments will migrate through the agarose gel
matrix towards the anode with the same mobility, but since larger fragments
will be retarded by the pores in the gel matrix the fragments will be size
separated. Wilson. In this case, the gel electrophoresis will separate the
correctly folded DNA origami structures with lower electrophoretic mobility
from the staple strands. Ethidium bromide (EtBr) was used as a fluores-
cent tag during the gel electrophoresis. EtBr binds to DNA by intercalating
between stacked base pairs and fluoresces with an intense orange-red color
when exposed to ultraviolet (UV) light [228].

For the agarose gel electrophoresis, a 2 % (w/v) agarose gel was made by
dissolving 2 g of agarose (Bioline) in 90 ml of 1× TAE buffer and 10 ml of
110 mM MgCl2 solution. The gel was stained with 80 µl of EtBr solution
(0.58 mg/l). The samples were prepared by mixing 10 µl of DNA origami
solution with 2 µl of 6× Gel Loading Dye Blue (New England Biolabs), and
the whole sample of 12 µl was loaded into the gel well. The M13mp18 scaffold
strand was used as reference sample after first diluted 2:3 in 1× FOB. The
gel electrophoresis was performed in an ice bath at a constant voltage of 95 V
for 40 minutes using a BioRad PowerPacTM Basic. 1× TAE buffer containing
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11 mM MgCl2 was used as running buffer. The gel was visualized under UV
light using a BioRad Gel Doc Ez Imager.

Additionally, the folded and purified DNA origami nanostructures were
imaged using transmission electron microscopy (TEM) to verify that they
were correctly folded. The TEM images were obtained using a FEI Tecnai
12 Bio-Twin instrument operated at an acceleration voltage of 120 kV. The
samples were prepared on plasma cleaned (30 seconds oxygen plasma flash)
Formvar carbon coated copper grids (Electron Microscopy Science) mainly
following the protocol described earlier by Castro et al. [62]. 3 µl of DNA
origami solution was applied onto the carbon-coated side of the TEM grid and
excess sample solution was blotted away with filter paper after an incubation
of 2 minutes. The samples were further negatively stained using a 2 % uranyl
formate stain solution containing 25 mM sodium hydroxide (NaOH). First,
the sample-side of the grid was immersed into a 5 µl stain solution droplet.
The stain was blotted away with filter paper immediately and the sample-
side of the grid was immersed into another droplet of 20 µl of stain solution.
Excess stain solution was blotted away with filter paper after 45 seconds.
After these procedures, the samples were left to dry under ambient conditions
for at least one hour before imaging.

6.2 Cationic gold nanoparticles

In this study, the electrostatic self-assembly of DNA origami nanostructures
and cationic gold nanoparticles (AuNPs) is studied. In order to demonstrate
the importance of size complementarity between the AuNP and the DNA
origami structure, AuNPs of three different sizes are used, all with a nar-
row size distribution. The larger two AuNPs were synthesized as previously
described by Hassinen et al. [225] and Liljeström et al. [158] and had an
average core diameter (Dcore) of 10.9 nm respective 12.4 nm. These AuNPs
were functionalized with a covalently linked (11-mercaptoundecyl)-N,N,N -
trimethylammonium bromide (MUTAB) ligand, which due to the quaternary
ammonium group gives the AuNPs a cationic surface over a wide pH range
(Figure 6.4a). The small AuNP with an average core diameter of 2.5 nm
was on the other hand synthesized as previously described by Kostiainen et
al. [156] taking advantage of the biphasic Brust-Schiffrin method [230]. This
AuNP is not functionalized with a MUTAB ligand, but with an other lig-
and (for structure see Figure 6.4b) also containing a quarternary ammonium
group.
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a)

b)

Figure 6.4: Schematic of the gold nanoparticles used in the study including
the chemical structure of the cationic ligand. a) The larger two AuNPs (Dcore

= 10.9 nm and Dcore = 12.4 nm). b) The small AuNP (Dcore = 2.5 nm).

6.2.1 Characterization

The hydrodynamic diameter, DH, of the AuNPs was determined by dynamic
light scattering (DLS) using a Zetasizer Nano ZS (Malvern Instruments Ltd)
equipped with a He-Ne ion laser at a wavelength of 633 nm. The measure-
ments were carried out at 25 ◦C and the scattered light was detected at an
angle of 173◦ (backscattering) with laser attenuation and measurement po-
sition adjusted automatically by the Malvern software. The hydrodynamic
diameter was determined from the volume-based particle size distribution,
and a refractive index of 0.18 and an absorption index of 3.4 were used for
the distribution estimation [225]. The measurements were done in disposable
BrandR© micro UV-cuvettes, and each sample consisted of 100 µl of neutral
aqueous AuNP solution (2-17 x 1012 AuNPs/ml). Three measurements of 10
runs with 5 s duration was performed for each sample, and the hydrodynamic
diameter was obtained as the average of at least three samples with different
concentrations.



CHAPTER 6. MATERIALS AND METHODS 46

For the larger two AuNPs, the colloidal stability of the AuNPs in solutions
of different ionic strength was studied using UV/Vis spectroscopy. AuNPs
with a diameter of 10-15 nm typically have an absorption peak in the region of
520 nm due to the surface plasmon resonance and a strong absorption of green
light [164–170]. When the AuNPs aggregate, their oscillating electric fields
starts to interact with each other and the surface plasmons of the AuNPs will
be coupled. As a result there will be a significant shift to longer wavelengths
and a broadening of the surface plasmon band. [169, 170, 231] Depending
on AuNP size and concentration as well as the degree of aggregation this
can also be seen with the naked eye as a color change from the distinctive
ruby red for colloidal gold to blue-grey [182, 231]. Due to this change in the
surface plasmon band, the colloidal stability of the AuNPs can be determined
as a function of ionic strength by the aggregation index A800nm/A522nm, where
A800nm and A522nm are the absorbances at a wavelength of 800 nm respective
522 nm measured by UV/Vis spectroscopy.

The UV/Vis absorption spectra were recorded at 2 nm intervals in the
wavelength range of 400 nm to 850 nm using a BioTek Cytation 3 microplate
reader. The measurements were done at 37 ◦C from 96-well polystyrene
microplates without a lid (Thermo ScientificTM NuncTM MicroWellTM), and
a sample size of 70 µl was used. For the measurements a series of samples
with different NaCl concentration was prepared, but the AuNP concentration
was kept constant at 6 nM for all samples.

6.3 Electrostatic self-assembly of DNA

origami and gold nanoparticles

To better understand the formation of DNA origami-AuNP complexes
through electrostatic self-assembly, different combinations of DNA origami
structures and AuNPs were studied. The following combinations of DNA
origami structures and AuNPs have been investigated within this study:

• DNA origami 6HB + small AuNP (Dcore = 2.5 nm)

• DNA origami 6HB + middle-sized AuNP (Dcore = 10.9 nm)

• DNA origami 6HB + large AuNP (Dcore = 12.4 nm)

• DNA origami 24HB + small AuNP (Dcore = 2.5 nm)

• DNA origami 24HB + middle-sized AuNP (Dcore= 2.5 nm)

• DNA origami 60HB + large AuNP (Dcore = 12.4 nm)
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In addition, the effect of the stoichiometric ratio between the AuNPs
and the DNA origami structures was studied. The electrostatic binding of
the cationic AuNPs to the negatively charged DNA origami structures was
first studied with electrophoretic mobility shift assay (combinations with the
smallest AuNP) or UV/Vis spectroscopy (combinations with the larger two
AuNPs) in order to find a limited range of possible fruitful AuNP to DNA
origami ratios. When this range was found, DNA origami-AuNP assemblies
were formed during dialysis, and characterized using small-angle X-ray scat-
tering (SAXS) and transmission electron microscopy (TEM). SAXS was also
used to determine the optimal stoichiometric ratio between the AuNPs and
the DNA origami structures.

6.3.1 Electrophoretic mobility shift assay

For the the smallest AuNPs (Dcore = 2.5 nm), agarose gel electrophoretic mo-
bility shift assay (EMSA) was used to study the electrostatic binding of the
cationic AuNPs to the negatively charged DNA origami structures. EMSA
is usually used to study protein binding to a specific DNA sequence, but the
same technique can also be used to identify efficient binding of the AuNPs to
the DNA origami structures. As the AuNPs bind to the DNA origami struc-
tures and assemblies are formed, the DNA origami structures will be located
in the assemblies rather than as free DNA origami structures in the solution,
which will affect their electrophoretic mobility. The assemblies have larger
size and a different charge compared to the individual DNA origamis, and a
decrease in the electrophoretic mobility could therefore indicate a successful
binding of the AuNPs to the DNA origami structures.

For the EMSA, a 2 % (w/v) agarose gel was prepared, electrophoresed
and visualized under UV light as earlier described in Section 6.1.5. In the
samples for the EMSA, the DNA origami concentration was kept constant
at 6.3 nM, but the AuNP concentration varied between the samples. After
mixing the DNA origami solution with AuNP solution and distilled H2O,
the samples were incubated for 20 minutes at room temperature to allow
the formation of complexes. 3 µl of Gel Loading Dye Blue (New England
Biolabs) was then added to the samples (volume of 15 µl), and the whole
sample of 18 µl was loaded into the gel well.

6.3.2 Aggregation of DNA origami and AuNP

For the larger two AuNPs, the electrostatic binding of the cationic AuNPs to
the negatively charged DNA origami nanostructures was studied in solutions
of different ionic strength using UV/Vis spectroscopy. When the AuNPs
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bind to the DNA origami structures, their surface plasmons will be coupled
in a manner similar to when the AuNPs aggregate with each other at high
ionic strength. The changes in the surface plasmon band and in the colloidal
stability of the AuNPs when also DNA origami structures are present in the
solution could therefore give some indications of the electrostatic binding of
the AuNPs to the DNA origami structures.

The UV/Vis absorption sepctra were also in this case recorded at 2 nm
intervals in the wavelength range of 400 nm to 850 nm using a BioTek Cy-
tation 3 microplate reader. The measurements were done at 37 ◦C from
96-well polystyrene microplates without a lid (Thermo ScientificTM NuncTM

MicroWellTM), and a sample size of 70 µl was used. For the measurements a
series of samples with different NaCl and DNA origami concentrations was
prepared, but the AuNP concentration was kept constant at 6 nM for all
samples. The colloidal stability of the AuNPs was determined as a func-
tion of ionic strength by the aggregation index A800nm/A522nm, where A800nm

and A522nm is the absorbance at a wavelength of 800 nm respective 522 nm
measured by UV/Vis spectroscopy.

6.3.3 Formation of DNA origami-AuNP assemblies

As already discussed in Section 4.2, oppositely charged components readily
form kinetically trapped configurations when mixed together at low ionic
strengths. The DNA origami nanostructures and the AuNPs are therefore
mixed together at such a high ionic strength (cNaCl = 500-750 mM depending
on the size of the AuNP), where the electrostatic interaction between the
different charged components are efficiently screened and the AuNPs to some
extent aggregated with each other. Then, by slowly dialysing the mixture
against decreasing ionic strength, the electrostatic attraction between the
AuNPs and the DNA origami structures can be tuned, and ordered assemblies
can be formed. (Figure 6.5) A similar approach have previously been used to
construct well-ordered superlattice structures of TMV nanorods and AuNPs
[158].

The DNA origami-AuNP assemblies were formed during dialysis with
floating dialysis cups (Slide-A-Lyzer R© MINI Dialysis Units, 3500 MVCO,
Thermo Scientific) that floated on the dialysate during continuous stirring.
The dialysate consisted of 5 mM MgCl2 and a specific NaCl concentration
(cNaCl). Depending on the size of the AuNP, the cNaCl was 500-750 mM in
the beginning of the dialysis and the cNaCl was decreased by 50 mM every
30 minutes until a final cNaCl = 0 mM was reached. The dialysate was
then changed one more time (to cNaCl = 0 mM and cMgCl2 = 5 mM) and
the dialysis was continued for two hours. The DNA origami solution and
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Figure 6.5: The DNA origami-AuNP assemblies were formed during dialysis
against decreasing ionic strength. Reprinted from [161].

the AuNP solution were mixed, and the NaCl concentration of the mixture
adjusted to the initial cNaCl of the dialysate before placed into the dialysis
cup.

6.4 Characterization of self-assembled struc-

tures

The DNA origami-AuNP complexes formed through electrostatic self-
assembly were characterized using small-angle X-ray scattering, transmission
electron microscopy and cryogenic electron tomography as described below.

6.4.1 Small-angle X-ray scattering

The formed DNA origami-AuNP assemblies were studied with small-angle
X-ray scattering (SAXS) in order to gain information about their structural
geometries. SAXS is a noninvasive and reliable technique to decide whether
a sample is crystalline or amorphous, but also to determine the geometry of
the crystal structure. In a crystal structure the building blocks have a well-
ordered arrangement, and each crystal plane in this arrangement will reflect
incident X-rays differently. By studying the reflection of the incident X-
rays from different crystal orientations, the crystal structure and the lattice
constant(s) can be determined. During SAXS measurements, the sample
is irradiated with monochromated X-rays, and the intensity of the X-rays
scattered by the sample are measured by the detector as a 2D interference
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pattern. This scattering pattern is usually presented as the magnitude of the
scattering vector, q,

q =
4πsinθ

λ
, (6.2)

where 2θ is the scattering angle and λ the wavelength of the radiation. [232]
For the SAXS measurements, 10 µl of the aqueous sample from the dial-

ysis was placed in a metal ring and tightly sealed by Kapton tape on both
sides, resulting in a sample with a liquid thickness of approximately 0.9 mm.
To reduce background scattering from air, vacuum was applied in the sample
environment. The measurements were carried out using a Bruker Microstar
microfocus rotating anode X-ray source (Cu Kα radiation, λ = 1.54 Å). The
X-ray beam was monochromated and focused by a Montel multilayer focus-
ing monochromator (Incotec). The beam was further collimated with four
sets of collimation slits (JJ X-ray) resulting in a final spot size of approx-
imately 1 mm in diameter at the sample position. The scattered intensity
was collected using a Hi-Star 2D area detector (Bruker). Depending on the
sample, the sample-to-detector distance was 0.59 m and/or 1.59 m, and a
silver behenate standard sample was used for the calibration of the length
of the scattering vector q. One-dimensional SAXS data were obtained by
azimuthally averaging the 2D scattering data.

6.4.2 Transmission electron microscopy and cryogenic
electron tomography

The DNA origami-AuNP assemblies were imaged using both conventional
transmission electron microscopy (TEM) and cryogenic transmission elec-
tron microscopy (cryo-TEM) in order to gain additional information about
the structure and composition of the DNA origami-AuNP complexes. Fur-
ther, cryogenic electron tomography (cryo-ET) reconstruction was used to
visualize DNA origami-AuNP assemblies from different orientations.

The conventional TEM images were obtained using a FEI Tecnai 12 Bio-
Twin instrument operated at an acceleration voltage of 120 kV. The samples
were prepared by applying 3 µl of sample solution on plasma cleaned (30
seconds oxygen plasma flash) Formvar carbon coated copper grids (Electron
Microscopy Science). The samples were incubated for 2.5 minutes before
excess sample solution was blotted away with filter paper. The samples were
left to dry under ambient conditions for at least one hour before imagning.

The cryo-TEM images were obtained using a JEM 3200FSC field emission
cryo-TEM (JEOL) operated at 300 kV in bright field mode with an Omega-
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type Zero-loss energy filter. The images were acquired with Gatan Digital
Micrograph software while the specimen temperature was maintained at -187
◦C. The cryo-TEM samples were prepared by applying 3 µl of sample solution
(diluted 1:5 or 1:10 in distilled water) on plasma cleaned (30 seconds oxygen
plasma flash) 300-mesh copper grids with lacey carbon support film and
plunge freezed in 1:1 liquid propane/ethane mixture using vitrobot with 2.5
s blotting time under 55 % humidity.

Tilt series for the cryo-ET reconstruction were obtained using above men-
tioned sample preparation techniques for cryo-TEM and the JEM 3200FSC
field emission cryo-TEM (JEOL) under above mentioned conditions. The
tilt series between ±69◦ angles with 2-3◦ increment steps were acquired with
the SerialEM-software package [233]. Prealignment, fine alignment and the
cropping of the tilt series was executed with IMOD [234]. The images were
binned 2-4 times to reduce noise and computation time. Maximum entropy
method (MEM) reconstruction scheme was carried out with custom made
program on Mac or Linux cluster with regularization parameter value of λ =
0.001 [235].
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Results and discussion

This chapter outline the main results obtained within the scope of this thesis.

7.1 DNA origami folding

Agarose gel electrophoresis and transmission electron microscopy (TEM)
were used to verify the correct folding of all three DNA origami structures.
Furthermore, the removal of excess amount of non-integrated staple strands
by the PEG-purification method was confirmed with agarose gel electrophore-
sis. Both agarose gel electrophoresis and TEM indicated a correct folding
and effecient PEG-purification of all three structures, as can be seen in Fig-
ure 7.1-7.3.

In the gel electrophoresis, the electrophoretic mobility of the folded DNA
origami structure is compared to the electrophoretic mobility of the scaffold
strand. The agarose gel electrophoresis images show that the folded DNA
origami (middle and right lane) in moves faster in the gel than the scaffold
strand (left lane), which indicates that the DNA origami structure has been
successfully folded. The DNA origami structure is compared to the scaffold
more compact and have therefore a higher electrophoretic mobility. The
bright area at the bottom of the gel lane for unpurified DNA origami (middle
lane) is excess staple strands. They are smaller in size than the DNA origami
structure and have thus a higher electrophoretic mobility. This bright area
disappears in the gel lane for PEG-purified DNA origami (right lane), which
demonstrates that the excess staple strands have been successfully removed.
The gel lanes for the DNA origami 24HB structure (Figure 7.2, middle and
right lane) have additional bands above the leading band for the single DNA
origami structure, which indicates that these DNA origami nanostructures
easily interact with each other and form dimers and trimers.

52
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Figure 7.1: a) Agarose gel electrophoresis of the DNA origami 6HB structure
before and after PEG-purification. The 7249 bp long single-stranded scaffold
was used as reference sample. b) TEM image of the DNA origami 6HB
structure (negatively stained with uranyl formate).
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Figure 7.2: Agarose gel electrophoresis of the DNA origami 24HB structure
before and after PEG-purification. The 7560 bp long single-stranded scaffold
was used as reference sample. b) TEM image of the DNA origami 24HB
structure (negatively stained with uranyl formate).
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Figure 7.3: Agarose gel electrophoresis of the DNA origami 60HB structure
before and after PEG-purification. The 7249 bp long single-stranded scaffold
was used as reference sample. b) TEM image of the DNA origami 60HB
structure (negatively stained with uranyl formate).

7.2 Properties of cationic gold nanoparticles

Dynamic light scattering (DLS) was used to study and characterize the
cationic gold nanoparticles before the electrostatic self-assembly with the
DNA origami nanostructures. The hydrodynamic diameter, DH, was de-
termined from the volume-based particle size distribution as an average of
multiple measurements. A DH of 8.5 nm was obtained for the AuNPs with a
core diameter, Dcore, of 2.5 nm, a DH of 14.7 nm for the AuNPs with a Dcore

of 10.9 nm, and a DH of 15.8 nm for the AuNPs with a Dcore of 12.4 nm. In
additions, the DLS measurements indicated that the AuNPs had a narrow
size distribution and that there was nearly no aggregation of the AuNPs.

The small AuNPs (Dcore = 2.5 nm) will not aggregate in the presence of
NaCl, but for the larger two AuNPs the colloidal stability in a wide range
of ionic strength was studied. The large AuNPs (Dcore = 12.4 nm) were ob-
served to aggregate at a ionic strength, cNaCl, of about 500 mM (Figure 7.4a),
whereas the middle-sized AuNPs (Dcore = 10.9 nm) aggregated at a cNaCl ≈
750 mM (Figure 7.4b). The aggregation is reversible, and the AuNPs will
detach from each other if the ionic strength is decreased. Similar behaviour
have been demonstrated also before for like-charged AuNPs [158, 236].
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a) b)

Figure 7.4: Colloidal stability of the AuNPs measured by UV/Vis spec-
troscopy. The colloidal stability is determined as a function of the ionic
strength by the aggregation index, A800nm/A520nm. a) Large AuNPs (Dcore =
12.4 nm). b) Small AuNPs (Dcore = 10.9 nm.)

7.3 AuNP binding properties of DNA

origami nanostructures

The electrostatic binding of the cationic AuNPs to the negatively charged
DNA origami structures was studied with agarose gel electrophoretic mobility
shift assay (EMSA) or UV/Vis spectroscopy. For the small AuNPs (Dcore

= 2.5 nm), the absorption peak related to the localized surface plasmon
resonance can not be readily seen with UV/Vis spectroscopy, and EMSA was
therefore used as an alternative method for studing the binding affinity. A
change in the surface plasmon band and the colloidal stability of the AuNPs
can be an indication of a successful binding of the AuNPs to the DNA origami
structures, but, moreover, also a decrease in the electrophoretic mobility can
demonstrate that DNA origami-AuNP assemblies are formed. Furthermore,
the results obtained from the EMSA and UV/Vis spectroscopy measurements
formed together with dimension calculations the basis for the stoichiometric
ratios between the AuNPs and the DNA origami structures (nAuNP/norigami)
used in the study.

For the DNA origami 6HB structure, the EMSA clearly indicates that the
small AuNPs bind to the DNA origami structures and form large complexes
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with them (Figure 7.5). A nAuNP/norigami ∼ 200 is needed to completely
immobilize the DNA origami structures, but most of the DNA origami
structures are bound to the DNA origami-AuNP complexes already at
nAuNP/norigami ∼ 150. Theoretically, each DNA origami 6HB structure can
bind up to approximately 200 small AuNPs, and if well-ordered structures
are formed even less AuNPs are needed. As most of the DNA origami
structures are bound to the DNA origami-AuNP complexes already at
nAuNP/norigami ∼ 150, the same AuNP will most likely bind to multiple DNA
origami structures, which further supports that large complexes are formed.
The gel lanes for nAuNP/norigami ∼ 300 and nAuNP/norigami ∼ 350 have a
faint band in front of the gel well. These bands are most likely a result of a
partial detachment of the AuNPs from some of the DNA origami structures
when the loading dye is mixed with the sample or when the sample is loaded
into the gel well, which in turn alter the charge and the mobility of the
complexes.

300 350 4002502001501000 50

nAuNP/norigami

Figure 7.5: Agarose gel electrophoretic mobility shift assay (EMSA) of the
DNA origami 6HB structure mixed with increasing amount of small AuNPs
(Dcore = 2.5 nm). The DNA origami concentration was kept constant at
6.3 nM. The EMSA indicates that the AuNPs bind to the DNA origami
structures and form large complexes with them at a stoichiometric ratio
nAuNP/norigami of 200 or higher.

For the DNA origami 24HB structure, however, the EMSA indicates that
the small AuNPs do not even at high concentrations form large complexes
with the DNA origami structures (Figure 7.6). Theoretically, each DNA
origami 24HB structure can bind up to approximately 50 small AuNPs.
Therefore, if large DNA origami-AuNP assemblies are formed, a shift in the
electrophoretic mobility or at least a weakening of the leading band readily
should be seen at nAuNP/norigami ∼ 120. The intensity of the leading band is
though not remarkably changing over time. This indicates that the AuNPs
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only form loose complexes with the DNA origami structures, which does not
affect the charge and mobility of the DNA origami structures.

1201089642 48 60 72 84363024120

nAuNP/norigami

Figure 7.6: Agarose gel EMSA of the DNA origami 24HB structure mixed
with increasing amount of small AuNPs (Dcore = 2.5 nm). The DNA origami
concentration was kept constant at 6.3 nM. The EMSA indicates that the
AuNPs do not form large complexes with the DNA origami structures as
there is no clear shift in the electrophoretic mobility.

a) b)

Figure 7.7: Colloidal stability of the AuNPs when also DNA origami struc-
tures are present in the solution. The colloidal stability is measured by
UV/Vis spectroscopy and determined as a function of the ionic strength by
the aggregation index, A800nm/A520nm. The AuNP concentration is kept con-
stant (cAuNP = 6 nM), but the DNA origami concentration varied between
the series and is given as the AuNP to DNA origami ratio (nAuNP/norigami)
in the legend. a) DNA origami 6HB and large AuNPs (Dcore = 12.4 nm) b)
DNA origami 24HB and large AuNPs (Dcore = 12.4 nm).
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The UV/Vis spectroscopy measurements done for the middle-sized (Dcore

= 10.9 nm) and large (Dcore = 12.4 nm) AuNPs suggest that the AuNPs
and the DNA origami structure interact with each other and form some
kind of complexes. (Figure 7.7 and Appendix B). If DNA origami struc-
tures are present in the solution, the aggregation index is generally high
already at low NaCl concentrations indicating that the AuNPs bind to the
DNA origami structures. For the large AuNPs and the DNA origami 6HB
structure (Figure 7.7a), the change in the colloidal stability suggest that
nAuNP/norigami ∼ 21 would be optimal for formation of DNA origami-AuNP
complexes, whereas a nAuNP/norigami ∼ 7 would be necessary for formation of
DNA origami-AuNP complexes with middle-sized AuNPs and DNA origami
24HB structures (Figure 7.7). Provided that the AuNPs can bind to four
DNA origami structures each, these results are in quite good agreement
with the theoretical values (26 respective 6). For the other AuNP and
DNA origami structure combinations, it is though difficult to predict suitable
nAuNP/norigami from the obtained results.

7.4 Characterization of formed assemblies

To better understand the formation of DNA-origami complexes through elec-
trostatic self-assembly, different combinations of DNA origami structures and
AuNPs were studied. In additon, the effect of the stoichiometric ratio be-
tween the AuNPs and the DNA origami structures was investigated. The
DNA origami-AuNP assemblies were formed during dialysis against decreas-
ing ionic strength, and all studied combinations yielded assemblies that were
visible as a dark precipitate in the bottom of the dialysis cup. The formed
assemblies were characterized using small-angle X-ray scattering (SAXS) and
transmission electron microscopy (TEM).

Out of all studied combinations of DNA origami structures and AuNPs,
well-ordered superlattice structures were formed for only one combination,
DNA origami 6HB and small AuNP (Dcore = 2.5 nm). Both the SAXS
data (Figure 7.8) and the TEM images (Figure 7.9) suggest that highly or-
dered superlattice structures are formed for this combination. Further, clear
diffraction peaks can be found for a wide range of stoichiometric ratios be-
tween the AuNPs and the DNA origami 6HB structures (nAuNP/norigami),
which indicates that ordered structures are likely to be formed regardless of
the nAuNP/norigami. The best resolved diffraction peaks were observed for the
sample with nAuNP/norigami ∼ 150, whereas the diffraction peaks were less ev-
ident with increasing/decreasing nAuNP/norigami. The optimal nAuNP/norigami

∼ 150 is also in excellent agreement with the obtained EMSA results (Fig-
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ure 7.5).
A similar self-assembly behavior with clear diffraction peaks for a wide

range of stoichiometric ratios has been reported earlier for tobacco mosaic
virus (TMV) nanorods and AuNPs [158]. It was in this study proposed that
the superlattice formation is cooperative self-assembly process in which the
nucleation of the superlattice occurs when the TMV rods are cross-linked by
AuNPs. As it will be energetically more favorable for the AuNPs to be in
the cross-linked assemblies, bundles of AuNPs and TMV rods, forming large
superlattice structures, will be present already at low nAuNP/norigami. In ad-
dition to the SAXS data, TEM images at different nAuNP/norigami (Figure 7.9,
additional images in Appendix C) support that this superlattice formation
mechanism apply also for the formation of AuNP-DNA origami 6HB super-
lattices. For samples with excess amounts of DNA origami structures (Fig-
ure 7.9a), ordered AuNP-DNA origami 6HB structures were formed, but each
intersitial channel between the DNA origami 6HB structure contained only
a few AuNPs. At optimal nAuNP/norigami, large close-packed superlattices of
AuNPs and DNA origami 6HB structures were formed, and no free AuNPs
or DNA origami 6HB structures were observed (Figure 7.9b). Moreover, also
for samples with excess amounts of AuNPs (Figure 7.9c), well-ordered su-
perlattice structures were formed, but unbound AuNPs were present in the
sample.

a) b)

Figure 7.8: SAXS data measured from samples having different stoichiomet-
ric ratios between small AuNPs (Dcore = 2.5 nm) and DNA origami 6HB
structures (nAuNP/norigami). a) SAXS data measured at sample-to-detector
distance of a) 1.59 m and b) 0.59 m.
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a) nAuNP/norigami ~ 100 c) nAuNP/norigami ~ 300b) nAuNP/norigami ~ 150

Figure 7.9: Electrostatic self-assembly of DNA origami 6HB structure and
small AuNPs (Dcore = 2.5 nm) yielded well-ordered superlattice structures.
a) Conventional TEM image of a sample with excess amounts of DNA origami
structures. b) Cryo-TEM image of a sample with optimal stoichiometric ratio
between AuNPs and DNA origami structures. c) Conventional TEM image
of a sample with excess amounts of AuNPs.

The DNA origami 6HB structure combined with small AuNPs yielded
highly ordered superlattice structures, but combined with large AuNPs (Dcore

= 12.4 nm) only amorphous aggregates with short range order were formed
(Figure 7.10a and Figure 7.11a). Further, small AuNPs combined with the
DNA origami 24HB structure with significant different dimensions, gave also
only amorphous aggregates (Figure 7.10b and Figure 7.11b-c). Similar amor-
phous aggregates were obtained also for all the other studied DNA origami
and AuNP combinations: DNA origami 6HB and middle-sized (Dcore = 10.9
nm) AuNPs, DNA origami 24HB and middle-sized AuNPs, and DNA origami
60HB and large AuNPs (See Appendix D - F for SAXS data and TEM
images). Taken together, these results provide strong evidence of the im-
portance of shape and charge complementarity between the building blocks
for well-ordered structures to be formed through electrostatic self-assembly.
Taking only dimensions into account, the DNA origami 6HB structure should
form well-ordered structures with all the three sizes of AuNPs. The DNA
origami 6HB structures are though rather flexible, and when combined with
large, highly cationic AuNPs, they will most likely wrap around the AuNPs
instead of forming well-ordered close-packed superlattices with them. The
attraction to the cationic surface of the AuNPs will be so high that the
flexible DNA origami 6HB structure will start to bend, which will preclude
the formation of ordered structures. For the DNA origami 24HB structure,
the short length (100 nm) is most likely the reason to why only amorphous
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aggregates were formed. The dimension of its cross-section should be ideal
for construction of ordered superlattices with all three AuNP sizes, but its
short length compared to the AuNP dimensions is problematic. The DNA
origami 24HB structure is not long enough to direct the growth of an ordered
superlattice structure, and the next DNA origami to be cross-linked to the
DNA origami 24HB-AuNP-complex can take more or less any orientation.
The DNA origami 60HB structure was assembled with large AuNPs, which
yielded only large amorphous aggregates. This was to some extent expected,
since there is no kind of shape complementarity between the two building
blocks. Further, the dimensions of the DNA origami 60HB structure are al-
most the same in all directions, allowing the DNA origami 60HB to bind to
the DNA origami 60HB-AuNP complexes in any orientation.

a) b)

Figure 7.10: SAXS data measured from samples having different stoichio-
metric ratios between AuNPs and DNA origami structures (nAuNP/norigami).
a) DNA origami 6HB structure and large AuNPs (Dcore = 12.4 nm). b) DNA
origami 24HB structure and small AuNPs (Dcore = 2.5 nm).

7.5 Structure determination of formed as-

semblies

The DNA origami 6HB structure combined with small AuNPs (Dcore =
2.5 nm) yielded highly ordered superlattice structures with an optimal
stoichiometric ratio between AuNPs and DNA origami 6HB structures
(nAuNP/norigami) of 150. Additional analysis of the SAXS data for
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a) nAuNP/norigami ~ 28 c) nAuNP/norigami ~ 60b) nAuNP/norigami ~ 12

Figure 7.11: Electrostatic self-assembly of most of the combinations of DNA
origami structures and AuNPs yielded amorphous aggregates with only short
range order. a) Conventional TEM image of a sample containing DNA
origami 6HB structures and large AuNPs (Dcore = 12.4 nm). b)-c) Conven-
tional TEM images of a sample containing DNA origami 24HB structures
and small AuNPs (Dcore = 2.5 nm).

nAuNP/norigami ∼ 150 was therefore done to determine the hierarchical
structure of the formed assemblies (Figure 7.12a). The structure factor,
S(q), was obtained by dividing the scattering intensity I(q) by the I(q) mea-
sured from AuNPs in solution using the local monodisperse approximation
[238], whereas the theoretical S(q) was calculated using PowderCell [237].
Unexpectedly, the peak positions of the structure factor, S(q), corresponds
to Bragg reflections from a 3D tetragonal crystal system (space group
p4mm, number 99) with lattice constants a = 9.25 nm and c = 12.5 nm.
The heights and peak positions of the experimental data is also in excellent
agreement with calculated theoretical SAXS data for a 3D tetragonal
crystal system with similar dimensions. In addition, the quadratic Miller
indices of assigned reflections plotted as a function of the measured q-vaules
demonstrate that a 3D tetragonal crystal structure is consistent with the
experimental data.

Further, to confirm the SAXS data analysis and to visualize the superlat-
tice structures from different orientations, cryo-TEM imaging and cryogenic
electron tomography (cryo-ET) reconstruction were carried out. Both the
cryo-TEM images (Figure 7.13) and the cryo-ET 3D reconstructions (data
not shown) also clearly demonstrated that a 3D crystal structure was formed.
The constant interparticle distance along the DNA origami 6HB structure
and the 3D crystalline arrangement of the AuNPs were rather unexpected.
The earlier reported superlattice structure of AuNPs and TMV rods, also
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b)a)

Figure 7.12: Structure determination of formed DNA origami 6HB-AuNP
(Dcore = 2.5 nm) assemblies. a) Measured calculated structure factor S(q)
for nAuNP/norigami ∼ 150. a = 9.25 nm and c = 12.5 nm are assumed in
the theoretical S(q) calculated using PowderCell [237]. b) Quadratic Miller
indices of assigned reflections plotted as a function of measured q-values.

a) c) b) 

Figure 7.13: Electrostatic self-assembly of DNA origami 6HB structure and
small AuNPs (Dcore = 2.5 nm) yielded well-ordered superlattice structures.
a) Cryo-TEM image of a dialysed sample at nAuNP/norigami ∼ 150. b)-c)
Cryo-TEM image of samples mixed togehter at nAuNP/norigami ∼ 150 without
dialysis.

formed through electrostatic self-assembly, had a 2D square lattice or 2D
hexagonal lattice structure without any ordering of AuNPs along the TMV
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structure [158]. The relative dimensions of the DNA origami 6HB and small
AuNPs are quite similar, and a 2D lattice structure was therefore expected
also for this combination.



Chapter 8

Conclusions and future perspec-
tives

The results presented in this thesis demonstrate that a self-assembly method
based on electrostatic interactions can be used to construct higher-ordered
structures of gold nanoparticles (AuNPs) in a controlled and programmable
manner. Electrostatic self-assembly of DNA origami 6HB nanostructures and
small AuNPs (Dcore = 2.5 nm, DH = 8.5 nm) yielded highly ordered superlat-
tice structures with a 3D tetragonal lattice structure, characterized by SAXS
and TEM. The other studied combinations of DNA origami structures and
AuNPs resulted in amorphous aggregates with only short range order, which
suggest that both shape and charge complementarity between the building
blocks are needed for well-ordered structures to be formed through electro-
static self-assembly.

The advances in the field of nanotechnology have given rise to a diverse
toolbox of nanoscale objects with arbitrary shapes, sizes and material prop-
erties, but a full potential utilization of these nanoobjects requires strategies
for controlling and and directing their arrangements and positions at the
nanoscale level [1, 2]. Using AuNPs as a model of these nanoobjects, the
results in this thesis demonstrate that electrostatic self-assembly guided by
DNA origami structures provide a possible solution to this issue. The DNA
origami technique can be used to construct almost any arbitrary 2D or 3D
nanoobject with nanometer precision, and the new production techniques [91]
make their synthesis rather inexpensive. DNA origami structures are there-
fore promising self-assembling building blocks for construction of well-ordered
structures with properties, such as lattice geometry, designed specifically for
the chosen application.

The limits of the traditional top-down nanofabrication techniques, such
as lithography, will most likely be reached in the near future, and to keep

65
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up with the Moore’s law new effective techniques is needed [239]. More-
over, construction of 3D architectures using lithographic methods is both
costly and challenging [6, 124]. Effective bottom-up fabrication techniques
relying on self-assembly are therefore required, but the mechanisms behind
the self-assembly are still not completely understood, which slows down the
development process. The DNA origami structures with their precise, but
tunable sizes are excellent tools for studying the wide range of interactions
involved in the self-assembly, and how they contribute to the outcome of the
self-assembly. A continuation of this study, and the next step in develop-
ing effective self-assembly strategies based on electrostatic interactions could
therefore be to more systematically study how the size of the DNA origami
structure affect how effective it is in guiding the electrostatic self-assembly
of other nanoobjects.
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Single-Walled Carbon Nanotubes on DNA-Origami Templates through
Streptavidin-Biotin Interactions. Vol. 7:6. 2011. pp. 746-750. DOI:
10.1002/smll.201001750.

[134] Samanta, A. & Medintz, I. L. Nanoparticles and DNA - a powerful and
growing functional combination in bionanotechnology. Nanoscale. Vol.
8:17. 2016. pp. 9037-9095. DOI: 10.1039/C5NR08465B.

[135] Gothelf, K. V. Chemical modifications and reactions in DNA nanos-
tructures. MRS Bulletin. Vol. 42:12. 2017. pp. 897-903. DOI:
10.1557/mrs.2017.276.



BIBLIOGRAPHY 81

[136] Niemeyer, C. M. Semisynthetic DNA-Protein Conjugates for Biosens-
ing and Nanofabrication. Angewandte Chemie International Edition.
Vol. 49:7. 2010. pp. 1200-1216. DOI: 10.1002/anie.200904930.

[137] Grossi, G., Jaekel, A., Sloth Andersen, E. & Saccà, B. Enzyme-
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Appendix A

Staple strands for DNA origami
6HB

A complete list of the 170 staple strands required for the DNA origami 6HB
structure are listed below. The DNA origami 6HB design is with some ad-
justments adapted from Bui et al. [130]. In the new design, the extended
staple strands in the original design have been replaced with shorter staple
strands of normal length.

No. Sequence Bases

1 GCCAGAGGGGGTAAAGACTCCTTATTACAACG-
CAAAGACACC

42

2 CAATACTGCGGAATAACGCAATAATAACATAG-
AAAATTCATA

42

3 AAATGCTTTAAACATAAGCAGATAGCCGCGAC-
ATTCAACCGA

42

4 AAAAATCAGGTCTTAAATAGCAATAGCTAAATT-
ATTCATTAA

42

5 GCGGATTGCATCAACAAGAATTGAGTTAGCCA-
TTTGGGAATT

42

6 CAAATATCGCGTTTAGTCAGAGGGTAATTTACC-
ATTAGCAAG

42

7 GGAAGCAAACTCCAGAAGCGCATTAGACATAG-
CAGCACCGTA

42

8 TTGCTCCTTTTGATTGAAAATAGCAGCCTTAGC-
GTCAGACTG

42

9 GCTTAATTGCTGAACCCAATCCAAATAAATAGC-
CCCCTTATT

42
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10 ATATGCAACTAAAGGCCTAATTTGCCAGTCACC-
GGAACCAGA

42

11 AACAGTTGATTCCCTTTATCCTGAATCTCCGCC-
ACCCTCAGA

42

12 ACCATTAGATACATCCTTAAATCAAGATGAGCC-
GCCACCAGA

42

13 TATATTTTCATTTGAGGCGTTTTAGCGAACAGG-
AGTTAGACT

42

14 TCTACTAATAGTAGCAAATCAGATATAGATCCT-
TTGCCCGAA

42

15 GCAAGGCAAAGAATTTTATTTTCATCGTATTAT-
CATTTTGCG

42

16 GCATAAAGCTAAATATTAAACCAAGTACATTAT-
CATCATATT

42

17 TAATACTTTTGCGGATCAATAATCGGCTAATAT-
AATCCTGAT

42

18 AAAATTTTTAGAACAAAAATAATATCCCAGGGT-
TAGAACCTA

42

19 GTAATGTGTAGGTAAGAACGCGCCTGTTAGAA-
ATAAAGAAAT

42

20 GACAGTCAAATCACTCTGTCCAGACGACTGAAT-
ATACAGTAA

42

21 TGATAAATTAATGCAGTAATAAGAGAATAACG-
GATTCGCCTG

42

22 TACAAAGGCTATCAAACAACGCCAACATGCGCA-
GAGGCGAAT

42

23 AAGAGAATCGATGACCAACGCTCAACAGAGAT-
GATGAAACAA

42

24 CATATGTACCCCGGTTTAGTATCATATGTAACA-
ATTTCATTT

42

25 GAAGATTGTATAAGATAAGAATAAACACATAA-
ATCAATATAT

42

26 TTTGTTAAAATTCGTAATGGTTTGAAATCGTCG-
CTATTAATT

42

27 TTTTAACCAATAGGTTTCAAATATATTTAGCGA-
TAGCTTAGA

42

28 CCTTCCTGTAGCCATGATGCAAATCCAAATTTA-
TCAAAATCA

42

29 TATCATAACCCTCGCGTCTTTCCAGACGGTACA-
AACTACAAC

42
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30 CATAACGCCAAAAGTTGCTAAACAACTTCCAAT-
AGGAACCCA

42

31 TCAGTTGAGATTTAAAGGAACAACTAAACCACC-
CTCAGAGCC

42

32 AACGAACTAACGGATGAAAATCTCCAAAGGTT-
TAGTACCGCC

42

33 TATACCAGTCAGGAGTATCGGTTTATCAATATA-
AGTATAGCC

42

34 ATCATTGTGAATTAAGCTTGATACCGATTTTTG-
CTCAGTACC

42

35 CGAGTAGTAAATTGGCCCACGCATAACCAGAG-
GCTGAGACTC

42

36 TCATTCAGTGAATAGAGTTAAAGGCCGCTGCC-
TATTTCGGAA

42

37 AGAACCGGATATTCAAAGACAGCATCGGGTGC-
CTTGAGTAAC

42

38 GGCGCATAGGCTGGTTGAGGACTAAAGAGATG-
ATACAGGAGT

42

39 TGACCAACTTTGAAGGGTAAAATACGTATCTCT-
GAATTTACC

42

40 GCCGGAACGAGGCGCGAAAGAGGCAAAACAAA-
CAAATAAATC

42

41 GATAAATTGTGTCGCCCAGCGATTATACAGAA-
GTAGTTGAGG

42

42 TTTGCGTATTGGGCTCTTTTCACCAGTGTAATA-
GATTAGAGC

42

43 CCAGCTGCATTAATCGCCTGGCCCTGAGTTGAG-
GAAGGTTAT

42

44 GTTGCGCTCACTGCTTGCCCCAGCAGGCAATCA-
ATATCTGGT

42

45 AGCCTGGGGTGCCTATCGGCAAAATCCCATCTA-
AAGCATCAC

42

46 CACAATTCCACACAGGGTTGAGTGTTGTGCCT-
GCAACAGTGC

42

47 ATCATGGTCATAGCAAGAACGTGGACTCAGCA-
GAAGATAAAA

42

48 GTCGACTCTAGAGGCAGGGCGATGGCCCTAGC-
CCTAAAACAT

42

49 CGTTGTAAAACGACTTTTTGGGGTCGAGCAAT-
ATTTTTGAAT

42
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50 AGGCGATTAAGTTGAAAGGGAGCCCCCGAGAA-
CCCTTCTGAC

42

51 TCTTCGCTATTACGAACGTGGCGAGAAACACAC-
GACCAGTAA

42

52 TTCAGGCTGCGCAAGCTAGGGCGCTGGCAATC-
GTCTGAAATG

42

53 ACCGCTTCTGGTGCACCACACCCGCCGCAACAG-
GAAAAACGC

42

54 GTATCGGCCTCAGGTATGGTTGCTTTGACTTG-
CTGGTAATAT

42

55 GCATCGTAACCGTGAGAATCAGAGCGGGAATA-
ACATCACTTG

42

56 GGATTGACCGTAATTTTAGACAGGAACGATCA-
CGCAAATTAA

42

57 ATCTAAAGTTTTGTTTTACCAGACGACGGCAAA-
AGAAGTTTT

42

58 ATGAATTTTCTGTATGGGATTGAATTACGAGG-
CATGACTGGATAGCGTC

49

59 TTTCAGCGGAGTGAGAATAGAGGAATACCACA-
TTCATTGAATCCCCCTC

49

60 CGAATAATAATTTTTTCACGTACAACATTATTA-
CAAATGACCATAAATC

49

61 AGGAGCCTTTAATTCGTTGGGAAGAAAATAGT-
CAGAAGCAAA

42

62 TGAATTTCTTAAACCCTTATGCGATTTTAGCCC-
GAAAGACTT

42

63 TGACAACAACCATCGGCTTGAGATGGTTAAGC-
GAACCAGACC

42

64 CTGAGGCTTGCAGGAGGCTTGCCCTGACGAGA-
GTACCTTTAA

42

65 CACCCTCAGCAGCGATTACCCAAATCAAGCGGA-
TGGCTTAGA

42

66 CGGCTACAGAGGCTCTGACCTTCATCAATCAAC-
ATGTTTTAA

42

67 AGTTTCCATTAAACAGAGGACAGATGAAGTTT-
CATTCCATAT

42

68 GCACCAACCTAAAACAGACGGTCAATCAGTAG-
ATTTAGTTTG

42

69 ACTCATCTTTGACCAAATCCGCGACCTGATAAC-
CTGTTTAGC

42
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70 GAAACAAAGTACAATGGTTTTGCCAGGGCGGA-
GATAAGGTGGCATCAAT

49

71 CAACAGCTGATTGCCCTTCACGAATCGGCCAAC-
GCAATAAATCATACAG

49

72 CAGCAAGCGGTCCACGCTGGTCCGCTTTCCAGT-
CGAATAAAGCCTCAGA

49

73 ATGGTGGTTCCGAAAATGAGTGAGCTAAACAT-
TATGACCCTG

42

74 AATAGCCCGAGATAACATACGAGCCGGATCAA-
CGCAAGGATA

42

75 AGAGTCCACTATTATGTTTCCTGTGTGAAATGC-
AATGCCTGA

42

76 GAAAAACCGTCTATATCCCCGGGTACCGTGAG-
AAAGGCCGGA

42

77 CACCCAAATCAAGTGGCCAGTGCCAAGCTCAAC-
CGTTCTAGC

42

78 TAAATCGGAACCCTGGTAACGCCAGGGTATTT-
TTGAGAGATC

42

79 GGGGAAAGCCGGCGCCAGCTGGCGAAAGAGTC-
TGGAGCAAAC

42

80 CGAAAGGAGCGGGCCTGTTGGGAAGGGCACTA-
GCATGTCAAT

42

81 CGCTGCGCGTAACCCGGAAACCAGGCAAAGCC-
CCAAAAACAG

42

82 GCGCCGCTACAGGGCGCGTACAAGATCGCACT-
CCAGTAAACGTTAATAT

49

83 GTATAACGTGCTTTCCTCGTTCATCTGCCAGTT-
TGTAAATCAGCTCATT

49

84 CAGGAGGCCGATTAAAGGGATGGGATAGGTCA-
CGTTAATTCGCGTCTGG

49

85 TGAGAAGTGTTTTTCGTCGGATTCTCCGTAAAT-
GTGAGCGAG

42

86 GCCTGTAGCATTCCCAACATATAAAAGAGCAGT-
ATGTTAGCA

42

87 TGTACCGTAACACTTTTTGTCACAATCAGGAAT-
ACCCAAAAG

42

88 ACCACCCTCATTTTCAAAGACAAAAGGGAACAA-
AGTTACCAG

42

89 ACCCTCAGAACCGCGTAAATATTGACGGATCTT-
ACCGAAGCC

42
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90 CGGAATAGGTGTATCGTCACCGACTTGAAGCC-
CAATAATAAG

42

91 AGGCGGATAAGTGCCACCAGTAGCACCATGAG-
CGCTAATATC

42

92 CTCAAGAGAAGGATCAATGAAACCATCGGGGA-
GAATTAACTG

42

93 CCTATTATTCTGAAAATCAAGTTTGCCTTTTAC-
AGAGAGAAT

42

94 AGTGCCCGTATAAACGGCATTTTCGGTCGAAA-
CGATTTTTTG

42

95 GTACTGGTAATAAGTTTCATAATCAAAATTACA-
AAATAAACA

42

96 GTTCCAGTAAGCGTCGCCTCCCTCAGAGTACCA-
ACGCTAACG

42

97 CTCATTAAAGCCAGAGCCACCACCCTCATAGTT-
GCTATTTTG

42

98 CAGGTCAGACGATTCGCCGCCAGCATTGACCTC-
CCGACTTGC

42

99 CGTCAATAGATAATACAACTCGTATTAAAAGGC-
TTATCCGGT

42

100 CTAAAATATCTTTAAAAGTTTGAGTAACAGGAA-
TCATTACCG

42

101 CAGTTGGCAAATCACCAGAAGGAGCGGACGCA-
CTCATCGAGA

42

102 CTTGCTGAACCTCAGATGGCAATTCATCGTCTT-
TCCTTATCA

42

103 CACGCTGAGAGCCATTCTGAATAATGGAATCCT-
AATTTACGA

42

104 CAGAGGTGAGGCGGTTTGCACGTAAAACTATC-
AACAATAGAT

42

105 CGCCATTAAAAATAGGTTTAACGTCAGAGACA-
ATAAACAACA

42

106 GGCTATTAGTCTTTTCGGGAGAAACAATATAA-
AGTACCGACA

42

107 CTGAAAGCGTAAGACAAGTTACAAAATCGTAA-
TTTAGGCAGA

42

108 TAAAAGGGACATTCACCTGAGCAAAAGATAGG-
GCTTAATTGA

42

109 GATTATTTACATTGAAATTAATTACATTCGTTA-
TACAAATTC

42
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110 TCATGGAAATACCTAATGGAAACAGTACCGGA-
ATCATAATTA

42

111 CCAGAACAATATTATTGCTTCTGTAAATACCGA-
CCGTGTGAT

42

112 CCTGAGTAGAAGAAATCCTTGAAAACATTAGT-
TAATTTCATC

42

113 CCGTTGTAGCAATAAGAGTCAATAGTGATCGC-
AAGACAAAGA

42

114 TGAGGCCACCGAGTTACCTTTTTAACCTGTTGG-
GTTATATAA

42

115 ACGGAATAAGTTTAGAGTTTCGTCACCATTAGT-
AA

35

116 TGGTTTACCAGCGCCAGGGATAGCAAGCTCAA-
CAG

35

117 TTGAGGGAGGGAAGCACCCTCAGAACCGGGAA-
TTG

35

118 AGGTGAATTATCACCACCGTACTCAGGAAAAA-
AGGCTCCAAA

42

119 AGAGCCAGCAAAATCGTCGAGAGGGTTGGCTT-
GCTTTCGAGG

42

120 GCCGGAAACGTCACTAGGATTAGCGGGGAGTT-
GCGCCGACAA

42

121 ATCAGTAGCGACAGACATGAAAGTATTAGATA-
TATTCGGTCG

42

122 TAGCGCGTTTTCATCAGTTAATGCCCCCTTTTG-
CGGGATCGT

42

123 AGCGTTTGCCATCTTTTTAACGGGGTCAAACGA-
GGGTAGCAA

42

124 GCCACCACCGGAACCATACATGGCTTTTCTTTT-
TCATGAGGA

42

125 ACCGCCACCCTCAGAATGGAAAGCGCAGATGC-
CACTACGAAG

42

126 ACCACCACCAGAGCGGCCTTGATATTCAGAATA-
CACTAAAAC

42

127 TTACAAACAATTCGACATTTGAGGATTTCAAGC-
GC

35

128 CGTTATTAATTTTAGGAGCACTAACAACAGACG-
GG

35

129 GAACAAAGAAACCAACAGTTGAAAGGAAAGAG-
TTG

35
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130 CCTGATTATCAGATAATATCAAACCCTCGAAAA-
TCCTGTTTG

42

131 TGTTTGGATTATACGCAGCAAATGAAAATTAT-
AAATCAAAAG

42

132 CCATATCAAAATTATCAGTATTAACACCTCCAG-
TTTGGAACA

42

133 TGCGTAGATTTTCACCGAACGAACCACCCAACG-
TCAAAGGGC

42

134 CAGTACCTTTTACAAATGCGCGAACTGAACTAC-
GTGAACCAT

42

135 ATTGCTTTGAATACATACGTGGCACAGAGTGC-
CGTAAAGCAC

42

136 TATTCATTTCAATTTGGCCAACAGAGATATTTA-
GAGCTTGAC

42

137 ACATCAAGAAAACAGCAGATTCACCAGTGGAA-
GGGAAGAAAG

42

138 GAATTACCTTTTTTACATTTTGACGCTCAAGTG-
TAGCGGTCA

42

139 GTGAGTGAATAACCCCGCCAGCCATTGCGCTTA-
AT

35

140 AATTTTCCCTTAGACTCAAACTATCGGCCGAGC-
AC

35

141 TTAAGACGCTGAGACTTCTTTGATTAGTAGCTA-
AA

35

142 TAGGTCTGAGAGACAAAAGAGTCTGTCCGTAC-
GCCAGAATCC

42

143 AACTGGCATGATTATAGTAAAATGTTTAAGTA-
AGAGCAACAC

42

144 AAGGAAACCGAGGACGTCATAAATATTCAACT-
AATGCAGATA

42

145 CTTTTTAAGAAAAGGTTCAGAAAACGAGGGTA-
GAAAGATTCA

42

146 AGCAAGAAACAATGTACCCTGACTATTAATCTA-
CGTTAATAA

42

147 AGAGAGATAACCCAAAAGATTAAGAGGAAAGA-
ACTGGCTCAT

42

148 AACACCCTGAACAATAATTCGAGCTTCATAATT-
TCAACTTTA

42

149 AACATAAAAACAGGACAGGTCAGGATTAGAGA-
AACACCAGAA

42
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150 TTTAACGTCAAAAAAAGAGGTCATTTTTCGTAA-
CAAAGCTGC

42

151 GCCATATTATTTATTATAATGCTGTAGCGAGTA-
ATCTTGACA

42

152 AGCGTCTTTCCAGATACGGTGTCTGGAACGGT-
GTACAGACCA

42

153 CACCCAGCTACAATAATTCTGCGAACGATAAGG-
GAACCGAAC

42

154 GGGAGGTTTTGAAGTTCGCAAATGGTCACTCC-
ATGTTACTTA

42

155 ATTCTAAGAACGCGGGGCGCGAGCTGAATTGT-
ATCATCGCCT

42

156 CGCCCAATAGCAAGTAGCATTAACATCCGCGG-
GGAGAGGCGG

42

157 ACAAGCAAGCCGTTTAGCAAAATTAAGCGGAA-
ACCTGTCGTG

42

158 TTCCAAGAACGGGTCGGTTGTACCAAAACTCAC-
ATTAATTGC

42

159 GCATGTAGAAACCAGAGAAGCCTTTATTAGCA-
TAAAGTGTAA

42

160 AAGTCCTGAACAAGCCTCATATATTTTAAATTG-
TTATCCGCT

42

161 TGTTCAGCTAATGCAAGATTCAAAAGGGAGCT-
CGAATTCGTA

42

162 AAAGGTAAAGTAATCATCAATATGATATTTGCA-
TGCCTGCAG

42

163 GGCATTTTCGAGCCCGGAGAGGGTAGCTTTTC-
CCAGTCACGA

42

164 GAATCGCCATATTTGGTCATTGCCTGAGGGGG-
ATGTGCTGCA

42

165 TTACCAGTATAAAGACGGTAATCGTAAAGATC-
GGTGCGGGCC

42

166 CTAGAAAAAGCCTGTTGATAATCAGAAAAGCG-
CCATTCGCCA

42

167 AAATAAGGCGTTAACAAATATTTAAATTGCCAG-
CTTTCCGGC

42

168 TTCTGACCTAAATTCATTAAATTTTTGTAGGGG-
ACGACGACA

42

169 ACGCGAGAAAACTTAACGCCATCAAAAATGGT-
GTAGATGGGC

42
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170 CTATATGTAAATGCGCTTTCATCAACATTGGGA-
ACAAACGGC

42



Appendix B

AuNP binding properties of
DNA origami nanostructures

a) b)

Figure B.1: Colloidal stability of the AuNPs when also DNA origami struc-
tures are present in the solution. The colloidal stability is measured by
UV/Vis spectroscopy and determined as a function of the ionic strength by
the aggregation index, A800nm/A520nm. The AuNP concentration is kept con-
stant (cAuNP = 6 nM), but the DNA origami concentration varied bet ween
the series and is given as the AuNP to DNA origami ratio (nAuNP/norigami)
in the legend. a) DNA origami 24HB and middle-sized AuNPs (Dcore = 10.9
nm) b) DNA origami 60HB and large AuNPs (Dcore = 12.4 nm).
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Appendix C

DNA origami 6HB and small
AuNP

nAuNP/norigami~100 nAuNP/norigami~ 200nAuNP/norigami~ 200

nAuNP/norigami~ 100nAuNP/norigami~ 50nAuNP/norigami~ 50

Figure C.1: Electrostatic self-assembly of DNA origami 6HB structures and
small AuNPs (Dcore = 2.5 nm) yielded well-ordered superlattice structures.
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nAuNP/norigami~ 300 nAuNP/norigami~ 500nAuNP/norigami~ 500

nAuNP/norigami~ 300nAuNP/norigami~ 250nAuNP/norigami~ 250

Figure C.2: Electrostatic self-assembly of DNA origami 6HB structures and
small AuNPs (Dcore = 2.5 nm) yielded well-ordered superlattice structures.



Appendix D

DNA origami 6HB and middle-
sized AuNP

Figure D.1: SAXS data measured from samples having different stoichiomet-
ric ratios between middle-sized AuNPs (Dcore = 10.9 nm) and DNA origami
6HB structures (nAuNP/norigami).
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nAuNP/norigami~ 28

Figure D.2: Electrostatic self-assembly of DNA origami 6HB structures and
middle-sized AuNPs (Dcore = 10.9 nm) yielded amorphous aggregates.



Appendix E

DNA origami 24HB and middle-
sized AuNP

Figure E.1: SAXS data measured from samples having different stoichiomet-
ric ratios between middle-sized AuNPs (Dcore = 10.9 nm) and DNA origami
24HB structures (nAuNP/norigami).
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nAuNP/norigami~ 8 nAuNP/norigami~ 10nAuNP/norigami~ 10

Figure E.2: Electrostatic self-assembly of DNA origami 24HB structures and
middle-sized AuNPs (Dcore = 10.9 nm) yielded amorphous aggregates.



Appendix F

DNA origami 60HB and large
AuNP

Figure F.1: SAXS data measured from samples having different stoichiomet-
ric ratios between large AuNPs (Dcore = 12.4 nm) and DNA origami 60HB
structures (nAuNP/norigami).
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nAuNP/norigami~ 5

Figure F.2: Electrostatic self-assembly of DNA origami 60HB structures and
large AuNPs (Dcore = 12.4 nm) yielded amorphous aggregates.
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