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Abstract

DNA nanotechnology has developed a versatile set of methods to utilise DNA self-assembly for the
bottom-up construction of arbitrary two- and three-dimensional DNA objects in the nanometre size
range, and to functionalise the structures with unprecedented site-specificity with nanoscale objects such
as metallic and semiconductor nanoparticles, proteins, fluorescent dyes, or synthetic polymers. The
advances in structure assembly have resulted in the application of functional DNA-based nanostructures
in a gamut of fields from nanoelectronic circuitry, nanophotonics, sensing, drug delivery, to the use as
host structure or calibration standard for different types of microscopy. However, the analytical means for
characterising DNA-based nanostructures drag behind these advances. Open questions remain, amongst
others in quantitative single-structure evaluation. While techniques such as atomic force microscopy
(AFM) or transmission electron microscopy (TEM) offer feature resolution in the range of few nanometres,
the number of evaluated structures is often limited by the time-consuming manual data analysis.
This thesis has introduced two new approaches to quantitative structure evaluation using AFM
and super-resolution fluorescence microscopy (SRM). To obtain quantitative data, semi-automated
computational image analysis routines were tailored in both approaches.
AFM was used to quantify the attachment yield and placement accuracy of poly(3-tri(ethylene
glycol)thiophene)-b-oligodeoxynucleotide diblock copolymers on a rectangular DNA origami. This work
has also introduced the first hybrid of DNA origami and a conjugated polymer that uses a highly defined
polythiophene derivative synthesised via state-of-the-art Kumada catalyst-transfer polycondensation.
Among the AFM-based studies on polymer-origami-hybrids, this was the first to attempt near-single
molecule resolution, and the first to introduce computational image analysis. Using the FindFoci tool of
the software ImageJ revealed attachment yields per handle between 26 - 33%, and determined a single
block copolymer position with a precision of 80 - 90%. The analysis has pointed out parameters that
potentially influence the attachment yield such as the handle density and already attached objects.
Furthermore, it has suggested interactions between the attached polymer molecules.
The multicolour SRM approach used the principles of single-molecule high-resolution co-localisation
(SHREC) to evaluate the structural integrity and the deposition side of the DNA origami frame “tPad”
based on target distances and angles in a chiral fluorophore pattern the tPads were labelled with. The
computatinal routine that was developed for image analysis utilised clustering to identify the patterns
in a sample’s signals and to determine their characteristic distances and angles for hundreds of tPads
simultaneously. The method excluded noise robustly, and depicted the moderate proportion of intact
tPads in the samples correctly. With a registration error in the range of 10 -15 nm after mapping of the
colour channels, the precision of a single distance measurements on the origami appeared in the range of
20 - 30 nm.
By broadening the scope of computational AFM image analysis and taking on a new SRM approach
for structure analysis, this work has presented working approaches towards new tools for quantitative
analysis in DNA nanotechnology. Furthermore, the work has presented a new approach to constructing
hybrid structures from DNA origami and conjugated polymers, which will open up new possibilities in
the construction of nanoelectronic and nanophotonic structures.
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Chapter 1

Introduction

1.1 Objective and thesis outline

Entering the nanoscale in science and technology has shaped the world we live in today. It is accountable
for the remarkable progress in information technology (with the 10 nm node currently being introduced[1]),
has led to new kinds of functional materials in construction, clothing, or coatings and created new,
interdisciplinary fields in physics, chemistry, medicine, and other sciences. Currently, nanofabrication
relies on top-down methods. These methods, e. g., lithography, use large devices to carve smaller
structures from bulk material, which reaches its limits as the structure sizes reach the molecular, or
eventually the atomic level. Bottom-up processes build nanostructures from sub-nanometre precursors.
Currently, they offer a strategy to augment the top-down methods, but hold the potential to replace it.
Some bottom-up methods like dip-pen lithography, electron beam lithography or focused ion beam
lithography use technically advanced, macroscopic instruments to manipulate individual molecules or
atoms. Using controlled particle self-assemblies, however, requires less expensive equipment and promises
a higher throughput.
Outstanding self-assembled structures occur in nature. Biological molecules like proteins, RNA,
carbohydrates, lipids and DNA form target structures with sub-nanometre precision, for example, protein
capsules of viruses, motor proteins that conduct linear or rotary movements, or lipid membranes.
The self-assembly of a DNA double strand from two single strands is the most understood of the
aforementioned processes to date. The field of DNA nanotechnology has developed routines to build
artificial nanosized structures from DNA, and hybrids of those and various other nanomaterials. For
the formation of such DNA-based nanostructures, robust and efficient protocols have been established
in the past 30 years. As a result of its maturing, the field is moving on to exploring functionality and
the application of DNA-based nanostructures in a gamut of fields such as nanomedicine, fluorescence
microscopy, molecular scaffolding in nuclear magnetic resonance (NMR) spectroscopy or protein cryogenic
electron microscopy (cryo-EM), structural biophysics, biosensing or plasmonics and photonics.

With this new focus, the demand for structure analysis beyond proof-of-principle structure formation,
yield determination and standardized high-performance analysis routines will play an increasing role.
However, the analytical means for characterising DNA-based nanostructures drag behind the advances
in other parts of the field[2]. Characterisation usually relies on a small number of techniques that can
provide the means and the resolution to probe thin layers of delicate biological nanoscale material.
Gel electrophoresis and fluorescence techniques, for example, are suited for bulk characterisation. For
resolving single structures and their features, atomic force microscopy (AFM) and transition electron
microscopy (TEM) are the most common techniques, while super-resolution fluorescence microscopy
(SRM) has also been used in combination with DNA nanotechnology.
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Open questions remain regarding both the choice of methods as well as the type of analyses performed.
Furthermore, if DNA templates shall eventually be used at industrial scale, suitable quality control
methods have to account for both the bulk and the single structure, while being robust, scalable, and
preferably feasible and low-tech. The current methods for bulk characterisation can possibly meet these
demands with few adjustments. However, automating the most common single-molecule techniques to
date, AFM and TEM, has still to overcome challenges, of which the automated image analysis and data
processing is one of the most formidable. In order to achieve that, both methods would have to resolve
the structural details of DNA templates at a higher resolution and contrast than they routinely do.
Furthermore, origami analysis has often remained qualitative, proofing, for example, that a structure or
functionality can be acquired in principle. Quantitative analyses, such as a yield determination for every
step of forming particle-functionalised DNA nanostructures, or detailed comparisons of a structure design
and assembled origami, are not routinely provided. For these tasks, protocols and methods need to be
established that survey statistically relevant numbers of single origami structures.

This thesis seeks to promote quantitative structure evaluation in DNA origami-based nanofabrication.
Objects under study are two two-dimensional (2D) origami structures. One is a cavity-bearing DNA
frame referred to as tPad in the following. The other is a novel hybrid structure of a polythiophene
derivative and a rectangular DNA origami named pad.
2D DNA origami objects were chosen here because such objects are the basis in numerous state-of-the-art
studies, which utilise their uniquely addressable surfaces. 2D origami has served as pegboard for various
nanomaterials. Cavity-bearing structures such as the tPad are attractive, because they can, on top of
that, arrange objects precisely within the confined space, e. g., for single-molecule studies, or serve as
lithography substrates[3–5].

This work focuses on the two characterisation methods AFM and super-resolution microscopy as the most
suitable for DNA-based 2D structures. Super-resolution microscopy has been used with DNA origami
before, but only rarely for the structural characterisation of DNA origami templates. The presented SRM
method explores a multicolour labelling strategy in order to extract nm-precise structural information
together with positioning information for single DNA nanostructures. Unlike AFM, the SRM approach
easily processes a statistically relevant number of specimen to characterise an entire sample. Thus, it is
one of the few methods that combine single structure and bulk evaluation.

AFM is used in a first set of studies to quantify the assembly yield and thermal stability of the tPads.
The characterisation of the frames provides new structural data for cavity-bearing DNA nanostructures
using known AFM techniques. A second set of studies investigates the hybrid of the semiconducting
polythiophene derivative and the origami pad. For that purpose, the particle analysis tool FindFoci[6]

was introduced to AFM images of these DNA-based nanostructures. This approach allows for collecting
structural information such as object heights and positions semi-automatically.

The latter set of studies attempts semi-automatic quantitative structure analysis in a relatively young
branch of DNA nanotechnology. Hybrids of DNA and metallic or semiconducting nanoparticles (NP) are
part of one heavily studied field of DNA nanotechnology, which is creating nanoscale electronic, plasmonic
and optoelectronic devices and circuits. Conjugated polymers (CPs), such as polythiophenes, have entered
the field only recently. In contrast to the majority of polymers, CPs are intrinsically semiconducting due
to the extended π-system along their polymer backbone; and through a process called doping, they can
obtain almost metallic conductivity. CPs are assumed to play a key role in next-generation electronics[7],
because they combine electric and photonic properties with the promise of mechanical flexibility, low-cost,
green, on-demand printing, scalability, low-power operation, and intelligence in signal processing[8,9].
On the one hand, templating CPs with DNA origami has the potential to augment DNA-based systems.
Unlike inorganic nanoparticles, single CP molecules can act as flexible nanoscale conductor, and offer
a broad range to customise their properties via synthesis. On the other hand, DNA origami can
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template useful structures for basic research in conjugated polymers. Studying single or few CP
molecules has reportedly promoted the understanding of basic physical mechanisms behind electronic
and photonic material performance[10]. Furthermore, the assembly of CP molecules, for example, guided
by π-π-stacking, greatly influences the optical and electronic properties of the material, and in the end
the device performance[11]. Numerous studies have reported on the assembly behaviour in thin films,
however, few studies address this topic at the nanoscale with few molecules involved. Furthermore, single
CP molecules are considered promising candidates for single-molecule electronics. However, the lack of
reproducibility and the technical difficulty of constructing single-molecule junctions or assemble few CP
molecules in a controlled fashion has greatly inhibited the research in these fields. DNA nanotechnology
provides means to place single CP molecules with a precision and spatial control similar to or beyond
that of current techniques for constructing single-molecule junctions, while being reproducible and
straightforward in use at the same time. Despite this broad field of potential applications, examples of the
incorporation of CPs into nanoscale DNA origami-based structures remain scarce in the literature[12–14].
Only one of these approaches[13,14] reports on the placement of single or few polymer molecules of
polyphenylene vinylene (PPV) obtained via oxidative polymerisation.
The challenge going hand in hand with constructing such hybrids of DNA origami and single CP
molecules is characterising them. Polymer molecules neither possess a fixed shape nor include strongly
electron-scattering elements. Thus, they will not provide characteristic shapes in electron microscopy
images, which is the technique of choice for metallic nanoparticles on DNA nanostructures. Due to
their extended conjugated π-systems and the inevitable dispersity of their molecular weights, the optical
properties of CPs are not as defined as, for example, those of a quantum dot or a small organic dye molecule
either. Together with the structural flexibility of CP molecules, this renders super-resolution-based
approaches unsuitable as well. While AFM was used before to characterise CPs on DNA origami[12–14],
this work presents the first attempt to determine the attachment yield and the accuracy of the positioning
of the CPs on the near-single molecule level. Using the aforementioned computational particle analysis
tool FindFoci for that purpose will both reduce human bias and provide quantitative data instead of just
qualitative results.

This first chapter will introduce the field of DNA nanotechnology with emphasis on 2D origami
and selected aspects under research in DNA origami. Furthermore, it will introduce DNA origami
characterisation methods with focus on the application of AFM and super-resolution microscopy in DNA
nanotechnology. As last field, conjugated polymers and DNA-polymer hybrids will be introduced.

Chapter 2 summarises the materials and methods used.

Chapter 3 reports on the design and synthesis of the 2D origami templates that will be used to construct
the objects under study in the Chapters 4 and 5. Furthermore, Chapter 3 reports on the versatile use of
liquid AFM for the quantitative evaluation of the DNA nanostructures. For the first time, this data is
reported for a 2D origami structure with a cavity.

Chapter 4 presents a new method to place molecules of a water-soluble P3RT-type polythiophene
derivative site-specifically on a 2D origami template. It focuses on the characterisation of the
polymer-origami hybrids with high-resolution AFM using the FindFoci[6] plugin of ImageJ[15] for the
semi-automated particle analysis.

Chapter 5 introduces a characterisation method that uses multicolour super-resolution microscopy and
the principles of single-molecule high-resolution co-localisation (SHREC) to evaluate simultaneously the
structural integrity, placement, orientation and deposition site of surface-bound origami structures.

Chapter 6 summarises the work.
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1.2 DNA nanotechnology: structure assembly and current

research areas

1.2.1 Structure assembly

Basic terminology in bottom-up assembly with DNA

Structural DNA nanotechnology, which includes DNA origami, has developed a number of methods to
construct artificial, geometrically and topologically complex 2D and 3D DNA nanoobjects using the
natural DNA self-assembly. The self-assembly of a DNA double strand from two single strands is called
hybridisation. It relies on few basic principles that can be utilised easily for nanofabrication. Two
important basics are the Watson-Crick base pairing between complementary bases[16] and the fact that
DNA double strands assume in principle one secondary structure.
Single-stranded DNA (ssDNA) is a biopolymer made of nucleotides comprising of a deoxy ribose unit,
a phosphate unit and one of the four bases (b) adenine (A), thymine (T), cytosine (C) or guanine (G).
During the hybridisation, each base forms hydrogen bonds with a base from the second single strand
(Figure 1.1 a). Watson and Crick have discovered a specificity in this base pairing[16], according to
which adenine binds thymine with two hydrogen bonds and cytosine binds guanine with three hydrogen
bonds under physiological conditions. Hence, the base sequences of the hybridising strands have to be
complementary. Under physiological conditions, the resulting double strands always assume the so-called
B-DNA conformation, a right-handed helix with a diameter of approximately 2 nm and a pitch of about
10.4 base pairs (bp), with a step of 0.34 nm per base pair (Figure 1.1 b).
The dissociation of a DNA double helix due to thermal denaturation is called melting. The temperature,
at which 50% of a DNA single strand is duplexed with its complementary strand, while the other 50%
are free in solution, is referred to as melting temperature TM of that DNA single strand. TM depends,
amongst others, on the sequence, the concentration of the ssDNA and the monovalent and divalent ions
in the DNA solution[17].
While the Watson-Crick base pairing largely determines the formed structure, the hydrogen bonds in
the base pairs are not the major stabilising force in a DNA double helix. One major contributor are
stacking interactions[18–21] (Figure 1.1 a). These are complex, non-covalent interactions between parallel
layers of hydrogen-bonded base pairs with energy contributions from, for example, electrostatic (Coulomb
energies), induction or dispersion (atom-atom potentials) energies[19,22]. Stacking interactions do not just
take place within a DNA double helix but also between terminal base pairs of two helices.
If at the end of a DNA double helix a terminal base pair occurs, it is referred to as a blunt end. Helix
termini with single-stranded overhangs are referred to as sticky ends.

DNA nanotechnology’s basic construction elements are such sticky ends, and the immobile, branched
four-arm Holliday junction[23] (Figure 1.1 c). This motif consisting of four arms joined at a central node
occurs in the otherwise linear DNA double helices during DNA recombination. It can be constructed
artificially from four oligodeoxynucleotides (ODNs) incorporating sequences that can hybridise to form
the arms. To create an immobile junction, the ODN sequences on either side of the node must be
non-complementary.
The sticky ends utilised in DNA nanotechnology are typically 6 - 20 b long. When a second DNA molecule
carries a complementary sticky end, they hybridise and connect the two molecules (see also Section 1.2.1).
The first immobile junction was proposed and constructed in 1982[24] and 1983[25], respectively, and the
first artificial DNA nanoobject, a cube[26] made of four junctions joined by sticky ends, in 1991.
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Non-templated assembly: tile-based lattices, polyhedra, bricks and canvases

The first method to construct artificial DNA nanoobjects has been the tile-based assembly, which builds
2D and 3D1 structures from short ODNs (20 - 60 b). The resulting structures can be roughly classified
into wireframe structures and lattices.
Among the wireframe structures, which were reviewed by Simmel et al.[27], are platonic solids like the
aforementioned cube, tetrahedra, buckyballs, icosahedra or tubes. The cube was the first attempt of
Nadrian C. Seeman et al. towards 3D DNA crystals that can co-localise proteins and other guest molecules,
which Seeman proposed as the original goal behind DNA nanotechnology[24,28]. Moving towards this goal,
2D lattice assembly with a predefined periodicity from a variety of DNA motifs was investigated as well
(Figure 1.1 d). As a lattice building block, few strands were assembled into tiles with double crossover
(DX)[29] or triple crossover (TX)[30] motifs, while the paranemic crossover (PX) motif has been used
to build covalently linked 1D arrays[31–33]. 2D lattices from one or several types of tiles as well as the
organisation of nanoparticles or biomolecules on such lattices have been demonstrated. A recent review
of lattice design, construction and applications was published by Chandransekaran et al.[34].
A milestone towards the fulfilment of Seeman’s vision was the creation of a 3D lattice from DNA tensegrity
triangular motifs[35] that grow into macroscopic crystals[36]. Following variations in the cavity size
and using different asymmetric units, recent advances in stabilising the crystals[37,38] have led to first
applications of 3D crystals as hosts, for example, for polyaniline molecules[39].
Among the drawbacks of tile-based assembly is the demand for a high control of the stoichiometry of
the staple strands in the assembly solutions. Apart from the 3D crystals, the wireframe structures are
comparably labile. Due to this, the first structure, an octahedron, could only be visualised by cryo-EM[40]

13 years after introducing the first cube structure.
The 2D and 3D lattices have also long lacked size control. Finite 2D and 3D arrays have only emerged
recently using the canvas[41] and the brick approach[42].

Templated assembly: DNA origami

Finite 2D DNA nanoobjects have been produced first in 2006 with a different method that has shaped
the field: DNA origami[45]. In contrast to the aforementioned approaches, DNA origami uses a long
DNA single strand (template, scaffold strand) and folds and fixes it into the desired shape with
custom-synthesised ODNs (staple strands) that are two orders of magnitude shorter than the template
(Figure 1.1 e). The structure folds from the DNA single strands due to hybridisation in an annealing
process that usually involves heating the strand solution above the melting temperature and a subsequent
cooling procedure. The folding proceeds in near-quantitative yield without the need for purified staples.
Besides the most common thermal annealing, annealing procedures at lower or at room temperature have
been investigated that rely on chemicals[46] or removing the secondary structures in the scaffold strand
through mechanically manipulating single scaffold molecules[47].
2D origami has been constructed in an abundance of shapes from simple geometrical figures to smiley
faces[45] or a map of China[48]. Since the method’s invention, the structural complexity has evolved far
beyond the initial 2D single layers. 3D structures were first fabricated by folding 2D origami into a
hollow container[49] and multilayer bricks[50] followed by twisted bundles[51] and hollow curved objects
like spheres and flasks[52]. Wireframe[53] and mesh-like[54–56] DNA origami structures have been reported
as well.

Basic construction principles of DNA origami will be discussed in Chapter 3 using the examples of the
rectangular pad and the frame-like tPad structures, which are both 2D origami. For the construction and
structure prediction, different user-friendly software tools have been developed, which has been discussed
in different reviews[57,58]. The program caDNAno[59] is routinely used for DNA origami structure design

13D: three-dimensional
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Figure 1.1: Structure formation in DNA nanotechnology. a) Detail of two hybridised single strands made
of deoxy ribose and phosphate (sugar-phosphate backbone), and one of the four nucleobases adenine (A),
guanine (G), cytosine (C) and thymine (T). It displays the Watson-Crick base pairs adenine-thymine
with two hydrogen bonds and cytosine-guanine with three hydrogen bonds, and highlights π-stacking
interactions between the nucleobases. Adapted with permission from[43]. Copyright 2002 Japanese
Photochemistry Association. b) Double-stranded DNA helix. Adapted from[44]. c) Holliday junction with
sticky ends. d) Non-templated assembly of DNA nanostructures: tiles, bricks. e) Templated assembly:
DNA origami. Parts c), d) and e) adapted with permission from[2]. Copyright 2017 American Chemical
Society.
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based on a square or a honeycomb lattice. The program CanDo[60,61] allows predicting the shape and
structure of designed DNA nanostructures, as they would occur in solution. For wireframe structures, the
program vHelix[54] has been introduced. The interface DAEDALUS[62] takes design automation one step
further, as it automatically converts any 3D solid object (in the form of CAD files) into the sequences
from which the object can be assembled2.

More detailed overviews over DNA origami structure formation and applications have been published
recently by Hong et al.[69] and Xavier and Chandrasekaran[58].

Pinning on the pegboards: attaching nanomaterials to DNA origami

A unique strength of DNA origami is the capability of its surfaces to serve as pegboards for various
nanomaterials, for which examples are listed in Section 1.2.2. On such a surface made of B-DNA helices,
each base can be an attachment point, which translates into a surface addressability of 0.34 nm. For
adjacent objects, a spatial resolution of below 2 nm has been reported[70].

For the dictated binding of nanomaterials to origami pegboards, the conjugation of sticky ends, molecular
recognition elements or reacting groups to the staple units introduces functional anchor points to the
DNA. The units act as capturing strands for the secondary precise chemical binding of components to
the origami structures[71]. A variety of chemical functional groups such as amino, sulfhydryl, azide or
biotin can be introduced during solid phase DNA synthesis, which nowadays relies on phosphoamidite
chemistry[72–74], or as a postsynthetic modification on the solid support outside the synthesiser[75]. In
both cases, the DNA is fixed on the solid support and features hydrophobic protecting groups. Thus,
the procedure can also be useful for attaching hydrophobic components such as synthetic polymers to
hydrophilic DNA[13,14].
However, attaching nanoscale objects to DNA origami utilises mostly sticky ends[76]. The single strand
protruding from the origami surface will be referred to as handle in this thesis, while the single strand
attached to the objects will be denoted as oligodeoxynucleotide (ODN). The DNA double strand that
results from the hybridisation of handle and ODN, and that eventually connects the object to the DNA
origami will be named link (Figure 1.2 a).

Most studies utilise handles and ODNs made of one either nucleotide, often poly(T) or poly(A). Sequences,
in which a subsequence is repeated several times, will be referred to as sliding sequences in the following[77].
In contrast, sequences with all four nucleotides added in a non-repeating order will be called specific
sequences. Using sliding sequences can be advantageous for the binding yield, because it does not matter
which of its complementary bases a base binds as long as enough base pairs are formed to yield a double
strand with a melting temperature above the surrounding temperature. Thus, sliding sequences tolerate
errors in the DNA synthesis better. Furthermore, the single strands can slide along each other until the
maximum number of base pairs is formed, without detaching in the process (Figure 1.2). In addition,
they provide more possibilities for an initial attachment, which can translate into a higher attachment
probability. Specific sequences, however, allow for the highest spatial binding resolution due to their
uniqueness.

Apart from the sequence, the length of the link influences the binding yield, as it determines the melting
temperature, too. To promote object binding, the cooperative effect of multiple links that bind one object
can be used, which has been the case in many studies with metallic nanoparticles[78–80].

2Other computational tools include Seeman’s JUNKART[63], the programs for sequence symmetry minimisation of
oligonucleotides in DNA complexes SEQUIN[64] and UNIQUIMER[65] and the programs for the design, visualisation and
analysis of DNA motifs and structures GIDEON[66], TIAMAT[67] and UNIQUIMER 3D[68].
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Figure 1.2: Forming a double-stranded DNA link with specific and sliding sequences. a) Double-stranded
link with the handle fixed to a DNA origami at the 5’ end, and the ODN hybridising from solution. b)
Initial attachment possible with the sliding sequence: any base of the ODN can bind any base of the
handle, and “slide” into the energetically most favourable position (direction indicated by black arrow),
which yields the maximum number of base pairs without detachment in the process. c) Every base binds
its complementary in the first place. For specific sequences, it is the only scenario that guarantees a full
hybridisation without detachment in the process. Sliding sequences can behave like this as well.

Sequence engineering. It can be negative for the attachment yield if handles or ODNs can form
secondary structures such as hairpins, if they fold back onto themselves (self-complementarity) or if they
are so similar to a sequence in the DNA origami that they might rather bind there than at their designated
place. Sequence engineering considers intrastrand and interstrand interactions during the sequence design
to avoid the aforementioned complications. Computational sequence engineering tools are, for example,
SEQUIN, UNIQUIMER or EGNAS (Exhaustive Generation of Nucleic Acid Sequences)[77]. EGNAS was
used to generate specific sequences for labelling of tPad, which will be discussed in Section 3.2.1.

Surface and cavities in 2D origami structures: pegboards, masks and frames

2D origami pegboards can have either continuous surfaces or feature cavities (Figure 1.3). 2D DNA
origami with continuous surfaces allow for the full pegboard addressability, resolution and stability.
Especially rectangular shapes such as the initial long rectangle[45], also known as Rothemund rectangular
origami (RRO), have become a standard structure for the assembly of various nanomaterials (see
Section 1.2.2). The sides of the initial triangle have been used for the same purpose[78,81]. For the
co-assembly of proteins, a facial structure has been reported as well[82].

2D origami with cavities can serve different purposes. Firstly, not filling a shape steadily saves material.
As the scaffold length limits the DNA origami size, this is a mean to create bigger structures, which can
also serve as frames for the incorporation of filling material like DNA tiles[83]. Furthermore, complex,
hollow shapes can serve as lithography templates[3–5,84–86]. This can offer surface structuring as fine as
with electron beam lithography, but at lower cost and in a highly parallel manner. A third aspect
is arranging objects in the cavity. In some cases, such as constructing plasmonic devices[87] or for
fluorescence studies, it can be desirable to minimize an object’s interaction with DNA to reduce its
effect on the device functionality. Several studies have used the cavity as stabilising moulds for nanoscale
object deposition[87–91], or as a framework structure for single-molecule studies, which was reviewed by
Endo and Sugiyama[92]. A fourth aspect is that objects in a cavity can directly interact with the substrate.
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Figure 1.3: 2D origami with continuous surfaces and cavities for various applications. Continuous surfaces
serve, e. g., as pegboards for a) gold nanoparticles, b) enzymes or c) quantum dots (assembled on a side
of a triangular origami). Origami with surface cavities can be useful as d) lithography templates, e) as a
frame for larger 2D origami, f) for the confined placement of proteins or g) as a frame for single-molecule
studies. Images reprinted with permission from: a)[93]. Copyright 2013 American Chemical Society,
b)[94]. Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, c)[95]. 2014 Royal Society of
Chemistry, d)[5]. Copyright 2016 American Chemical Society, e)[83]. Copyright 2014 American Chemical
Society, f)[89]. Copyright 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, g)[92]. Copyright
2014 American Chemical Society.
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1.2.2 Current fields of research

DNA origami application

As stated before, exploring applications plays a major role in current DNA nanotechnology research.
DNA origami can be used without functionalisation, e. g., as a lithography mask (Figure 1.3 d), but
most applications rely on hybrids of DNA origami and other nanomaterials. The key feature in
many cases is the origami’s templating ability in 2D and 3D, and especially assembling complex
geometries in three dimensions is more feasible than with conventional lithographic approaches. For
several applications excellent reviews are available, which include biosensing, drug delivery, protein
functionalisation, scaffolding and enzyme cascades, DNA nanostructures for the structural elucidation
of macromolecules, structural biophysics, and molecular scaffolding[58].
The fields relevant to this thesis are nanoelectronics, nanophotonics and plasmonics, and DNA origami in
fluorescence techniques. While they have been reviewed thoroughly as well[96–99], brief introductions to
the fields will be provided here to set the frame for this work. The topic of DNA origami in fluorescence
techniques will be discussed in Section 1.3.

Nanoelectronics and nanophotonics. For electrical circuitry, DNA itself could serve as a nanowire
given its size and shape. However, it is not conductive[100]. Metallizing DNA strands, e. g., through seeded
growth[101], can create conductive paths. A first approach does this with small molecules that attach
to the DNA, a second approach deposits nanoparticles. Using both, but focussing on the nanoparticle
deposition, DNA origami metallisation was thoroughly studied as well[102–105]. However, few reports
mention electrical measurements[103,104], which indicates that further research is needed.
Organising metal nanoparticles (NP) such as gold nanoparticles (AuNP) and silver nanoparticles, other
semiconductor nanoparticles (NPs), or CNTs[106] on DNA nanostructures is also the basis for plasmonic
applications. As DNA can be attached to a gold surface easily using thiol-functionalised strands and
the strong gold-thiol bond, and since AuNP show a surface plasmon resonance in the visible range,
AuNP are the most frequently utilised among the attached nanoparticles. Researchers have created an
abundance of plasmonic 2D and 3D structures, which include tile-based lattices as well as DNA origami.
2D origami structures include, for example, AuNP placed on origami nanoflowers[107] or a line of AuNP
placed size-selectively on a triangle[78]. 2D origami sheets with a linear chain of AuNP have also been
rolled up into DNA tubes to create chiral gold nanohelices[108]. Another approach towards such helices
used DNA origami tubes[79]. For chiral gold tetramers, AuNP have been assembled on a 2D origami
rectangle[93]. Other 3D assemblies of AuNP rely on DNA polyhedral frames[109]. Furthermore, gold
nanorods (AuNR) have shown strong chiroptical activities as part of an assembly on 2D origami[110]. They
have been used in anisotropic dimer structures[111] or AuNR helices with 2D origami as the connecting
layer between them[112]. Furthermore, AuNR have been used as part of dynamic plasmonic systems
such a reconfigurable cross of two 14-helix bundles[113] or a DNA-functionalised nanorod plasmonic
walker on a DNA origami platform[114]. With AuNP, SERS (surface-enhanced Raman scattering)-active
structures[87,115–118], nanolenses[119] or polarisers[79] have also been created.

Formation of DNA origami structures

As evidenced by the recent additions to the assembly strategies’ toolbox[53,54], structure formation
continues to be a vibrant field of research as well. The following paragraph introduces some of the
current topics under research, as they are relevant for this work, without aiming at a full overview.

Size increase, including the use of stacking interactions. Amongst others, research in DNA
origami structure formation is concerned with making DNA origami suitable for large-scale applications,
which involves, e. g., cost reduction or creating larger structures. Unlike in tile-based assemblies, the
length of the scaffold limits the DNA origami size. To create larger structures, longer scaffolds[120–122],
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jigsaw approaches[123,124], filling origami frames with tiles[83], creating origami with smaller origami as
building blocks[125,126] or stacking approaches including shape complementarity[127] have been discussed.
So far, using origami as building blocks for larger origami has provided the most promising yields[125,126].
Some of the upscaling efforts involve the base-stacking interactions introduced in Section 1.2.1. In both
2D and 3D origami with blunt ends on their edges, the base-stacking interactions of the terminal base
pairs lead to aggregation, an effect that will be referred to as stacking in the following. For rectangles[45]

and for cubes[128], chain formation has been reported where stacking has played a role. Besides occurring
in chains, stacking has been used in the jigsaw approach[123,124] towards larger origami.
While stacking can be useful on the one hand, it can lead to unwanted aggregation of origami on the
other hand. The simplest approach to avoiding it is to replace blunt ends on the origami edges with
single-stranded parts. Woo et al.[129] have conducted an AFM-based study on how to control stacking of
rectangular origami though the design of the origami edges. It investigated the ratio of single-stranded
helix ends vs. blunt ends necessary to avoid stacking. Furthermore, it showed how different levels of
confinement of the blunt ends influence the stacking behaviour of the origami.

Structural resilience. Several studies have investigated the structural and functional resilience of
origami structures in respect of various chemical and physical parameters such as cation concentration,
temperature, mechanical stress, or under conditions relevant for nanomedical applications. Hahn et al.[130]

have reported on the enzymatic digestions as well as the design- and time-dependent decay of origami
structures upon cation depletion in cell culture medium. Jiang et al.[131] have studied the degradation of a
DNA origami box in serum, a nuclease degradation agent, in order to evaluate the in vivo stability of DNA
origami. Wang et al.[132] have screened compatible buffer conditions for both a tubular DNA origami
and protein crystallisation. Ramakrishnan et al.[133] have studied origami at varying temperatures in
the presence of chaotropic agents that are used in the investigation of conformational changes in protein
molecules. Kim et al.[134] have focused on the structural preservation of 2D origami triangles bound
to the surface of a silicon wafer upon thermal annealing, washing with organic or aqueous solvents and
UV/O2 treatment.

Melting in solution and folding. The thermal stability is crucial for the usefulness of origami
templates. DNA origami can encounter elevated temperatures during annealing steps for the attachment
of nanosized material, the formation of larger origami[123,126,135], or in vivo when aiming for the use in
nanomedicine[136,137]. Several studies have investigated the melting behaviour with different methods.
These studies are often part of folding studies. Two of the AFM-based studies in this regard were
presented by Song et al.[138] (melting and reassembly) and Lee Tin Wah et al.[139] (folding and melting).

Folding. Understanding the folding pathways of origami structures is considered a great help to
develop models[140–142] that will aid in the designing of complex structures and improve the yield.
Folding and melting are interconnected. Among the parameters to consider in the folding and melting
are design choices such as origami bending and template permutation[143], staple-strand routing and
length[141,143–145] or the staple excess[139,146–148]. Furthermore, cooperativity in staple binding plays a
big role[139,143,144,149]. Different methods have been employed to monitor folding[150], such as UV/VIS
absorption spectroscopy[151], real-time fluorometric monitoring of a folding reaction combined with
cryogenic quenching for native gel electrophoresis and TEM studies of the folding intermediates[143],
or Förster resonance energy transfer (FRET)[49,147,152] and single-molecule FRET[47].
AFM has also been employed, and it has allowed for studies on the single-molecule level. The invention
of the well-controlled hot stage AFM added a valuable tool and has been employed in studies by
Song et al.[138,146], Lee Tin Wah et al.[139] and Majikes et al.[148]. In these studies, the partly folded
structures at different temperatures were imaged with AFM, and ideas about the folding pathway could
be derived after image analysis. In the work of Lee Tin Wah et al.[139], a semi-automatic image analysis
routine based on ImageJ 2.0 has been employed.
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1.3 Overview over the current techniques for the structural

characterisation of DNA origami

Currently, origami templates and origami-based nanostructures can be characterised by a variety of
methods. Only recently, Mathur et al.[2] have provided an excellent overview of the state of the art of
analytical methods in DNA origami. The summary table of their findings is reproduced here as Table 1.1.

Table 1.1: Overview of representative characterisation techniques for DNA origami. Adapted with
permission from[2]. Copyright 2017 American Chemical Society. The original references were included
into this work’s references.

Name Type of structure Information provided Drawbacks Ref.

Electrophoresis
2D, 3D DNA structures;
NP/ligand modified
structures

Assembly yield; crude estimate
of NP incorporation

Lacks single oligo resolution;
cannot tell if all oligos are
correctly incorporated

[42,60]

[153,154]

AFM
2D DNA structures;
NP/protein modified
structures

Overall dimensional analysis;
visualize structural recon-
figuration by counting structures

Invasive in nature and can disrupt
structural integrity; cannot provide
structural info on bp level

[45,153,155]

[144,156]

TEM 2D, 3D DNA structures;
NP-labelled structures

Overall dimensional analysis;
visualize structural recon-
figuration by counting structures

Invasive in nature and can disrupt
structural integrity; cannot provide
structural info on bp level

[60,157]

[52,158]

UV-absorbance
2D, 3D DNA structures;
NP/dye-labelled
structures

Whether NP/ligand incorpo-
ration was successful or not,
quantification

Cannot distinguish between fully
and partially labelled structures

[159,160]

Confocal
microscopy

2D, 3D DNA structures
labelled with dyes

Visual information on
co-localisation of structures
inside cell

Lacks resolution to provide info
on spatial arrangement of dyes
on DNA structures

[161–163]

Fluorescence
spectroscopy

2D, 3D DNA structures
labelled with dyes

Spatiotemporal dynamics of
DNA structures; estimated
incorporation of dyes and NP

Requires high concentration and
large volume of sample; cannot
distinguish fully vs. partially
labelled structures

[49,143]

[164,165]

DLS
DNA structures
5 - 10 nm
per side or larger

Estimate dimensions

Requires high concentration and
large volume of sample;
lacks contrast to analyse
NP-labelled DNA structures

[166–168]

Small-angle
X-ray scattering

2D, 3D DNA recon-
figurable structures Estimate dimensions

Invasive in nature, may be
destructive, fine structure
details not available

[49,169]

The most common methods are AFM, TEM (including cryo-EM), agarose and polyacrylamide gel
electrophoresis, fluorescence microscopy and fluorescence spectroscopy techniques. The latter allows
single-molecule or bulk measurements, exploiting, for example, FRET or fluorescence of deposited
objects on a surface. The use of small-angle X-ray scattering (SAXS) and dynamic light scattering (DLS)
has also been reported. The following subsection focuses on gel electrophoresis, AFM and fluorescence
techniques including super-resolution microscopy, which are most relevant in this thesis. For these
methods, the subsection describes their modes of operation, their application in DNA origami, and
compares their advantages and shortcomings.
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1.3.1 Gel electrophoresis

Gel electrophoresis is a common analysis method for macromolecules like DNA, RNA, proteins and
fragments thereof that separates a bulk sample by molecule size and/or charge in an electric field. It
can also be applied for nanoparticles[170]. A porous agarose or polyacrylamide matrix is prepared by
frame-casting molten agarose or a mixture of acrylamide and N,N’ -methylene bisacrylamide monomers,
the free radical stabiliser N,N,N’,N’ -tetramethylethane-1,2-diamine (TEMED) and the source of free
radicals, ammonium persulfate (APS) that initiates the reaction. DNA and RNA appear negatively
charged in aqueous solutions. Upon applying the electric field, the charged molecules will move towards
the positive pole through the porous agarose or polyacrylamide matrix. Travelling through the matrix
sieves the molecules, i. e. sorts them by length, because smaller molecules pass through more easily. The
matrix preserves the separation and commonly, the gels are stained to visualise it after the preparation.
Gel electrophoresis can be applied for analytical or preparative purposes[171,172].
In DNA nanotechnology, gel electrophoresis was among the first tools ever used[26]. It can provide
structural information about the size of a DNA nanoobject as well as its structural integrity and stability.
Fluorescent and radioactive labelling has been used in this technique as well[173]. While gel electrophoresis
allows for bulk characterisation of DNA origami structures in solution, it cannot provide information
about single origami structures or surface-deposited origami.

1.3.2 Atomic force microscopy

Atomic force microscopy[174] (AFM) is a type of scanning probe microscopy with resolution in the range
of fractions of a nanometre for inorganic samples. The typical setup of an AFM is shown in Figure 1.4 a.
The flat-spring-like component (a) is called cantilever. It is typically made of silicon or silicon nitride.
It is fixed onto a substrate (b), which can be handled by the operator to transfer the cantilever into the
microscope. On the free end of the cantilever is a tip (or probe) (c) with a radius of curvature in the
order of nanometres. For imaging, the cantilever is raster-scanned over the sample (d), which is mounted
to a sample stage (e). Depending on the instrument, scanning is done either by moving the sample stage
or the cantilever (or both) in the xy-plane. The tip is placed at a height that permits its interaction with
the sample on the atomic scale. Depending on the scanning mode, these interactions can be attractive
or repulsive (Figure 1.4 b) and involve different forces such as mechanical contact forces, van der Waals
forces, capillary forces, chemical bonding, electrostatic forces or magnetic forces. The interactions change
with tip-sample distance according to the sample topography, causing a change in the cantilever motion.
On the back of the tip, a laser beam is focused, which is reflected into a four-quadrant photodiode
(Figure 1.4 f). It detects the deviation of the cantilever position from an expected value and converts it
into an electric signal that is proportional to the cantilever’s displacement.

There is a number of operational modes for the AFM suited for different applications. For imaging, the
modes can be roughly divided into static and dynamic modes. Nowadays, a feedback loop is commonly
used in either imaging mode. The static mode is also called contact mode, as the tip is in firm contact
with the sample (and thus, also in the repulsive regime). The changes in the sample topography change
the deflection of the cantilever directly, which is then used to generate the image (constant height mode).
Alternatively, the feedback loop regulates the cantilever position to keep the tip force on the sample at
a set value (constant force mode). In contact mode, the tips can wear off quickly and soft samples such
as DNA can be damaged.
The dynamic modes can be divided into the non-contact mode and the tapping or intermitted contact
mode. In non-contact mode, the tip is positioned above the surface and oscillated at either its resonance
frequency or just above that to generate an amplitude in the range of a few nanometres (< 10 nm) down

17



Figure 1.4: Atomic force microscopy (AFM). a) Schematic setup of an atomic force microscope.
b) Changes in the force between tip and sample depending on the tip-sample distance.

to a few picometres. The interactions of the tip with the surface decrease the resonance frequency of the
cantilever, and consequently, its current amplitude. The feedback loop will correct the tip-sample distance
to keep either the frequency or the amplitude constant. The tip-sample distance is used to generate the
topographic image. A major concern in non-contact AFM is the liquid meniscus that typically forms
on a sample surface at ambient conditions. It can be included in the image, or the tip can be stuck
during scanning, which both leads to image artefacts. Tapping mode circumvents this issue, and is the
mode most frequently used under ambient conditions to date. Again, the cantilever is oscillated near its
resonance frequency, but at an amplitude of several nanometres up to 200 nm, so the tip is pulled out of
the liquid layers in each oscillation. Furthermore, the tip contacts the sample surface at the lowest point
of the oscillation. The peak force the tip applies to the sample at the minimum point of the oscillation
can be higher than the average force applied in contact mode. However, as the impact is short and
retracting the tip prevents significant lateral forces, the sample damage tends to be less than in contact
mode. As in contact mode, lowering the tip-sample distance changes the tip’s resonance frequency and
its amplitude. The feedback loop counteracts the amplitude decrease by lifting the tip until a previously
determined set point amplitude is reached. Again, these corrections are used for image generation. In
addition to topographic images, phase images can be acquired in tapping mode. They map the shift in
the phase between the cantilever’s oscillation and that of the driving signal. This phase shift provides
information about the energy dissipation of the cantilever in each oscillation cycle. That is, regions of
varying stiffness or adhesion properties can provide a contrast not visible in the topographic image.
In addition to the topography, other sample properties can be mapped with similarly high resolutions.
These can be mechanical properties like stiffness (Young’s modulus) or adhesion strength, and electrical
properties such as conductivity or surface potential. Furthermore, force spectroscopy can be performed
as point measurement in either the static or the dynamic modes.

Atomic force microscopy is one of the preferred methods to characterise DNA nanostructures[97] and
was the first technique to visualise the structure and correct folding of DNA origami[45]. It has been a
versatile tool to characterise DNA in general because it allows direct imaging. Furthermore, AFM can
be performed in air and in liquid, that is, in the aqueous natural environment of DNA, and in tapping
mode it inflicts only moderate force on the scanned sample[175]. Furthermore, sample preparation is
straightforward and fast.
To avoid image artefacts and achieve nanometre resolution with AFM, the substrates must be atomically
flat. The most common substrate used with DNA origami is mica, followed by silica. The use of highly
oriented pyrolytic graphite (HOPG)[176] and molybdenum disulphide (MoS2)[177] have also been reported.
Both mica and DNA are negatively charged in aqueous media. The most popular strategy to adsorb
DNA onto mica nevertheless is adding divalent cations to the DNA solution[178,179] or (additionally)
pre-incubating mica with a divalent cation solution, which render mica positively charged by replacing
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the K+ ions in the binding sites. Among the divalent cations appropriate for DNA binding are Ni2+,
Co2+ and Zn2+, while for DNA origami, Ni2+ and Mg2+ are used most frequently. While transition metal
cations such as Ni2+ form irreversible directional bonds to the mica and kinetically trap DNA, Mg2+

is constantly exchanged with residual K+ and H+ on the mica surface and provides only a relatively
weak diffusion adhesion of the DNA. Lee et al.[180] have utilised this to tune the translational freedom,
which adsorbed the DNA strongly enough for high-speed scanning, but allowed enough mobility for
DNA-protein-interaction to take place. Another adsorption strategy for DNA onto mica involves the
peptide poly-L-ornithine[172] instead of divalent cations.
As it probes a surface, AFM is particularly suitable for topographical imaging of 2D origami.
High-resolution AFM images3 depict the weave formed by the parallel DNA double helices, which zigzag
along their axis due to the periodically placed interconnects[45].
AFM is also well suited to study a variety of characteristics. As mentioned in Section 1.2.2,
Song et al.[138]have studied the melting and reassembly of rectangular DNA origami bound on mica
using thermally controlled AFM. Lee Tin Wah et al.[139] have studied the folding and melting pathways
of a rectangular origami in solution by quenching and imaging at different stages of the processes.

Various studies use AFM and DNA origami as the aiding structure for single-molecule studies[181].
Voigt et al.[182] have monitored single-molecule chemical reactions, that is, the site- and chemoselective
cleavage of disulphide bonds and 1,2-bis(alkylthio)ethene moieties, as well as Huisgen-Sharpless-Meldal
copper(I)-catalysed click reactions and amide bond formations between primary amines and
N -hydroxysuccinimide ester moieties.
Fast scanning applications (high-speed AFM or HS-AFM[183]) allow monitoring dynamic processes[184].
Endo and Sugiyama[92] have summarised the use of a DNA origami frame as a scaffold to directly observe
single enzyme molecules such as DNA-methyltransferase, DNA base-excision repair enzymes (such as
8-oxoguanine glycosylase and T4 pyrimidine dimer glycosylase) and DNA recombinase. Furthermore,
they describe the direct imaging of structural changes in DNA origami (such as G-quadruplex formation
and disruption), of the hybridisation and dissociation of photoresponsive oligonucleotides and of the
B-Z-transition of DNA in the equilibrium state, or the single-molecule observation of RNA-RNA kissing
interactions[185]. Furthermore, they have directly observed a mobile DNA nanomachine moving along a
track on a DNA origami surface[186].
Although AFM has been a versatile characterisation tool for DNA origami, the method has its
shortcomings. Despite using the tapping mode, the AFM tip, surface deposition or the drying for AFM
in air can damage the sample[184,187]. Furthermore, surface deposition can alter the natural behaviour
of DNA[92,139,180]. Unless HS-AFM is used, AFM is slow and hence limited in sample throughput. As
mentioned above, the choice of substrate is limited. Furthermore, AFM struggles with three-dimensional
imaging and certain material contrasts, which, for example, hampers depicting the size of AuNPs correctly.
Thus, for 3D origami and origami functionalised with, e. g., AuNPs or quantum dots (QDs), TEM
provides the better image quality.

1.3.3 Fluorescence techniques

While gel electrophoresis, TEM and AFM cover the field of structural evaluation, fluorescence-based
techniques have been the methods of choice for in-situ studies, and for monitoring dynamics processes
involving DNA origami, such as the assembly and melting of 2D and 3D origami[147], or for studies with
origami as the substrate, e. g., for DNA walkers[186,188], or multi-enzyme complexes[189]4.
In fluorescence measurements, the object under study is illuminated with light of a wavelength that
will be absorbed by the attached fluorophores such as organic dye molecules, quantum dots, metallic

3such as Figure 3.3
4Recently, HS-AFM has been employed for such studies as well.
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nanoparticles or polymer molecules. This induces light emission from the fluorophores at wavelengths
higher than that of the absorbed light. The emitted or fluorescent light is detected separately from the
absorbed light using spectral emission filters. The fluorescent light yields qualitative and quantitative
information, and is used for image generation in fluorescence microscopy. Figure 1.5 a shows the schematic
setup of a fluorescence microscope5.
Fluorescence measurements on DNA origami can be performed on the surface or in solution, being less
or non-invasive, respectively. First, fluorescence studies have been performed in bulk[49,186,188]. However,
this averages a sample and conceals the contributions of minor populations (such as malfunctioning
devices, side products). Single-molecule fluorescence techniques can provide this information, and have
become a staple in DNA nanotechnology. They will be discussed separately in the following.
One tool used frequently in both bulk and single-molecule studies[70,190] is Förster resonance energy
transfer[191]. FRET is a mechanism of nonradiative energy transfer between a donor chromophore
in its excited electronic state to an acceptor chromophore through dipole-dipole coupling. Structural
parameters of DNA origami in a broader sense, such as origami dimerisation[192,193] or the opening and
closing of a DNA origami box with a lid[49] have been studied using fluorescence quenching, single-molecule
FRET and alternating laser excitation techniques (smFRET/ALEX), or FRET in bulk, respectively. The
energy transfer is inversely proportional to the sixth power of the distance. Therefore, FRET is very
sensitive to small changes in the chromophore distance, but functional at distances below 8 - 10 nm only.
All of the studies mentioned before use organic dye molecules as fluorescent labels. For labelling, and
more often as object under study, quantum dots are used as well[81,95].

1.3.4 Super-resolution microscopy

Super-resolution fluorescence microscopy, or just super-resolution microscopy (SRM), includes a number
of fluorescence microscopy techniques that overcome the diffraction limit in resolving details of an imaged
specimen. The diffraction limit describes the fact that due to the diffraction of light on the lenses or
mirrors of optical systems, even an infinitely small point source of light (also referred to as emitter or
fluorophore here) appears as a finite volume spot. This spot is known as point spread function (PSF),
and it is specific of every microscope.
If two point sources on a specimen are located so close that their PSFs overlap in the detected image,
they cannot be resolved (Figure 1.5 b I). Frequently, the diffraction-limited resolution in the focal plane
is quantified as approximately 0.5 λ/NA, with λ being the wavelength of light and NA the numerical
aperture of the microscope lens. This approximation is based on the works by Abbe[194] and Rayleigh[195].
Fluorescence microscopy uses UV or visible light in the range of approximately 400 - 700 nm. Using optical
components with the highest NA, the resolution limit lies at around 200 nm in this case. However, if
a single point source is isolated from any other sources in its vicinity, and given that sufficient photons
occur in the spot, the centre of the PSF, which is equal to the centre of the emitting point source, can
be located with arbitrary precision[196]. For that purpose, the PSFs are approximated with fit functions
as shown exemplarily in Figure 1.5 c with a 2D Gaussian fit to a resolution-limited raw data image.

Popular SRM techniques are stimulated emission depletion (STED) microscopy[197], structured
illumination microscopy (SIM)[198], and single-molecule localisation microscopy (SMLM) techniques such
as photoactivated localisation microscopy (PALM)[199], fluorescent PALM (FPALM)[200] or stochastic
optical reconstruction microscopy (STORM)[201] and direct STORM (dSTORM)[202]. In the first SRM
study on DNA origami, dSTORM and Blink Microscopy[203] were applied to resolve a distance of about
89 nm between two dye molecules on an origami rectangle[204].
To date, STED microscopy[205] and STORM[206] have been applied with DNA origami. These techniques

5Here, a particular setup for total internal reflection fluorescence (TIRF) microscopy is shown.
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Figure 1.5: Super-resolution microscopy principles. a) Scheme of fluorescent imaging with total internal
reflection (TIRF) excitation. b) Principle of overcoming the diffraction limit by isolating and stochastic
switching of the emitters on a structure of interest. c) Determining the centre of a diffraction-limited
spot with a Gaussian fit function. Reprinted with permission from Carl Zeiss GmbH.

use different principles to isolate emitters and generate the super-resolved images of the emitter positions.
In STEDmicroscopy, single or few point sources in a focal spot will emit photons at their usual fluorescence
wavelength, while in their vicinity, stimulated emission causes a red shift of the wavelength of the emitted
photon, allowing for ignoring them in the detection process. STED microscopy allows taking images at
subdiffraction resolution, while STORM, and in general the SMLM techniques, use mathematical models
to generate those images from many sets of diffraction-limited images. In each diffraction-limited image,
a random but sparse subset of the multiple emitters on a specimen is put into the ON state. That is,
this subset is emitting photons, which results in spatially separated PSFs. Both STORM and PALM use
stochastic switching, but execute it differently. For both, the imaging procedure starts in the OFF state.
PALM and FPALM use proteins that occur in the OFF state natively, and start emitting when excited. In
STORM, illumination with light of the suitable wavelength and intensity sets emitters into the OFF state.
When stochastically switching the emitters between ON and OFF state, the subset of active emitters
changes randomly throughout the set of diffraction-limited images (Figure 1.5 b). Mathematically fitting
the centres of the PSFs with sub-nanometre precision and trueness (Figure 1.5 c) in each image and
combining all images of a set afterwards yields the super-resolution image.

SRM techniques have introduced a new quality to fluorescence microscopy studies of DNA origami in
terms of single-structure evaluation. The techniques provide spatial resolution in the range of 5 - 10 nm
in the xy-plane[207] and 20 nm along the z -axis[208], which is in the range of TEM and AFM. They are
suitable for 2D and 3D origami and operate in buffer. Furthermore, they are fast and more flexible in
scanned sample area and substrate material compared to TEM and AFM. Due to the comparably large
fields of view in the range of above 50 µm, SRM potentially outperforms AFM and TEM in terms of
sample throughput. As fluorophore signals yield highly contrasted images, software tools for image and
data analysis can be implied straightforwardly, which is not the case for AFM or TEM. This opens up
potential for automation.
A group of studies focuses on DNA origami as a tool in super-resolution microscopy. It was used, e. g., as
a nanoruler both in 2D[204,209] and 3D[206] and for fluorescence intensity standard calibration[210], method
development[211,212] or barcoding[213]. For DNA nanorulers, protocols from production to data analysis
have been carefully established[214], which led to nanorulers becoming the first commercial product using
DNA nanotechnology[209]. Jungmann et al.[215] used DNA origami as material under study to develop and
demonstrate the DNA PAINT technique, which is a DNA-based derivative of the point accumulation for
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imaging in nanoscale topography (PAINT) technique[216]. As in other SMLM techniques, DNA PAINT
utilises the successive localisation of single molecules, but provides the necessary switching of ON and
OFF state through transient hybridisation. For that purpose, the object under study is equipped with
DNA handles. When complementary, fluorophore-labelled, short ODNs (6 - 11 nucleotides[209]) hybridise
with the handles, it leads to a burst in fluorescence. As the formed double strand is thermally unstable,
the ODN will detach after a period of time depending on the length of the double strand, and revert the
handle position to the dark state. This setting considerably increases the site-specificity of the labelling in
PAINT, as it uses the unique recognition properties of DNA. Besides DNA nanorulers and DNA PAINT,
studies in DNA origami focus on biomolecular processes at the single-molecule level on the origami,
i. e. hybridisation kinetics[217], and, as mentioned before, on smFRET[70,190].

Although it is not among the popular SRM applications described above, super-resolution microscopy can
be used as well to evaluate the DNA origami itself. Possible properties of interest accessible with SRM
are the presence of DNA origami objects at designated positions on a surface, their orientation on the
surface, their deposition side and, given the sub-nm resolution of the methods, the structural integrity of
the DNA origami objects. The term deposition side will be used here for the origami surface that faces
the substrate6. However, few studies have focused on these possibilities so far[2].
Regarding the presence of origami on a surface position, Pibiri et al.[163] used single-molecule fluorescence
microscopy to evaluate the placement of surface-bound origami labelled with one type of fluorophores
within patterned surface cavities. For the structural characterisation of DNA origami, Iinuma et al.[120],
for example, have investigated structural properties of 3D origami polyhedra. Regarding the deposition
side or orientation, no super-resolution technique has been used to determine that yet.

Most of the SRM studies in the evaluation of DNA origami use one type of fluorophore. However, this
limits the possibilities of such investigations. It is not necessarily due to resolution, as distinguishing
two fluorophores of the same colour at 6 nm distance on origami has already been demonstrated[218].
However, evaluating the deposition site and orientation of the DNA origami on the surface, for example,
is hampered, as it is difficult to create a pattern whose orientation can be assigned unambiguously to a
certain case. Furthermore, achieving a high resolution with one type of fluorophores is time-consuming,
because a large number of images with isolated emitters has to be obtained.
A multicolour approach abolishes some of these limitations. Multicolour SMLM uses the frequency space
to isolate emitters in an image[219,220] instead of the stochastic ON/OFF state switching, as in STORM
and PALM. That is, different features of the structure under test are labelled with fluorophores with
different excitation and emission wavelengths. Furthermore, they are imaged using different optical
pathways in the imaging apparatus. In cell biology, this concept has been applied successfully for
decades[221].

For evaluating the structural integrity of surface-bound DNA origami, a set of target distances and angles
between different fluorophores could be used. Such a target value approach has been demonstrated as well
with one type of fluorophore in the aforementioned study on DNA origami polyhedra by Iinuma et al.[120].
That work used 3D DNA PAINT to localise the vertices, which carry 18 docking strands each to ensure
its imaging. Iinuma et al. have obtained a resolution of about 13 nm in x and y, and about 24 nm in z,
with a localisation accuracy of the single DNA PAINT binding events of 5.4 nm in x and y, and 9.8 nm
in z.
Using multiple fluorophore types and one permanently attached molecule per binding site can potentially
improve these values. Furthermore, it is straightforward to generate chiral labelling patterns with more
than one colour, which give unambiguous information about the origami placement, orientation and
deposition side.

The multicolour approach in this work uses the principles of single-molecule high-resolution co-localisation

6Determining the deposition side can be of interest, e. g., for placing origami on a chip as part of electrical circuitry.
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(SHREC)[219]. This SMLM technique focuses on determining the distances between two single fluorescent
molecules that emit at different wavelengths[219,220,222,223]. The distances lie in the size range of
10 - 200 nm[219], that is, between that of FRET and diffraction-limited microscopy. The SHREC
approach also allows monitoring dynamic processes such as the walking mechanism of a myosin V
molecular motor[219], or, when the rotation of the emitter pair is blocked, studying the emitters’ relative
orientations[220]. In the original work on SHREC[219], the static distance of a Cy3 and a Cy5 molecule on
a 30 bp DNA duplex with the length of 10.2 nm was determined as 10 ± 1 nm7. For Cy3/Alexa 647 pairs
on DNA duplexes at distances from 105 bp to 145 bp, Pertsinidis et al.[224] have reported an absolute
distance accuracy of 0.77 nm8, with a statistical uncertainty in the localisation of a single fluorophore
molecule of 0.3 nm.

In this work a SHREC approach with three different fluorophores will be applied, which are attached to
the DNA origami prior to deposition.

1.4 Precision and trueness in SRM and multicolour

co-localisation approaches

As SMLM techniques apply mathematical models and statistical techniques to determine super-resolved
fluorophore positions, precision and trueness must always be discussed together with the absolute data.
Instead of the term “trueness”, accuracy has been used frequently to name the same parameter. In this
work trueness is used to follow the suggestions of ISO 5725-1:1994(en)[225].

In this work fluorophore (emitter) positions are localised in the xy-plane, i. e. in 2D. If one determines
the true position of the emitter coordinates (xt; yt) as the average from the position in n images, the
localisation precision describes the spread of the n single position measurements (xi; yi) around their
mean values (x̄; ȳ). The trueness describes the deviation of the mean values (x̄; ȳ) from the true position
coordinates (xt; yt). The mean position (x̄; ȳ) is the fluorophore position in the super-resolution image.
In the simplest case, these coordinates are calculated as arithmetic means as given in (1.1):

c =

n∑
i=1

ci

n
c = {x; y} . (1.1)

Localisation precision and trueness for single fluorophores. In Chapter 5 the position of the same
point source in n images (xi; yi) is averaged to generate the super-resolution image with the super-resolved
emitter position (x̄; ȳ), and precision and trueness are discussed in that regard. The following part focuses
on the precision and trueness of the point source position in a single one of these images based on the
detected positions of the photons emitted by the point source.
The position of the emitter’s centre in a single image, i. e. the centre of the PSF, is the location of
maximum photon count. To approximate the PSF’s centre from the position-depending photon count,
mathematical models are computed. In this work a 2D Gaussian approximation of the PSF will be used.
As they can be computed fast, these approximations are frequently used[226] for emitters that are, as the
ones described here, isotropic and in or close to the focal plane[227]. That the emitters used in this work
are isotropic can be assumed because the fluorophores are attached to flexible DNA linkers that allow a
rapid thermal motion[220].

For the localisation precision, the key factor is the number of photons detected from one emitter[222].

7482 molecules, 95% confidence interval from 1000 bootstrap distributions
81σ confidence interval
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It can be limited because of the photostability of a fluorescent dye. That is, due to damage by the
excitation light, the fluorophore will possibly stop emitting at some point in the experiment, which
is referred to as (photo)bleaching. Furthermore, fluorescence intermittency, also called blinking, can
play a role. Blinking is the random and not reproducible switching between the ON and OFF state
under continuous emitter excitation, which is connected to the competition of radiative and non-radiative
relaxation pathways[228,229].
Several factors influence the distribution of the detected photons. There are static factors such as the
emission profile of the emitter, the PSF of the microscope that can be distorted by spherical aberration,
coma and astigmatism[222], or the pixelation of the detector. Furthermore, there are two important
categories of noise, i. e. stochastic factors. The first is shot noise. It results from a temporary distribution
of the photons in a spot, which do not arrive steadily in a certain time interval, but follow a Poisson
distribution. The shot noise is defined as the standard deviation of the Poisson distribution. The second
noise category is background noise. It can occur due to out-of-focus fluorescence (extraneous fluorescence
in the microscope, e. g., due to dust, cellular autofluorescence), readout noise , dark current, and other
factors.
The best localisation precision theoretically possible is given by the square root of the Cramer-Rao lower
bound (CRLB)[230]. For modelling the emitter image in 2D, the limit of the localisation precision can
be expressed through more simple analytical equations instead. For the localisation in two dimensions,
Thompson et al.[231] have derived equation (1.2) for a Gaussian approximation of the PSF, with uc being
the uncertainty in each dimension:

uc =
√
〈(∆c)2〉 =

√
s2 + a2/12

N
+

8πs4b2

a2N2
c = {x; y} . (1.2)

This equation accounts for both shot noise and background noise, and it considers the role of pixelation
noise in both of these. Here, N is the number of the photons collected, s is the standard deviation of the
point spread function (here Gaussian), a is the size of a pixel, and b is the background noise.
Equations for calculating the localisation uncertainties are often directly implemented in image analysis
routines for position tracking, for example, ThunderSTORM[232], and provide uc together with the
position coordinates of a fluorophore in a single image. A way to limit background noise through
out-of-focus fluorescence is using total internal reflection fluorescence (TIRF) microscopy[233,234], which is
schematically depicted in Figure 1.5 a. This technique uses an evanescent field to illuminate fluorophores.
As the field decays exponentially, it only excites fluorophores in a restricted layer of approximately
100 - 200 nm above the glass-water surface, and omits fluorescent signals from deeper layers of the sample.

Systematic effects such as drift and vibration of the measurement setup, imperfections in the optics
and detector or an asymmetric emission profile of the fluorophores influence the localisation trueness.
Drift is a relative movement of the sample and the optical instrument during the imaging process due
to temperature changes or mechanical relaxation effects. While SRM experiments can take up to hours,
drift can be in the range of several hundred nanometres over the course of several minutes[235], hence, it
must always be corrected. In order to correct the drift, several approaches can be used. One of them is
tracking fiduciary markers. Fiduciary markers are fluorescent objects that are introduced additionally to
a sample, and that do not bleach significantly over time. Commonly used markers are, for example, gold
nanoparticles, quantum dots or fluorescent beads.
The marker trajectories provide a reliable base to correct the drift. However, this requires the right
marker concentration to avoid overpowering the structure of interest while providing enough signal for the
correction, and adjusting the imaging parameters and the instrument for proper marker recording. This
includes, for example, imaging the marker in exactly the same plane as the sample[222]. An alternative
approach to drift correction, which is applied in this work, uses the structure of interest itself instead of
fiduciary markers[236,237]. As the shape of the structure stays the same, cross-correlation techniques can
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be applied to determine spatial shifts of the structure between subsequent images. Mlodzianoski et al.[235]

have demonstrated that cross-correlation can also be applied in SRM experiments, where different subsets
of molecules emit over different points of the recording.

Co-localisation in multicolour SRM. Multicolour imaging makes a precise and accurate localisation
of fluorophores inherently more complex than with one type of fluorophore. Firstly, the localisation
errors SEx;y of the fluorophore coordinates can vary between different colour channels due to different
emitter properties, variations in the different optical pathways, and varying noise and drift behaviour.
Secondly, a multicolour approach has to ensure the correct co-localisation of the different fluorophores in
the super-resolution image.

In multicolour imaging, different fluorophores can be imaged either sequentially, simultaneously or using
different viewpoints[222,238]. In this work the sequential approach is used. Here the fluorophore types are
excited and captured one after the other on the full size of the camera’s CCD chip. While it is slower than
the other approaches, it makes use of a larger field of view, reduces loss of light due to fewer components
in the emission pathway, decreases optical aberrations, and introduces minimal crosstalk between the
different colour channels[222].

A key step in the multicolour method is image registration. That is combining images of the same field
of view of different colour channels into one image that contains all fluorophore positions. However,
switching between the different imaging pathways slightly shifts the field of view, and hence, the relative
positions of the different fluorophores of one spot are error-prone. The position shift will be referred to
as colour offset in the following. In this work it lies in the range of 50 - 100 nm in the x - and y-direction,
which is already in the size range of the target distances. Therefore, instead of overlaying the images
of the different colour channels, geometric transformations must be established between the datasets of
fluorophore coordinates in order to view them correctly in the same coordinate system[238].

Transferring the coordinates of one channel to a second channel is called mapping between
channels[219,220,222,223]. If more than two different fluorophores are used, one channel is chosen as
the basis the other channels are mapped onto. To generate a set of coordinates to infer the mapping
from, feature-based registration with fiduciary markers as in drift correction is common practice. For
that purpose, fluorescent beads that emit in all the imaged colour channels are frequently used[238].
Calibrating the mapping is inferring a function for the coordinate transfer. The simplest function would
be a vector that is constant at any position in the field of view. However, there is a slow variation in the
colour offset throughout the field of view due to chromatic aberrations of the optics[223]. This could be
modelled with an appropriate mathematical function, which would result in one global mapping function
for the whole image. However, there are additional, short-range variations, for which different sources are
suggested9. To account for the short range variations, several studies[219,223,224] use local-weighted mean
mapping. For that purpose, Goshtasby et al. propose a weighted sum of second-order polynomials that is
determined locally around marker points visible in both colour channels[239]. In this work the MATLAB
function “fitgeotrans” of the Image Processing Toolbox, which replaces the “cp2tform” function used by
Churchman et al.[240], executes the mapping for all markers in a field of view. Applying a perfect mapping
function should result in mapping the position of a marker in one channel onto its actual image in the
other channel. However, instead of perfect mapping, random registration errors remain[219,224], which
determine the trueness of a fluorophore distance measurement. In this work (Chapter 5) this uncertainty
due to the colour offset will be denoted as r.

9While some studies name small imperfections in the optics, especially the microscopes objective[222] or the “mathematical
shapes of lens designs and the actual physical shapes of lenses” in general[223], Pertsinidis et al.[224] propose the
position-dependent response on the CCD camera, which they refer to as interpixel photoresponse non-uniformity (PRNU).
Pertsinidis et al. state that “the mapping could be improved significantly if [..] all centroids [were imaged] on the same
detector pixel”.
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1.5 Towards the assembly of CP molecules with DNA origami

and possible applications

As discussed in Section 1.2.2, nanoelectronics and nanophotonics are major fields of research for the
application of DNA-based nanostructures, with most studies focussing on AuNP-DNA hybrids. Only
recently, another type of nanomaterial with potential as electrical nanowire and photonic component has
been introduced to DNA origami, which is conjugated polymers (CPs).
Unlike inorganic components, conjugated polymers combine semiconducting or conducting behaviour
with properties of synthetic polymers such as mechanical flexibility or tuneable and low-cost synthesis
that yield custom material characteristics. As also discussed in Section 1.2.2, arranging CPs with DNA
origami is attractive for both augmenting DNA-based electronic and photonic structures, and as a new
approach to placing CP molecules with nanometre precision for research purposes.

This work focuses on the AFM-based structural characterisation of a CP-DNA origami hybrid. However,
choosing a polythiophene derivate as the CP, and building the hybrid the way it will be shown10 had
in mind to enable the use of the hybrid for the aforementioned purposes in future research. In order to
provide an understanding for the choices that were made consequently in the hybrid design, the following
section introduces basic information on the structure of conjugated polymers and the structure-property
relationships that need to be considered to yield functional material. Furthermore, the section gives an
overview over approaches to arranging single or few CP molecules at the nanoscale using top-down and
DNA-based bottom up techniques to shed light on possible applications of the novel hybrid.

1.5.1 Conjugated polymers

Since the discovery of CPs in the 1970’s by A. J. Heeger, A. MacDiarmid and H. Shirakawa[241–244],
research efforts have resulted in a gamut of CP varieties and synthesis strategies. A comprehensive
introduction to the field is beyond the scope of this thesis, and can be found in many reviews and books.

In order to introduce representative CPs and syntheses, Appendix Figure A.1 presents an overview
according to Morin et al.[8], who group CPs into three generations according to the progress in material
properties and synthesis. According to the authors, the driving forces for proceeding from the first
to the second CP generation was preparing solution-processable instead of infusible, insoluble rigid-rod
conjugated polymers. Solubilising the polymers, which will play a role in this work as well, introduced
peripheral flexible side chains to the polymer backbone[245], which increased the structural complexity.

Charge carrier generation and transport

In contrast to the majority of polymers, conjugated polymers possess a system of conjugated double
bonds along the polymer backbone. Thus, CPs display the electronic and optoelectronic properties of
semiconductors or, if in a doped state, of metallic conductors.
If just two monomers hybridised, their pz-orbitals would form a π- and a π*-orbital as shown in
Figure 1.6 a I. In a polymer chain, the hybridisation of all pz-orbitals of a chain would increase the
energy level density until a continuous, half-filled energy band would form. The π-electrons would be
delocalised over the entire polymer chain, giving it the properties of a metallic conductor. However,
instead of a completely delocalised system, the single and double bonds are localised due to the Peierls
distortion[246]. Therefore, a fully occupied π-band and an unoccupied π*-band form (Figure 1.6 a II).

10that is, by attaching diblock copolymers to the origami through a single link each
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The π-band is referred to as the valence band or highest occupied molecular orbital (HOMO), and the
π*-band as conduction band or lowest unoccupied molecular orbital (LUMO)11. The energy gap between
the HOMO and LUMO is called band gap, which has the band gap energy Eg. The band gap energies
for conjugated polymers typically lie between 0.9 eV and 3 eV, which is in the range of a semiconductor
(0.1 - 4 eV)[247]. This energy range corresponds to radiation in the near ultraviolet, visible and near
infrared regime (400 - 1400 nm). Absorption of the suitable energy promotes electrons from the valence
band to the conduction band, leaving a positively charged hole in the valence band. On the one hand,
these electron-hole pairs (excitons) can be separated by an electric field and become free electric charge
carriers12. This principle is used in organic field effect transistors (OFETs)[11], for example. On the other
hand, the electron can relax back into the valence band under photon emission. This photoluminescence
provides the basis for optical applications of CPs such as organic light emitting diodes (OLEDs).

Figure 1.6: Conductance in conjugated polymers. a) Formation of π- (HOMO) and π*-(LUMO) orbitals
for polyacetylene as an example CP. (I) Two hybridised monomers. AO: atomic orbital; MO: molecular
orbital. (II) Acetylene polymer chain: due to the Peierls distortion[246], the double bonds are localised
instead of delocalised, which leads to a separated conduction and valence bands. Adapted from[11]. b)
Excitons in a polymer chain. The intrachain mobility of excitons, which can be generated by photon
absorption, is limited to segments of a polymer chain (red-shaped areas) if the alignment of the π-orbitals
is disturbed. In addition to intrachain transport, interchain hopping transfer of excitons through space
can occur towards lower energy segments, as well as photon emission from relaxing trapped excitons,
which is specific for the conjugation length of a segment.

Intrachain transport is the charge carrier movement within one polymer chain (Figure 1.6 b). It is
determined by the number of monomers in one plane, which is the conjugation length. Because the
polymer chain conformation can be free to change through rotation and bending, the effective conjugation
length is mostly not equal to the chain length. The effective conjugation length strongly affects the
absorption spectrum of a polymer, which has been exploited, for example, for sensor applications[248–251].

Interchain transport is the charge carrier transport along multiple chains (Figure 1.6 b), which involves
transitioning of charge carriers between the chains (hopping). It largely affects the performance of organic
semiconductor films[10] as their microstructure displays a significantly higher structural and energetic
disorder than present in inorganic solids. This includes localised states, chain ends and grain boundaries.

11Recent publications on conjugated polymers use mostly the terms HOMO and LUMO only.
12The excitons are Frenkel excitons that are mainly located at one molecule by high bonding energies, and diffuse as

uncharged electron-hole pair for few nanometres only. That is due to the weak intermolecular interactions in CPs compared
to inorganic semiconductors, which limit the extension of the electronic wave function.
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Structure-property relationships in charge carrier transport and synthesis strategies

For improving material and device performance, understanding the structure-property relationship
regarding the CP and its charge carrier characteristics is key[252]. In order to optimise intrachain and
interchain transport, structural order must be maintained at multiple levels of CP-including devices.

To facilitate the hopping transport of charge carriers, close short-range π-π-stacking is beneficial, and
more vital than a highly ordered crystalline structure[253]. For short-range π-π-stacking, amongst others,
the molecular structure of the single polymer molecule plays a key role. Already after the first syntheses of
processable poly(3-alkylthiophene)s, for example, it became evident that a high degree of regioregularity
was favourable for device performance[254]. To achieve a high effective conjugation length for intrachain
transport, reducing the conformational disorder is vital, which can be done ,e. g., through coplanar
repeating units and through minimizing torsion opportunities in the chain. Other influential properties
are, for example, the molecular weight[255–258], the dispersity[259,260] and end-groups[261–263].

Tuning the aforementioned and other structural properties on the molecular level requires highly
controlled synthesis strategies. Here, transition metal-catalysed cross-coupling reactions such as Kumada,
Suzuki-Miyaura, Heck, Stille, Negishi, Hiyama, and Sonogashira play a key role[264–266]. Many of
these cross-coupling reactions, such as the Stille and Suzuki coupling[267,268] follow a step-growth
polycondensation mechanism.

Figure 1.7: Mechanisms of metal-catalysed polymerisations. a) I: Step growth: increase of the
molecular weight through reactions between monomers, oligomers and polymers. II: Chain growth:
nucleation and repeated additions of monomers to a growing polymer chain. Reproduced with permission
from[269]. Copyright 2016 Royal Society of Chemistry. b) Catalytic cycle of the chain-growth Kumada
catalyst-transfer polycondensation for poly(3-hexylthiophene). OA: oxidative addition; RE: reductive
elimination; TM: transmetalation. The half circle connecting the two phosphorous atoms indicates a
bidendate ligand. Adapted with permission from[270]. Copyright 2011 John Wiley and Sons.

Step-growth polycondensations (Figure 1.7 a I) proceed with little control over molecular weight,
dispersity and end-groups. On the contrary, living chain growth polymerisations (Figure 1.7 a II) provide
this control, and numerous of these techniques have been established[271]. The main approach to
developing those is converting an uncontrolled polymerisation into a catalyst-transfer polymerisation
(CTP)[271]. CTPs utilise a system-specific affinity of catalyst and monomer that circumvents catalyst
detachment from the growing chain during the reaction. As an example, the Kumada catalyst-transfer
polycondensation (KCTP) for the synthesis of poly(3-hexylthiophene) is given in Figure 1.7 b.
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1.5.2 Polythiophene and water-soluble, regioregular, end-functionalised
derivatives via state-of-the-art synthesis

In this thesis, a block copolymer (BCP) of DNA and the regioregular head-to-tail polythiophene
poly(3-tri(ethylene glycol)thiophene)13 (P3(EO)3T) is used for site-specific positioning on DNA origami
templates.

Figure 1.8: Regioregular, water-soluble poly(3-tri(ethylene glycol)thiophene) (P3(EO)3T) with amine
starting groups via ex situ initiated KCTP used in this work for the deposition on DNA origami[172].
Adapted with permission from[172]. Copyright 2017 American Chemical Society.

Polythiophenes are a group of conjugated polymers with backbones made from five-membered aromatic
rings containing a sulphur atom. Unsubstituted polythiophene (PT) molecules are semiflexible in
solution and tend to aggregate. Thus, PT is poorly soluble, which has spurred the research into PT
derivatives. Both PT and its derivatives are amongst the most investigated conjugated polymers due
to their excellent optoelectronic properties (such as a tuneable fluorescence, FRET, tuneable electrical
conductivity)[272–274], low-cost synthesis, excellent environmental and thermal stability, mechanical
strength and magnetic properties[275–279]. For several polythiophene derivatives, a large hole mobility,
a narrow band gap (Eg about 1.9 eV) and a good solubility have been reported. The materials can
potentially be used in sensors[280–282], organic photovoltaics[283–285], organic field-effect transistors[286–288],
organic light emitting diodes[289–291], and for biomedical applications[292–294].
The P3(EO)3T used in this work proved to be a performant material. Its potential as a p-type
semiconductor in organic field-effect transistors was reported by Shao et al.[286].

Common strategies to obtain soluble PT derivatives are side chain functionalisation[295–297], in most
cases at the β-carbon atoms, the synthesis of copolymers of PT with processable polymers[298–300], or
a combination of both strategies[301–303]. Introducing the side chains to the five-membered core allows
fine-tuning the solubility and the optoelectronic properties as well[304]. The P3(EO)3T used in this work
has triethylene glycol side chains to make it water-soluble14 in order to facilitate its use in the aqueous
environment of DNA origami.

For PT derivatives with sidechains, a key factor for proper backbone alignment is the regiochemistry.
Increasing the proportion of the head-to-tail (HT) monomer orientation in poly(3-alkylthiophene) chains,
for example, has been identified as a significant performance enhancer soon after the first studies on the
material[254]. PT and its derivatives have been synthesised via electrochemical polymerisation[306–308]

and chemical oxidation polymerisation[309–311].

The first syntheses yielded a HT proportion of 50 - 60%[312]. By introducing metal-catalysed
polymerisation methods for poly(3-alkylthiophene)s McCullough[252] and Rieke[312] were able to increase
the HT proportion to 91% and 98.5% fdeinf± 1.5%, respectively.

13an alternative name is poly(3-2,5,8,11-tetraoxadodecane thiophene)
14Water-soluble polymers have become a research focus in high sensitivity chemo- and biosensor applications. That is

because processing in water or alcohol is usually less hazardous to the environment than in organic solvents, the devices are
less susceptible to degradation under moist or atmospheric conditions, and the polymers are readily soluble in biological
systems[249,305].
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However, these syntheses suffered from a high dispersity in and a low control over the resulting molecular
weight. Because of these findings, step-growth mechanisms were presumed[313].

As already shown in Figure 1.7 b, chain-growth polymerisations such as the Kumada catalyst-transfer
polycondensation could be established for PTs instead[270]. The “quasi-living” KCTP was also used here
to synthesise a regioregular P3(EO)3T with a defined molecular weight (MW). Furthermore, the KCTP
allowed for introducing defined end-groups to the polymer chains, which were necessary for the coupling
to DNA[172].

1.5.3 Nanopatterning of conjugated polymers for single-molecule studies

An exemplary result of the past insights into the structure-property relationship and an essential factor
for the success of CPs is the six orders of magnitude improvement in charge carrier mobility for organic
semiconductors over the past 30 years[314]. For OFETs, for example, the field-effect mobility (µ) has
increased from values below 10−3 cm2V−1s−1 25 years ago to values above 1 - 10 cm2V−1s−1, which are
exceeding those of benchmark thin-film amorphous silicon devices (0.5 - 1 cm2V−1s−1)[7,315–318].

As another result, models for charge transport such as band transport, hopping or multiple trapping
and release could be developed[253]. However, various sources[44,253,319–321] agree, that neither the charge
transport in CPs nor the details of the relationship of microstructure and electrical properties in CP
devices are close to being fully understood, let alone incorporated in device fabrication.

For investigating the structure-property relationships in charge transport, single-molecule studies of CPs
have provided significant insight into the physical properties of conjugated polymers[44]. Furthermore,
CP molecules are regarded as promising components for molecular electronics[321,322], a field which aims
at using single-molecules and assemblies to serve as electronic functional component such as a wires,
switches or rectifiers[321,322]. In fact, single chain polythiophene was used in the assembly of the first
single-molecule light-emitting diode[323].
However, research into CPs and CP applications has almost entirely focused on bulk studies. Also
in molecular electronics, few studies have assembled molecular junctions with CPs as a component.
That is because a highly controlled molecule alignment in junctions or well-organised monolayers on
electrode surfaces, and single-molecule manipulation are still extremely difficult due to the long structures
and the complex, strong interchain interactions in CPs[321]. In order to perform molecular electronics
studies, single molecules or monolayered molecules need to be incorporated between electrodes to form
metal/molecule/metal junctions. Assembling such junctions relies heavily on top-down techniques such
as lithography, single-molecule techniques such as STM or the break junction technique[44,321].

Construction methods include the bridging of single CP chains between nanogap electrodes (Figure 1.9 a),
pulling single CP chains with an STM tip (Figure 1.9 b) and assembling CPs into monolayers with top
contact, where CPs are either erected on the bottom substrate in so-called “vertical” junctions or lie
flat in “planar” junctions (Figure 1.9 c and d). Figure 1.9 displays schematics of the different junction
types, and gives examples for each. In a first attempt of fabricating a nanogap junction, for example,
He et al.[324] have connected gold electrodes by in-situ polymerisation of aniline or pyrrole through
potential cycling. Monitoring the current between the electrodes allowed for terminating the reaction
after few or even a single polymer molecule bridged the gap. The first experiment to pick up a single
CP molecule with an STM tip was performed by Lafferentz et al.[325], who manipulated polyfluorene
molecules (typically 20 nm long) that lay on an Au (111) surface. As the tip-molecule interaction is
stronger than the molecule-substrate interaction, the molecule was gradually released from the surface
and its conductivity was studied as a function of its length. While the nanogap and STM approach
ideally allow studying single molecules, their construction is demanding and the junctions are poorly
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Figure 1.9: Representative metal/molecule/metal junctions for molecular electronics investigations.
a) Nanogap electrodes with bridging CP molecule(s) as applied with the in-situ growth of polyaniline
and polypyrrole. Reproduced with permission from[324]. Copyright 2003 American Physical Society.
b) STM tip pulling a single CP molecule on metal surface; schematic and STM images for polyfluorene.
The STM images show conformation change and displacement after tip manipulation. Reproduced with
permission from[325]. Copyright 2009 AAAS. c) Monolayer junctions in vertical direction. Repetitive
imine addition to yield a copolymer-based SAM that was topped by a CAFM tip. Reproduced with
permission from[326]. Copyright 2010 American Chemical Society. d) Monolayer junction in horizontal,
i. e. planar direction. Localised electropolymerisation of pyrrole with a scanning CAFM tip and formed
pattern of the polypyrrole monolayer. Reproduced with permission from[327]. Copyright 2012 American
Chemical Society.
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reproducible. Monolayered CP junctions are a more robust approach. Due to their length, polymers do
not intrinsically form self-assembled monolayers (SAMs) in which the single molecule protrude vertically
from the surfaces. In order to construct such “vertical” junctions, stepwise growth methods have been
employed. A repetitive imine addition was used by Choi and Frisbie to prepare CP-SAMs with lengths up
to 20 nm on gold surfaces. The metal/SAM/metal junction was then completed by bringing an Au-coated
AFM tip in contact with the SAM. Such a junction incorporated typically about 100 CP molecules
in parallel and probably featured the longest CP wire-forming junction investigated with conductive
AFM[326]. Flat CP monolayers as they are required in planar junction have been prepared in-situ by
electrooxidation of SAMs of electropolymerisable monomers such as thiophene, pyrrole and aniline. In
the example shown in Figure 1.9 c, Lee et al. have induced the surface polymerisation of pyrrole with a
scanning CAFM tip[327].

Despite the few successful studies, approaches that are more feasible are necessary for nanopatterning of
CPs at the level of single or few molecules while accounting for proper interchain transport to conduct
repeatable experiments in order to broaden the application of CPs in nanoelectronics and nanooptics,
and to understand charge transport. In addition, applications such as biochips for cell-growth control,
micro- and nanofluidic systems or photonic crystal materials would benefit from a feasible approach
to nanopatterning of densely grafted polymers[328]. For all these applications, DNA-based bottom-up
approaches hold great potential.

1.5.4 Nanopatterning of conjugated polymers with DNA

In several attempts to nanopattern CPs, the self-assembly properties of DNA have been utilised.

Some attempts rely on non-covalent interaction of CP molecules and DNA. In their review about the use
of conjugated polymers in DNA sensing, for example, Peng et al.[329] have reported on the electrochemical
entrapment of DNA into the sensing CP layer. Several studies have reported on templating nanowires
through non-covalent interaction with DNA duplexes, e. g., for polyaniline[330–332], polypyrrole[333,334]

and other types of polymers[335–337]. In contrast to metals templated on DNA, the polymer nanowires
appear regular and smooth over micrometre lengths[338,339], and in addition, conductive[333,336].

Other DNA-based nanopatterning approaches of CPs use covalent interactions. Lo and Sleiman[340]

have attached monomer units to nucleobases and have used DNA directly as a template for
a conjugated daughter polymer. Further approaches use block copolymers, in which one
or a few DNA strands (considered as biopolymers) are covalently bound to a CP molecule.
Kamps et al.[341], for example, have synthesised DNA-b-PTOTT, which includes the hydrophobic
poly[3-(2,5,8,11-tetraoxatridecanyl)thiophene] (PTOTT) as polymer block, to study the amphiphilic
self-assembly of this block copolymer into vesicles with controllable sizes, and into nanoribbons together
with PEG-b-PTOTT. In general, block copolymers with DNA blocks have been synthesised with various
types of polymers (e. g., DNA-b-PS[342], DNA-b-PPO[343]) and block copolymer architectures such as
linear block copolymers, biological macromolecules grafted onto a synthetic polymer backbone and
synthetic polymer side chains on a biomolecule backbone[344].
In this work a linear diblock copolymer of P3(EO)3T and an ODN will be synthesised. Such a structure
provides only one DNA anchor to attach just one end of the polymer chain, which is probably beneficial
for the electric and optical properties. Fixating the polymer block in multiple spots, for example, on
both ends, could lead to torsional forces on the polymer backbone that lead to a misalignment of the
π-orbitals, and hence impede charge carrier transport. Furthermore, adjacently bound molecules would
experience fewer degrees of freedom to interact and self-assemble.

The synthesis of polymer-DNA block copolymers, i. e. the coupling reaction, can take place in solution
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or as solid phase synthesis, or if it involves a hydrophobic polymer in an aqueous solution, a
shuttle-approach[75] can be employed. Solid phase synthesis usually involves amide couplings during
an automated synthesis between immobilised DNA and, typically, hydroxylated polymers functionalised
as phosphoamidites[341,342,345].

Probably the more popular approach is coupling free-floating DNA strands and polymer molecules
in solution. Among the coupling reactions typically used are the amide coupling between amines
and carboxylic acids[346,347], the disulphide formation between DNA and polymer that are both both
thiol-modified[348], the Michael addition of thiols to maleimides[349], or copper-catalysed azide-alkyne
Huisgen cyclisation reactions (CuAAC)[350]. Solution-based coupling can be advantageous, as a
homogeneous reaction usually allows higher coupling yields, and it avoids the harsh chemical conditions
applied in cleaving the DNA from the substrate or removing protective groups[75]. To benefit from
these advantages, solution-based block copolymer formation with copper-free, strain-promoted azide-alkye
cycloaddition (SPAAC)[351] will be used in this work as the coupling reaction (Figure 1.10). As the
P3(EO)3T is water-soluble, the coupling can take place in aqueous solution, and the BCP is readily
available for purification and coupling to DNA origami.

Figure 1.10: Strain-promoted azide-alkye cycloaddition (SPAAC)[351]. This Huisgen-type click reaction
proceeds copper-free due to the strained triple bond.

1.5.5 State-of-the-art polymer-DNA origami hybrids

As mentioned in Section 1.2.1, hybrids of conjugated polymers and DNA origami are promising building
blocks for nanoelectronic and nanophotonic circuit formation. However, up to and during the course
of this work, only the two approaches presented by Wang et al.[12] and Knudsen et al.[13,14] have been
reported.

Both have their strengths and weaknesses. The method of Wang et al.[12] involves a polymerisation
of aniline into polyaniline (PANI) catalysed by hydrogen peroxide that is produced by enzymes
pre-positioned in desired locations on the DNA origami. Although PANI is an excellent conductor, its
use as an active material in semiconducting devices is problematic because of its spontaneous oxidation
into a permanently conductive state. In addition, the method of Wang et al.[12] is restricted to polymers
obtainable by oxidative polymerisation. Tokura et al.[328] have demonstrated the site-specific growth
of the biocompatible, but not conjugated polymer poly(ethylene glycol) methyl ether methacrylate
(PEGMEMA) on DNA origami using solution-based atom-transfer radical polymerisation (ATRP).
However, most of the high-performance semiconducting polymers are only accessible by metal-catalysed
cross-coupling polycondensations. The work of Knudsen et al.[13] reported the synthesis of a “bottle-brush
type” polyparaphenylene vinylene-graft-DNA (PPV-graft-DNA) having ODN side chains. With this
method, long PPV wires can be positioned on DNA origami templates. The monomer preparation
procedure involves a solid-state DNA synthesis, which can be considered as a drawback that limits
the scalability of the method. Furthermore, although PPV was the very first benchmark polymer for
photovoltaic devices[353–355], its suitability in electronic devices such as transistors was not demonstrated.
The same approach of preparing a polymer with DNA side chains was also applied by Madsen et al.[14] to
prepare a polyfluorene-graft-DNA in addition to the (PPV-graft-DNA). Both polymers were assembled on
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Figure 1.11: Hybrid formation from DNA origami and organic semiconductors. a) DNAzyme-directed
synthesis of polyaniline (PANI) on a triangular DNA origami with H2O2. Reprinted with permission
from[12]. Copyright 2014 American Chemical Society. b) Routing of a polyparaphenylene vinylene-b-DNA
bottle-brush type block copolymer on a rectangular DNA origami. Reprinted with permission from[13]

Copyright 2015 Macmillan Publishers Limited. c) Prototype DNA based molecular electro-optical
modulator with site-specifically placed poly(phenylenevinylene) heptamer (orange) and aniline octamer
(blue). Scale bar in AFM image: 100 nm. Reprinted with permission from[352]. Copyright 2018 American
Chemical Society.
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the same DNA origami structure in order to investigate inter-polymer energy transfer. The latter was not
observed on DNA origami, but when directly coupling the two polymer types through direct hybridisation.
Both of the discussed literature approaches to DNA-CP hybrids use step-growth polymerisations for
the preparation of CPs, which suffer from a poor control over the molecular structure of the resulting
polymers.[328] After the results of this work had been published[172], Wang et al.[352] have reported on
constructing a prototype of a DNA-based molecular electro-optical modulator (Figure 1.11 c) constructed
from two different kinds of conjugated oligomers. A poly(phenylenevinylene) heptamer (HPV) acted as
a fluorescent emitter. An aniline octamer (OANI) was able to absorb the emitted light when in the
oxidised state but not in the reduced state. Each oligomer was coupled to two same ODNs via CuAAc on
a solid-state support. Wang et al. have used a similar octanilin-DNA block copolymer for the successful
incorporation into 3D DNA crystals that were constructed via tile-based assembly, and could already
demonstrate the switching of the OANI’s redox states[39]. To couple OANI-DNA and HPV-DNA to DNA
origami, a DNA frame was used which is similar to the tPad used in this work. Overall, Wang et al.
have demonstrated one of the first functional hybrids of DNA origami and organic semiconductors. For
that purpose, they relied on well-defined block copolymers with defined nanooptical properties, which
are attached to the DNA origami template with high site-specificity and resolution. While executed
differently, the work shown in this thesis embraces these successful principles as well.

For the structural characterisation of any DNA-origami based hybrids, AFM was employed. In all works,
the structure formation was assessed qualitatively. Additionally, Wang et al. have estimated an overall
yield of the hybrid formation of 40% from the decrease in fluorescence intensity, but they have not studied
the topic in details.
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Chapter 2

Materials and Methods

After listing the materials used, the first part of the chapter describes the syntheses of the DNA origami,
the P3(EO)3T and the P3(EO)3T-b-ODN block copolymers. Characterisation methods specific to one
of these syntheses will be included right there. The second part focuses on experimental details of the
two main methods of this thesis, atomic force microscopy and super-resolution fluorescence microscopy.
Furthermore, it lists the protocols for UV/VIS spectroscopy, gel electrophoresis and benchtop centrifugal
filtration, which were used on different occasions.

2.1 Chemicals

Unless stated otherwise, chemicals were purchased from Sigma Aldrich or Fisher. All chemicals were used
without further purification.
M13mp18 single-stranded DNA was purchased from Tebu-bio. The unfunctionalised origami staples
strands were purchased from Eurofins Genomics GmbH dissolved to a concentration of 100 µM in water on
96-well-plates. The dibenzocyclooctyne (DBCO)-functionalised oligodeoxynucleotides were ordered from
Biomers or IBA GmbH. Unfunctionalised body staples and ODNs with sliding handles were purchased
HPSF-purified. ODNs with specific handles and ODNs with fluorophores were purchased HPLC-purified.
All DNA samples were used as received without further purification. Agarose was purchased from
Biozym, acrylamide/bis-acrylamide (40%) and TEMED were purchased from Serva. Deionised water
was produced with a Thermo Scientific Barnstead Genpure Pro UV/UF system, and will also be referred
to as MilliQ water in the following.

2.2 DNA origami synthesis

All origami was assembled using either a peqSTAR 2X (peqlab, VWR) or a MJ Research PTC-200
Thermal Cycler (Marshall Scientific) and Eppendorf PCR tubes. The origami was stored in either those
tubes, Eppendorf Safe Lock tubes or Eppendorf DNA LoBind tubes.

Pad synthesis
A buffer stock solution of 10x TE (400mM Trizma base, 20mM EDTA acid) with 125mM MgCl2 was
prepared with the pH adjusted to 8.0 - 8.3 using HCl. This kind of TE buffer will be referred to as
pad buffer. All staples and the M13mp18 template were mixed in a 5 : 1 ratio. The template target
concentration, which is supposed to be equal to the origami target concentration, was 30 nM. Buffer
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Table 2.1: Constant-rate synthesis for pad origami (≈ 5 h).

heating T=const. for 10min cooling at 0.1K/30 s
0 ◦C to 85 ◦C T= 85 ◦C 85 ◦C to 24 ◦C

stock solution and deionised water were added to a final concentration of 1x TE and 12.5mM MgCl2.
The sample was divided into aliquots of 50 µL which were then transferred into a thermocycler and cooled
from 85 ◦C to room temperature in a 5 h assembly protocol given in Table 2.1.

Synthesis of the tPad
A stock solution of 10x TAE buffer with 125mM magnesium acetate (Mg(OAc)2) was used. The TAE
buffer was prepared using 400mM Trizma base, 200mM acetic acid and 20mM Na2EDTA, and the pH
was adjusted to 8.0 - 8.3 using HCl. This kind of TAE buffer with Mg(OAc)2 will be referred to as tPad
buffer. In a synthesis solution with a final concentration of 1x TAE with 12.5mM Mg(OAc)2, the about
220 tPad staples1 and the M13mp18 template were mixed in a 5 : 1 ratio. The template concentration
was varied between 3 and 50 nM. Smaller concentrations were used to save material in experiments
without consecutive steps after the synthesis. According to the experiment, different synthesis protocols
were used as well. Tables 2.2, 2.3 and 2.4 list the assembly conditions for the tPads according to the
experiments.

Table 2.2: Constant-rate synthesis (≈ 11 h).

heating cooling at 0.1K/min
0 ◦C to 90 ◦C 90 ◦C to 24 ◦C

Table 2.3: Constant-temperature synthesis to determine the assembly temperature TA (≈ 1.5 h).

stage 1 stage 2 stage 3

heating cooling at 18K/min T=const. for 1 h cooling at 18K/min
0 ◦C to 90 ◦C 90 ◦C to TA(Test) T=TA(Test) TA(Test) to 24 ◦C

Table 2.4: Two-rate synthesis for the fluorophore-bearing tPads (≈ 7 h).

stage 1 stage 2

heating cooling at 1.0K/min cooling at 0.067K/min
0 ◦C to 90 ◦C 90 ◦C to 60 ◦C 60 ◦C to 24 ◦C

2.3 AuNP and AuNR attachment to the pads and tPads

The AuNP and AuNR were prepared and attached to the origami by Dr. M. Lakatos. Spherical gold
nanoparticles with 2 - 3 nm an 20 nm in diameter were prepared according to the method of De Mey[356].
The 40 nm gold nanorods, were prepared via a previously reported seed-mediated method for AuNR with
different aspect ratios[357,358].

To functionalise the AuNP and AuNR with ODNs, different protocols were used. For spherical gold
nanoparticles 20N’ and ATT5 ODNs were attached to the 2 - 3 nm and 20 nm AuNP, respectively, as
described in Henning-Knechtel et al.[359]. 18T ODNs were used for the functionalisation of the AuNR
according to a method by Pal et al.[360].

1the number of staples varies with design choices such as single-stranded edges etc.
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DNA-functionalised AuNPs were added to the pad or tPad origami solution at a 5-fold excess per
attachment site, and left for attachment at room temperature overnight. DNA-functionalised AuNR
were added to the pads at a twofold excess per attachment site and attached using a cycling temperature
interval program with 60 cycles. One cycle comprises of keeping the sample at 40 ◦C for 5min, and then
at 25 ◦C for 15min.

2.4 Formation of P3(EO)3T-b-ODN BCPs and hybrids of BCPs

and origami pads

Block copolymer synthesis

Based on the work of Senkovskyy et al.[361] and Adachi et al.[362], Johanna Zessin has developed and
executed the synthesis of the azide-functionalised poly(3-tri(ethylene glycol)thiophene)2 (P3(EO)3T),
and characterised the resulting polymers. Synthesis and polymer characterisation are described in detail
in Zessin et al.[172]. To provide an overview in this work, Appendix Figure A.4 was reproduced with
permission from the aforementioned publication.

To couple the azide-functionalised P3(EO)3T to DBCO-functionalised ODNs via strain-promoted azide
alkyne cycloaddition, 5mg (0.001mmol) of the polymer were dissolved in 1.1mL of cold water (890 µM)
and filtrated with a syringe filter (0.22 µm). The P3(EO)3T solution was then mixed with the
ODN solution (100 µM) in a molar ratio of at least 10 : 1. The mixture was kept on an Eppendorf
ThermoMixer C at 15 ◦C for 24 h.

Block copolymer purification

The block copolymers were purified with reversed-phase HPLC using a Dionex ICS 5000+ HPIC System
(Thermo Fisher) with an Acclaim 120 C18 column (diameter 4.6mm, length 150mm, Thermo Fisher)
and a SecurityGuard Analytical Guard Cartridge System (Phenomenex). The temperature was kept
at 25 ◦C and the solvent flow at 1ml/min. As solvents, 20mM triethylammonium acetate buffer
(TEAA; AppliChem PanReac) at pH 7 and acetonitrile (ACN; HPLC grade, VWR Chemicals) were
used employing the gradient listed in Table 2.5.

Table 2.5: Solvent gradient for block copolymer purification with RP-HPLC. TEAA: 20mM
triethylammonium acetate buffer (pH 7), ACN: acetonitrile.

time [min] 20mM TEAA [%] ACN [%]

0 95 5
1 95 5
13 50 50
15 0 100
18 0 100
21 95 5

The eluent was collected in 96-well-plates. The wells of one fraction were combined in 50mL glass vials.
The vials were sealed, the seal was pinched with cannulas, and the vials were left in the oven at 40 ◦C

under vacuum over night to evaporate 80 - 90% of the solvent. The solution was transferred into a smaller
glass vial and kept in the freezer for up to 3 months. The BCP concentration was determined via UV/VIS
spectroscopy (see below).

2an alternative name is poly(3-2,5,8,11-tetraoxadodecane thiophene)
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Hybrid formation

For hybrid formation, purified P3(EO)3T-b-ODN and filtered pad origami were combined at a ratio
of BCP : handle≈ 20 : 1. As the BCP is in aqueous solution, 10x TE-buffer was added to yield a final
concentration of 1x TE with 12.5mM MgCl2 and 300mM NaCl. The NaCl concentration was varied in
the range of 0 - 3000mM during a set of experiments discussed in Section 4.1. The solution was held on an
Eppendorf ThermoMixer C at 15 ◦C and 350 rpm for 24 h, and then filtrated as described in Section 2.5.

2.5 Methods used on multiple occasions

Benchtop filtration

Origami and P3(EO)3T-pad hybrids were purified from excess staples or excess block copolymer using
centrifugal filter units with MWCO=100 kDa by Amicon or Pall, and an Eppendorf Centrifuge 54300.

For the tPad, the excess of staple strands was removed by filtration with Amicon 100 kDa filters. 400 µL
tPad-containing solution were centrifuged at 4000 rcf for 5min. For that purpose, 400 µL of 1x tPad buffer
were added and the centrifugation was repeated. This washing step was performed three times in total.
Then, the filter was placed upside down in a clean filter tube and spun for 1min at 1000 rcf to release
the filtered origami.

For the pad and the hybrid, 400 µL of solution were placed in a 100 kDa Pall filter and centrifuged at
10000 rcf for 5min. Three washing steps followed that include adding 400 µL of 1x pad buffer (containing
300mM NaCl when filtrating hybrids), and centrifugation at 10000 rcf for 5min, before the supernatant
containing the purified origami was pipetted into a clean Eppendorf tube.

UV/VIS spectroscopy

UV/VIS spectroscopy measurements were acquired using an Analytic Jena SPECORD®PLUS for
the determination of the P3(EO)3T-b-ODN concentration, or a Nanophotometer P360 for testing the
concentration of staples and DNA origami. Measurements rely on the Lambert-Beer law (2.7.2):

Eλ = log10

(
I0
I

)
= ελ · c · d (2.1)

Here, Eλ is the wavelength-specific extinction, I0 and I are the intensities of the light beam before
and after passing through the sample, ελ is the extinction coefficient at a given wavelength, c is the
sample concentration and d is the cuvette thickness. The BCP concentration was determined after
HPLC purification using the absorption peak of the polymer at 409 nm. If the concentration was too
high to yield absorption in the linear range of the Lambert-Beer-Law, the solution was diluted with MilliQ
water. The typical concentration were in the range of 2 - 20 µM.

To determine staple or origami concentration with the Nanophotometer P360, 1 - 2 µL of the DNA solution
were applied and covered with the lid No. 10. The DNA concentration was calculated using the DNA
absorption at 260 nm. For staples, the extinction coefficients given by the manufacturer were used.
For origami, an average ε260 was calculated from the approximate number of base pairs per origami 7248
determined by the M13mp18 scaffold length, and the average molecular weight of a base pair of 660 g/mol:

ε(origami) = 7248 · 660
g

mol
= 4783680

g
mol

. (2.2)
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Gel electrophoresis

The gel documentation was performed using a GE Healthcare Typhoon FLA 7000. An excitation laser
with a wavelength of 473 nm and a low bandpass (LB) filter at 580 nm were used to image stained origami
and unstained DNA labelled with Alexa Fluor 488 or Atto 488. A 532 nm laser and a LB 575 nm emission
filter were used to image Rhodamine Red and Atto 550 on unstained origami and staples. For Alexa
Fluor 660, Atto 647N and unstained polyacrylamide (PA) gels with P3(EO)3T-b-ODN block copolymer,
a 635 nm laser and a LB 665 nm emission filter were used.

Agarose gel electrophoresis

In a 200mL Erlenmeyer flask the required amount of agarose was weighted out, was dissolved in a
microwave in 100ml of 1x of the pad or tPad buffer depending on the investigated origami. The hot
solution was allowed to cool for 5min before casting in a kuroGEL Midi 13 horizontal electrophoresis
chamber (VWR). After solidifying for at least 30min, the origami was applied. Prior to that, Gel Loading
Dye, Blue (6X) (New England BioLabs) was applied to the origami solution to yield a final concentration
of 1X. In one or two lanes of the gel, a 2-log DNA ladder (New England BioLabs) was applied for relative
size comparison. 15 µL sample were applied per pocket. The gels were run at U=90V for 60 - 120min.
Afterwards, the gel was either imaged directly to visualise fluorophore labels. Alternatively, it was stained
by applying 6 µL of Sybr Gold Nucleic Acid Gel Stain (Thermo Fisher) to 200mL of running buffer and
rocking the gel in it for 20min, and imaged afterwards.

Polyacrylamide gel electrophoresis (PAGE)

For quality control for the HPLC-purified block copolymer and for testing the hybridisation of the
fluorophore-bearing ODNs to their complementary handles in the tPad, 12% PA gels were used. All
components listed in Table 2.6 were combined in that order and quickly cast into a vertical electrophoresis
chamber (VWR), and left to polymerise for at least 30min before adding 0.5x TBE buffer as a running
buffer. 10 µL of sample were prepared for each pocket, including the appropriate amount of Gel Loading
Dye, Blue (6X).
For checking the quality of the HPLC purification of the block copolymer, the gel was loaded and run at
120mV for 2 h. Prior to staining the DNA with Sybr Gold, the gel was imaged using the 635 nm laser
and the LB 665 nm emission filter, while the 532 nm laser and the LB 575 nm emission filter were used
after staining.
For the fluorophore-bearing ODNs, the gel was run at 100mV for 2 h. The gel was imaged before staining
with Sybr Gold using the fluorophore-specific lasers and filters as described above. After staining the
DNA for 20min, the gel was imaged using the 532 nm laser and the LB 575 nm emission filter. The 5x
TBE buffer was prepared with 445mM Trizma base, 445mM boric acid and 10mM Na2EDTA. Gels
were cooled during the run and kept from daylight by placing the electrophoresis chamber in the fridge.

Table 2.6: Preparation of 12% polyacrylamide gels. The components are given in the order of mixing.
Arcylamide/ Bis 40%: solution of acrylamide and N,N’ -methylene bis-acrylamide (Bis) in deionised
water, 40wt%. TEMED: N,N,N’,N’ -tetramethylethane-1,2-diamine. APS: ammonium persulfate.

component V [mL]

MilliQ water 5.9
5x TBE buffer 2.4
Acrylamide/ Bis 40% 3.7
TEMED 0.02
APS 0.2
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2.6 Atomic force microscopy

2.6.1 Sample preparation for scanning in air and high-resolution scanning in
liquid

AFM imaging of bare origami and P3(EO)3T-pad hybrid structures was performed using an Asylum
Cypher ESTM Environmental AFM. If necessary, origami or hybrids were diluted to 2 - 3 nM in
1x origami buffer prior to the sample preparation to avoid overcrowded images.

For tapping mode in air, TESPW silicon tips (Bruker) were used. The upper layer of a mica slide
affixed on stainless steel AFM sample plates (Tedpella) was exfoliated with general purpose sticky tape.
10 µL of the origami sample were applied and after 2min, excess solution was wicked away with a tissue.
Following this, the sample was washed three times with 100 µL MilliQ water.

For tapping mode in liquid, BL-AC40TS-C2 cantilevers (Olympus) were used. On a freshly cleaved mica
substrate, 15 µL of a 0.1 mg/ml poly-L-ornithine solution were incubated for 45 s, rinsed off and air-dried.
2 - 10 µL of the origami solution was dropped onto the functionalised surface and incubated for 5 - 10min.
For scanning, 100 µL of 1x TE buffer with 12.5mM MgCl2 was added on top of the origami solution.

2.6.2 Melting studies

In-situ thermal test

For the in-situ thermal test of the tPad, the sample was prepared like a standard sample for tapping
mode in liquid. During the experiment, 80 µL of buffer had to be added to replace evaporated liquid.
Despite the distortion, the weave was resolvable throughout the experiment.

Melting in solution

50 µL of a sample of folded and filtrated tPads were put into an 200 µL Eppendorf tube and heated in
a thermocycler to 50 ◦C, 55 ◦C or 60 ◦C, respectively, within few seconds. After 10min, 20min, 30min,
60min and 110min, 1 µL samples were quickly pipetted from the samples and immersed into origami
buffer cooled to 4 ◦C to quench the origami melting. Each sample was briefly mixed on a Vortex shaker,
then 5 µL of it were applied onto a freshly cleaved mica piece, left to sit there for 3min, rinsed with three
times with 100 µL of deionised water, and then dried in blowing air.

2.6.3 Locating of the BCP in hybrids in high-resolution liquid AFM images
using the FindFoci algorithm

FindFoci allows to identify “peak intensity regions in 2D and 3D” [6] 16 bit greyscale images. The
localisation algorithm works as shown in the schematic in Figure 2.1. First, a threshold is assigned
to separate the background from the foreground. Second, the local maxima, that is, the potential peaks,
are determined above this threshold. Third, the maxima are expanded into peaks. This takes place by
progressively assigning points of lower intensity to the peak area above it. As a result, all points above
the background initially belong to a peak. In an optional fourth and final step, insignificant peaks are
merged with their neighbouring peaks or dismissed from the result list. A peak can be identified as
insignificant through either a height or an area threshold set by the user.
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Figure 2.1: Schematic of FindFoci peak assessment algorithm (adapted from[363]), example 16 bit greyscale
input image and peak mask output image. As an example, the grid image of the type III pads is displayed
as well as a stack image of AFM, peak mask and grid image. All scale bars: 50 nm.
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FindFoci yields a peak (mask) image (Figure 2.1) with the object positions determined through the peak
outlines and peak maxima. It further yields a peak table, which lists, amongst others, the grey value
of each peaks’ maximum and each peaks’ area in the image plane in pixels. Pixel size and grey value
correspond to the x -, y- and z -values in nm from the AFM image and can hence be used to determine
an object’s height and basal area on the pad.
To generate the 16 bit greyscale images from the .ibw AFM image the program Gwyddion[364] is used.
Image processing with Gwyddion includes correcting artefacts, mainly a tilted background and scars
(faulty lines), which would interfere with the FindFoci algorithm. Gwyddion assigns the white value
65535 of the grey scale to the height maximum in the image and black to zero. The scale is linear.
For locating an object, not only the object position (determined with FindFoci) has to be known but
also the position of the handle origins on a pad. In order to mark them, an auxiliary grid image was
drawn using Inkscape. Figure 2.1 shows the grid for type III pads as an example. The grid has the size
of a pad, displays the origami weave with rhomboids and the handle positions as circles. The corners
of the rhomboids mark the positions of the staple crossovers, the lengths of their edges account for the
size parameters of B-DNA and the crossover distance of 1.5 helical turns. The radius of the circle was
defined as 2.28 nm (including the contour thickness). Although the handles with the different sequences
are of different length, the same radius ought to be chosen for all pad types to use the same settings for
all hybrids. In theory, the radius could have been defined as 2 nm. This is 1/3 of the average distance of
next-neighbour handles, and would have assigned equal parts of the distance to each handle position and
the position between the handles. It is probable though, that this would have biased the results towards
the position between the handles. That is because the handle lengths, which vary from 8A=2.72 nm
to 20N’= 6.8 nm, allow placing the BCP centre away from the actual handle origin, while the BCP is
still attached to said handle only. Estimating the smallest distance of next-neighbour handles with 6 nm,
using r= 2.28 nm assigns ≈ 75% of the distance between two handles to the two positions a on a handle,
and ≈ 25% to the positions between the handles (either b or c). This was considered a valid estimate.
Next, the grid image, the peak (mask) image and the greyscale image (or the same, coloured AFM image
of the origami) are merged into a stack (Figure 2.1). The origami weave, which is visible in high-resolution
AFM images, and the pad size are used to position the grid correctly on the pad. In the stack, the object
positions can then be located on the grid. In general, an object can sit either directly on a handle position
or in between handles. Depending on the grid type different positions are possible in the latter case, which
will be discussed in Section 4.2.2.

Object positioning on a lane in type III pads. Taking the notation of the possible object positions
a to d as given in Figure 4.3, the number of objects per lane L1 - L4 on type III pads are calculated as
follows. The indices 1 - 4 correspond to the respective lanes. Position c is always located between two
lanes and therefore, it is characterised by two indices. Position b is always located between L2 or L3, the
index is omitted for simplicity.

N(L1) = a1 + d1 + 0.5c1 2 (2.3)

N(L2) = a2 + 0.5b+ 0.5c1 2 (2.4)

N(L3) = a3 + 0.5b+ 0.5c3 4 (2.5)

N(L4) = a4 + d4 + 0.5c3 4 (2.6)
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2.7 Super-resolution fluorescence microscopy

2.7.1 Protocols

TPads. Both design I and design II tPads were synthesised as described with scaffold loops at the
vertical edges, and with the fluorophore staples present in a 10-fold excess instead of a 5-fold. For the
standard origami sample, the tPads were filtered and their concentration was determined with UV/VIS
spectroscopy as described above. AFM images in liquid or air were taken prior to fluorescent imaging
to determine the yield. For the standard sample, the concentration of the origami stock solution was
3,5 nM, which was diluted 1 : 100 for imaging. For the unfiltered, noisy sample, scaffold concentration in
the assembly solution of 15 nM was considered as origami concentration. The solution was diluted 1 : 100
for imaging.

Fluorescent beads. For the mapping calibration between the two channels, Tetraspeck fluorescent
beads with a diameter of 200 nm (Invitrogen, T7280) were used. These are polystyrene spheres stained
throughout with four different dyes to yield separable excitation/emission peaks at 365/430 nm (blue),
505/515 nm (green), 560/580 nm (orange), and 660/680 nm (dark red), respectively. The stock solution
with a bead density of ≈ 2.3 · 1010 particles/mL was diluted by 1 : 500 in filtered PBS buffer to use in
the flow cell. Here, the green, orange and dark red dyes were imaged. Diffraction-limited spots of the
beads were imaged using the same routine as for the tPad samples. It was assumed that all dyes were
distributed similarly within a bead.

Buffers. The buffers used in the course of the experiment were prepared with machine-filtered ultrapure
water (MilliQ, Millipore Cooperation). The first buffer is phosphate-buffered saline (PBS) prepared from
NaCl, KCl, Na2HPO4 and KH2PO4 by Corina Bräuer in the Diez Lab at the B CUBE Dresden.

From PBS filtered through a 0.2 µm Nylon syringe filter, antibody buffer and blocking buffer were
prepared as given in Tables 2.7 and 2.8.

Table 2.7: Antibody buffer (100 µL).

V [µL] reagent stock final

95 PBS buffer 1x ca. 1x
5 Anti-biotin antibody 1mg/mL 0.05mg/mL

Table 2.8: Blocking buffer (5mL). a if not prepared: 50mg in 500 µL MilliQ.

V [µL] reagent stock final

4500 PBS buffer 1x ca. 1x
500 10wt% F127a 10wt% 1wt%

Furthermore, a flushing buffer was prepared on the basis of a 10x tPad synthesis buffer (10x TAE with
125mM Mg(OAc)2) as given in Table 2.9. It was filtered through the 0.2 µm Nylon syringe filter.
For imaging the dyes with enhanced photostability and brightness, an anti-fade imaging buffer was also
prepared from the TAE buffer as given in Table 2.10. The anti-fade buffer with the oxygen scavenger
system glucose oxidase and catalase was prepared just before use to avoid acidification of the buffer
solution.

Dichloro-dimethyl silane (DDS)-coated coverslips. DDS-coated coverslips were prepared by Corina
Bräuer in the Diez Lab at B CUBE, Dresden. For cleaning, glass coverslips (Menzel # 1, 18 x 18mm2

and 22 x 22mm2) placed in a Teflon holder were kept in acetone at room temperature for 30min and

45



Table 2.9: Flushing buffer (15mL: sufficient for more than one experiment).

V [mL] reagent stock final

13.35 MilliQ - -
1.5 10x TAE 125mM Mg(OAc)2 10x 1x
0.15 Tween 20 10wt%a 0.1wt%

Table 2.10: Anti-fade buffer (400 µL, 1 : 200).

V [mL] reagent stock final

396 FB 1x ca. 1x
1 glucose oxidase 19.5mg/mL 0.049mg/mL
1 catalase 2mg/mL 0.005mg/mL
2 glucose 2M 0.005M

then sonicated for 20min in the same solvent. Next they were rinsed under a continuing stream of
deionised water and afterwards soaked in piranha solution (100ml H2O2 and 200ml of H2SO4) at 60 ◦C for
30 - 40min. Then the Teflon holder was removed from the piranha solution, immersed in ultrapure water
and subsequently rinsed with ultrapure water for another minute. The Teflon holder was subsequently
soaked in a 0.1M KOH solution for 15min, followed by an immersion and rinsing with ultrapure water as
in the previous step. Afterwards, the coverslips were blow- dried with filtered nitrogen. For silanisation,
the Teflon holder with the cleaned coverslips was immersed in a solution of 125 µL of dichloro-dimethyl
silane in 250ml of trichloroethylene for 60min. To clean the coated coverslips afterwards, they were first
sonicated in methanol for 5min, then the methanol was changed an sonication continued for 15 min
before they were finally dipped in ultrapure water. Residual water was blown off with nitrogen again and
the coverslips were stored in airtight containers at room temperature.

Flow cell preparation. Schemes of a flow cell typically used in these experiments are shown in
Figure 2.2. The flow cell’s bottom surface was functionalised with anti-biotin antibody to bind the
biotin protruding from the tPad, and blocked with F127. This is to ensure that, in principle, only the
tPads will stick to the surface, while leftover staples are removed in the flushing of the channel.

Figure 2.2: Schemes of a flow cell with three channels prepared as described. a) Top view of flow cell in
holder. b) Zoomed-in side view on one tPad anchored to the glass surface via biotin-anti-biotin linkages.
Between the anti-biotin antibodies, the glass surface is blocked with F127.

Flow cells were assembled from coverslips functionalised with DDS as follows. On a 22 x 22mm2 coverslip,
three channels were formed with four parallel strips of parafilm (Bemis) and topped with a 18 x 18mm2

DDS coverslip. The two coverslips were briefly pressed together and placed on a heat plate set to 60 - 80 ◦C

for about 1min. After removing from the heat, the top coverslip was gently pressed onto the parafilm
with tweezers to seal the channels. Optionally, silicone grease or two-component dentist glue was applied
to enhance the separation of the channels. The sealed flow cell was firmly mounted on a metal sample
holder. Then 20 µL antibody buffer were quickly flushed into each channel and incubated for 3min. To
overcome the repulsion of the hydrophobic DDS layer and to ensure a fast flushing, a pipette tip-capped
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Table 2.11: Filter cubes for imaging the blue (488 nm), green (561 nm) and red (647 nm) channel.

488 nm imaging 561 nm imaging 647 nm imaging
filter λ [nm] filter λ [nm] filter λ [nm]

laser bandpass F37-473 457 - 493 F49-555 542 - 568 F39-628 608 - 648
dichroic longpass F48-486 502 F48-558 565 F48-643 657
emission bandpass F37-521 502.5 - 547.5 F37-609 582 - 636 F47-700 662.5 - 737.5

hose connected to a benchtop vacuum pump was used to lower the pressure at one end of the channel
while the buffer was pipetted into the other end. After the incubation, 100 µL of blocking buffer was
flushed into the channel and kept for 2 h to block the remaining surface. To prevent drying, a drop of
blocking buffer was kept on both ends of the channel and the sample holders were kept in a petri dished
wrapped in parafilm.
After blocking, each flow cell channel was flushed with 100 µL of flushing buffer by pipetting drops onto
one end of the channel and drawing the liquid with a piece of filter paper from the other side of the channel
(note that the flushing direction was the same as in the previous flushing steps). The so-prepared flow
cells in the sample holders were mounted onto the sample stage in the microscope before flushing in the
origami solution and the Tetraspeck beads. To ensure a precise fluorophore localisation, the Tetraspeck
beads and the tPads were deposited sufficiently sparsely. In the standard experiment, the filtered, 3.5 nM
tPad solution (design I) was diluted by 1 : 100. In the experiment with strong background noise, the
unfiltered, 15 nM tPads (design II) were diluted 1 : 100. Tetraspeck beads as bought were diluted by
1 : 500. On all three occasions, flushing buffer was used for dilution. A volume of 20 µL of any sample was
flushed into its designated channel and incubated for 5min. Then excess sample was removed by flushing
with 100 µL of imaging buffer using a filter paper as described before. In experiments with tPads, the
Tetraspeck beads were added to a second, origami-free flow cell channel and imaged after the tPads were
imaged.
The flow cell remained unsealed. The background was found to be homogeneous.

Microscope setup. The experiment was conducted on a commercially available N-STORM microscope,
whose main component is an inverted TIRF fluorescence microscope Nikon Eclipse Ti-E. An oil immersion
TIRF objective lens (Nikon, CFI TIRF Apochromat 100x, NA 1.49, WD=0.12mm) was used. The
microscope offers 1.5 x tube liners to increase the magnification by 50%, which were, however, not used
in these experiments.
The focal plane was manually adjusted to the diffraction-limited spots from the Tetraspeck beads or single
molecules. The sample holder with the flow cell was firmly mounted onto the Nikon motorized x-y-stage
with 0.1 µm step size and 0.5 µm resolution; the movement in z was conducted through a Nano-Z100
piezo (Mad City Labs; 100 µm range, 0.2 nm resolution). Once the focus was set, the stage was moved
in the xy-plane to change the field of view. The microscope system was situated in an Okolab incubator
to keep temperature changes, mechanical disturbances and the influence of external light to a minimum.
After switching on, the system was given at least 2 h to equilibrate prior to imaging. As excitation
system, a monolithic laser combiner (MLC) 400 by Keysight was used, that combines four diode lasers
into one fibre. At the fibre tip, the intensities of the four lasers (denoted by their wavelengths) are 20mW
for 405 nm, 80mW for 488 nm, 80mW for 561 nm and 125mW for 647 nm. The fluorescent dyes in the
presented experiments were excited either by the 488 nm (“blue channel”), the 561 nm (“green channel”)
or the 647 nm (“red channel”) laser. Of the available filter cubes, the ones listed in Table 2.11 were used.
A filter cube consists of an excitation and emission filter as well as a dichroic mirror.

The light of all colour channels was directed onto the same area on the Andor iXon Ultra 897 EMCCD
camera (56 fps at 512 x 512 px, pixel size: 16 µm) for detection.
For operating the microscope, the NIS Elements microscope imaging software was used. In the
software, an imaging routine was programmed to execute the loop-repeat routine (see Figure 5.3)
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semi-automatically. The fields of view were chosen by manually translating the sample in the xy-plane.
The experiments were conducted as summarized in Figure 5.3 steps 1 - 8. In case origami was flushed into
two channels, these were imaged before imaging the Tetraspeck beads in channel 3. The imaging time
was adjusted to yield sufficient photon count for precise localisation, but avoid unnecessary bleaching.
The focal plane was maintained throughout the imaging to ensure that the Tetraspeck beads can be used
for the mapping calibration of the sample[221].

Image processing. A Matlab routine splits the stack of n · k images of a field of view into the n stacks
of k images of the same colour. In each stack of 100 binary images the fluorophore positions are tracked
and drift-corrected. Both steps were executed consecutively using the ThunderSTORM[232] plugin of the
Fiji[365] image analysis software.
In order to calculate the uncertainty of a single incident’s coordinates as well, the number of photons
in an image must be known. For that purpose, ThunderSTORM requires the calibration data for the
EMCCD camera. For the standard sample, the pixel size was set to 104 µm, the count of photoelectrons
per A/D was set to 15.5, the basis A/D count level was set to 1, and the EM gain was set to 100. For the
sample with strong background noise the pixel size was set to 106 µm, the count of photoelectrons per
A/D was set to 15.5, the basis A/D count level was set to 100, and the EM gain was set to 300. For both
origami and the Tetraspeck beads, weighted least-squares fitting and Integrated Gaussian functions as
model PSFs were used. This kind of PSF allows for slight variations in the focal place, because the centre
of this symmetrical PSF stays the same for different focal planes. For the drift correction the fiducial
markers option is used.

Mapping calibration. As the Tetraspeck beads were separated well enough, finding the corresponding
centre in another channel’s image was straightforward. A given point in the FOV was mapped between
channels, by linear least-squares-fitting two second-degree polynomials in both coordinates (Matlab:
fitgeotrans). Although a mapping should ideally result in perfect coordinate transformation, the map
determined by two such fitted polynomials does not perfectly map the fiducial beads onto their actual
images. The vector difference between a bead’s mapped coordinates and actual coordinates show no
spatial correlations; these errors are essentially random.
For distance measurements, the weighted average lengths of the vectors between two fluorophore positions
are calculated. As weights, the inverses of the uncertainty of the fluorophore positions are used, which
were determined by ThunderSTORM.
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2.7.2 Error propagation

Assuming that there is no correlation between variables, the following propagation-of-error formula[366]

is used for any function depending on multiple variables:

sf =

√(
∂f

∂x

)2

· s2
x +

(
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)2

· s2
y +
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It was applied with (5.3) to yield an expression for the overall uncertainty of a fluorophore distance
measurement sd with contributions for the statistical localisation uncertainty of a fluorophore position
∂l and the colour-offset residue r as well as the broadness of the colour-offset residue distribution in one
image ∂r. Here, l denotes the fluorophore distance and α is the angle between the actual distance vector
l and the colour-offset residue vector r as will be shown in Figure 5.5.
For l, the fluorophore distances according to design will be chosen, while the values for r, ∂r and ∂l will
be determined experimentally.

d =
√
l2 + r2 − 2lr cosα (2.8)

d =
√
m (2.9)

m = l2 + r2 − 2lr cosα (2.10)

n = l2 (2.11)

p = r2 (2.12)

o = −2lr cosα (2.13)

∂n = 2l∂l (2.14)

∂p = 2r∂r (2.15)

∂o =
√

(2r cosα · ∂l)2 + (2l cosα · ∂r)2 + (2lr · ∂(cosα))2 (2.16)

sd = ∂d =
1

2
· ∂m√

m
(2.17)

∂d =
2

2
·
√

(∂l)2 · (l2 + r2 cos2 α) + (∂r)2 · (r2 + l2 cos2 α) + l2r2 · (∂ cosα)2

l2 + r2 − 2lr cosα
(2.18)

The angle α can assume any values in the interval [0; 2π]. A dataset of evenly distributed values for
alpha in that interval yields the mean value cosα and the uncertainty σcosα as given below:

cosα = cosα ≈ 0.637 (2.19)

∂ cosα = σcosα ≈ 0.709 (2.20)

(2.21)
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Chapter 3

Construction and characterisation of
two 2D DNA origami structures with
emphasis on AFM-based investigations

In this thesis, two kinds of 2D DNA origami serve as objects under study. These are a rectangular
structure that is referred to as pad in the following and a frame with a square shape named tPad. The
pad’s surface is continuously filled, while the tPad has a rectangular cavity in its centre.
The first section is about constructing the pad and the tPad. The generic principles of 2D DNA origami
designing and synthesis are explained for the pad and applied for the tPad. Then the origami syntheses
and the structural stability are discussed.
Both types of origami can serve different purposes, but for any kind of application, structural resilience is
key. Compared to a continuous 2D object, a cavity-bearing structure will presumably differ in its thermal
and mechanical properties. While these properties are well studied for rectangular origami, there is less
data on cavity-bearing structures. The tPad structure is studied here with the objective to investigate
the behaviour of a frame-like origami, which includes also the stacking behaviour.
The second section discusses the rational design of sticky ends. Furthermore, the pegboard qualities of
tPads and pads are evaluated taking nanosized gold objects as example.

3.1 Design, synthesis and characterisation of pad and tPad

3.1.1 Design and synthesis

The layouts of the 2D origami pad and tPad are shown in Figure 3.1 and 3.2. The pad and the
tPad were designed using previously described principles[45] and the computer program CaDNAno[59].
The scaffold strand is circular single-stranded M13mp18 virus DNA (7249 b) in both origami, which
runs in loops to form the desired shape. For each origami, a set of about 200 custom-designed
single-stranded DNA staples cross-links the loops. The staples hybridise with adjoining scaffold parts
so that cross-linked parallel DNA double helices form. The crosslinks between the helices occur at
every 1.5 helical turn, i. e. every 16 bp. Most origami body staples (black in Figure 3.1 and 3.2) are
32 b long1. In both origami, most body staples are routed in a z-like curve as can be seen in Figure 3.2 b I.

1To account for an origami’s shape specificities, some staples are shorter or longer.
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The staple end locations are points of interest, because here the single-stranded handles for binding
nanoscale objects can protrude from the origami surface at the most favourable angle, which is around
90° with respect to the origami plane. The staple ends point to either the top or the bottom of the origami
plane, so they intrinsically form a hexagonal lattice of addressable pixels on both origami surfaces. Due
to the hexagonal lattice of possible handle sites, each handle can have up to six next neighbours, which
occur at a distance of approximately 6 nm.
In the following, the design specificities for pad and tPad origami are given.

The pad

The basic layout of the pad was designed by Dr. Andreas Heerwig.
The double-stranded body of the pad (Figure 3.1) was designed to be a = 45.5 nm wide and b = 146.5 nm
long. For this theoretical width, the interhelix gap is approximated with the minimal value given by
Rothemund[45], which is 0.9 nm. The pad’s approximately 210 staples2 route the scaffold into 16 parallel
431 bp double helices. The bottom eight helices are shorter. That is, two adjacent helices are of the
same length, respectively and each pair is one helical turn short relative to the former pair. This bevels
the lower right vertex as a chirality marker for AFM imaging. In total, the pad has three chirality
markers. The second is a 232 b scaffold overhang protruding from its top right vertex. The third are the
single-stranded DNA handles for binding nanoscale objects. They are supposed to protrude from one
side only. For the block copolymer binding described in Chapter 4, pads with different handle pattern
will serve as template, which will be discussed in detail in Section 4.2.
The pad must not form chains due to stacking. To prevent it, blunt ends are avoided: the left vertical
edge (a in Figure 3.1) of the pad features 7 b single-stranded scaffold loops, the right vertical edge (c in
Figure 3.1) features staples with 5’-TACACT-3’ overhangs.
The pad is twist-corrected as described by Woo et al.[129] to achieve a helical twist of 10.4 bp/turn. This
involves leaving one base of the scaffold unpaired every 21 bases. This prevents a global twist in the
origami, which is disadvantageous for its templating properties and surface deposition.

Figure 3.1: CaDNAno-based design scheme of the pad origami with theoretical edge lengths of the
double-stranded body based on the size characteristics of B-DNA and a gap of 0.9 nm between the
helices. The numbers of the 16 helices are denoted at the left vertical edge a. The M13mp18 scaffold,
which goes into a 232 b loop on the top right of the pad, is depicted in blue. The 32 b body staples are
shown in black. The green staples at the left vertical edge a leave 7 b of scaffold unpaired. The staples on
the right vertical edge c feature 5’-TACACT-3’ overhangs. Blue and orange circles mark seven example
positions of staple ends, which can be prolonged into handles protruding to the top surface of the pad.
The hexagonally arranged orange circles mark next-neighbour positions to the blue circle at a distance
of about 6 nm.

2the actual number depends on design choices
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The tPad

Figure 3.2 displays a tPad scheme including the lengths of all edges. To form this approximately square
frame, staples fold the M13mp18 scaffold into 34 parallel helices. Only the helices 1 to 7 and helix 26
below the cavity span the full 288 bp width (b = 97.9 nm). The helices 8 to 25 consist of two 80 bp
segments that flank the 128 bp cavity. The helices 27 to 34 are shortened to create the bevelled vertex
as chirality marker as it was done for the pad. Additional markers are three scaffold loops that point
into the cavity from the helices 7, 16 and 17. The loops can anchor objects in the frame’s cavity as well.
As described previously by the author[367], the scaffold loops can be used to anchor a three-armed DNA
strut. The struts’ arms were made of either one or two DNA double helices. The struts can be used
to enhance the visibility of the scaffold loop markers, or to immobilize nanosized objects at designated
points in thecavity. Due to this noticeable feature that resembles a vertically flipped letter T, this origami
was named ‘tPad’.

Three types of vertical edges a and c were used, which resulted in stacking and non-stacking tPads.
Non-stacking tPads feature 64 b scaffold loops at the helix ends (32 b per helix, Figure 3.2 b I). This type
of tPad is used in the synthesis optimisation (Section 3.1.3), the testing of the thermal and mechanical
stability (Section 3.1.4) and the super-resolution microscopy (Chapter 5). For stacking tPads, two types of
end staples were investigated, because the staple design influences how adjacent structures are oriented
in a chain of stacking origami (Section 3.1.5). The first end staple type is shaped like the letter z
(Figure 3.2 b II), which is the routing of most body staples as well. The second end staple type looks
like the letter u turned by 90° (Figure 3.2 b III). In the following, they are referred to as z- or u-staples,
respectively. Both staple types are of the same length, but the z-staples crosslink three helices, the
u-staples just two. At any type of edge, there are scaffold crossovers from one helix to an adjacent one.
The z-staples introduce additional staple crossovers, which the u-staples do not. Consequently, on edges
with z-staples all helices are fixed to the adjacent ones, and the terminal base pairs display a strained
configuration with an almost 180° angle between them (Figure 3.2 b II).
The tPad is not twist-corrected. This design choice is based on the design of a frame-like DNA chip
used by Sugiyama and co-workers[368,369]. They found a non-twist-corrected frame to be assembling well
enough to serve as pegboard for single-molecule studies[92], and resilient enough for HS-AFM[184].

Origami synthesis

According to previous work, DNA origami synthesis usually takes place in buffer with pH 8.0 - 8.3,
10 - 20mM Mg2+ and an excess of staples to scaffold in the range of 5x to 10x[45,51,368]. Here, the
2D origami were assembled with 20 - 30 nM template DNA and a 5x staple excess. Pads were assembled
in 1x TE buffer and MgCl2, tPads in 1x TAE buffer and Mg(OAc)2.

3.1.2 Structure evaluation

Synthesis, yield, thermal and mechanical stability as well as stacking are evaluated based on the structural
integrity of the surface-deposited origami. In this work, an origami structure is considered well-formed if
its shape matches the design and if it does not display a shape-damaging lack of staples. In order to assess
the origami with AFM, topographical imaging with tapping mode AFM has been used in liquid and air.
AFM in air on dried samples is a quick, but yet sufficiently resolving way to assess whether the outer
shape has formed according to design. Liquid AFM is more suitable to evaluate the size of the origami in
solution, as shrinking caused by drying is avoided. Furthermore, liquid AFM is one of the few techniques
that resolves the origami weave and allows characterising origami with single staple resolution. Amongst
others, it was used here for tracking protruding handles or gaps of missing staples. Resolving the origami
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Figure 3.2: CaDNAno-based design schemes of the tPad origami. a) I) Body of a non-stacking tPad made
of 34 parallel double helices with theoretical edge lengths based on the size characteristics of B-DNA and
a gap of 0.9 nm between the helices. The mostly 32 b body staples are shown in black. The M13mp18
scaffold is depicted in blue and runs in 64 b scaffold loops at the vertical edges (32 b per helix). Blue
rectangles mark the tPad’s central scaffold crossovers. An orange, vertically flipped T marks the position
of an optional strut connecting the three anchor points in the tPad’s cavity. The red rectangle marks the
zoom-in area of b). II) Cavity of the tPad with characteristic dimensions. Below this, an one-helix and
a two-helix strut are displayed that were incorporated into the tPad body during or after synthesis in a
study by Fischer et al.[367]. b) Different edge designs for non-stacking tPads with 64 b scaffold loops (I)
and two types of stacking tPads with z-staples (magenta, II) and u-staples (green, III). In the bottom,
the schematics with grey background display the course of the double helices in the area highlighted in
grey in the red-framed schematics above. In the bottom schematic of (II) and (III), one z- and u-staple is
highlighted, respectively, and the scaffold- and staples crossovers and terminal base pairs are displayed.
For z-staples, the base angle is almost 180° due to the scaffold and staple crossovers at the edge. U-staples
omit the staple crossovers and place less strain on the terminal base pair, which results in a base angle
closer to that of typical of B-DNA.
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weave was achieved in several liquid scans for the tPad and in >90% of the liquid scans with the pad.
Sometimes staples were removed by the tip during the scan, or the object was moved, but usually, the
presented liquid AFM protocol (Section 2.6) allowed scanning at this resolution for several hours3.

In the following, the origami dimensions will be discussed using the dimension labels introduced in the
Figures 3.1 and 3.2. Figure 3.3 a shows an example of a correctly assembled pad. The missing staples do
not impair the structural integrity. 80 - 90% of the pads of any handle pattern were found to be correctly
formed. The pads occur as single objects as it was intended by placing single-stranded DNA pieces at
their vertical edges (see Section 3.1.1). The dimensions of the pads were determined from images in
liquid. On average, a pad is b ≈ 148.0 nm± 4.6 nm long and a ≈ 48.5 nm± 2.6 nm high4. That matches
the calculated values given in Figure 3.1 well. Small errors are due to the overestimation of lengths in
the xy-plane due to the tip radius, which makes an AFM image a convolution of the geometries of the
sample and the tip[370]. From the experimental value, an interhelix gap of 1.1 nm can be calculated. The
chirality markers, that is, mainly the bevelled vertex and the scaffold overhang, allow determining the
deposition side of a pad.
When imaging pads with single-stranded handles arranged at any of the patterns investigated5, for
approximately half of them (55%) the handles face the tip (face-up), while for the other half (45%) the
handles face the substrate (face-down).
High-resolution liquid AFM was used to control the presence of the 8 b, 15 b or 20 b handles of the pads
for the block copolymer attachment. The different handle patterns are discussed further in Section 4.2,
in the context of attaching P3(EO)3T-b-ODN block copolymers.

Figure 3.3: Structure evaluation with high-resolution liquid AFM. The origami weave is resolved and
missing staples can be detected (black arrows). a) Pad with 40 handles (design as shown in Figure 4.3 c).
In the large image, the handles (not visible) face up as they do for 55% of the pads. The inserted figure
shows a pad where the handles face down to the substrate, as it is the case for the remaining 45%. b)
tPad with three marked gaps (black arrows) that were produced deliberately by leaving out the staples.
These mark the fluorophore positions in the tPads used in Chapter 5. Scale bars: 50 nm. Height scale in
nm accounts for all images.

Figure 3.3 b shows a tPad that is considered well-formed. For this origami type, several structural
details were measured in addition to the height a and width b. The average value for 20 characteristic
dimensions of 31 non-stacking tPads scanned in liquid and 16 non-stacking tPads scanned in air are
given in Table 3.1 I) that lists ten dimensions of the outer frame and Table 3.1 II) with ten dimensions of
the cavity. Both AFM experiments yielded dimension values in the range of the theoretically expected
values, and similar standard deviations of the measurements with sliquid = 3.6 nm and sair = 4.2 nm.

3All images in Figure 3.7 b, for example, were acquired during one scan that lasted 5 h.
4means ± sample standard deviations for N=25 pads
5see Section 4.2
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Scanning in liquid yielded closer matching values than the scanning in air, which is due to drying effects.
Compared to the outer tPad dimensions in liquid, the tPads scanned in air display shorter vertical edges
a and c, and slightly longer top and bottom edges b and d. Apparently, drying reduces the interhelix
gaps, probably because the Holliday junctions close. The interhelix gap lies around 1.0 nm for tPads in
liquid, but around 0.8 nm after drying. Simultaneously, the DNA helices seem to elongate slightly. This
is not only indicated by the larger top and bottom edge, but also by the slightly wider left and right part
e and g, and the slightly decreasing width of the inner cavity G and K. Two other effects contribute
to this finding. The image resolution achievable with the air-scanning tips was lower than for the liquid
mode tips. Thus, the scaffold loops at the outer vertical edges have probably been counted as part of
double-stranded tPad body. The second effect is the aforementioned feature broadening due to the width
of the AFM tip.

Table 3.1: Dimensions of the tPad scanned with AFM in air (N=16) and liquid (N=31). The theoretical
values are given in the row “design”. The average standard deviations for all dimension values are:
sliquid = 3.6 nm and sair = 4.2 nm. Dimension labels correspond to Figure 3.2 a I) for the outer frame
and II) for the inner cavity.

I) Outer frame a [nm] b [nm] α [°] c [nm] d [nm] e [nm] f [nm] g [nm] h [nm] i [nm]

design 97.7 97.9 90.0 72.5 69.0 27.2 19.4 27.2 28.9 34.2
air 89.7 90.0 91.2 65.7 65.8 25.6 20.9 24.9 24.8 35.6
sair 5.8 5.8 3.1 5.5 4.8 2.7 2.8 3.7 3.2 4.9
liquid 98.7 88.2 90.6 76.6 63.5 24.5 20.9 24.2 26.7 35.0
sliquid 4.6 6.5 6.6 3.8 4.2 2.5 1.7 2.8 2.3 3.1

II) Cavity A [nm] B [nm] C [nm] D [nm] E [nm] F [nm] G [nm] H [nm] I [nm] K [nm]

design 53.1 24.1 24.1 53.1 24.1 24.1 43.5 21.8 21.8 43.5
air 48.5 16.0 20.6 45.7 18.6 18.8 40.4 14.4 15.3 37.7
sair 2.7 3.0 3.8 8.1 3.7 8.4 3.5 2.8 2.9 3.6
liquid 51.4 21.9 22.2 51.7 22.4 21.8 41.0 17.6 15.6 40.7
sliquid 3.4 3.1 3.6 4.1 3.4 3.7 3.3 2.5 3.1 3.3

In Figure 3.3 b black arrows indicate that three tPads staples are missing. In this tPad batch, they were
left out deliberately during the synthesis. These staples carry the handles for the fluorophore attachment
in the super-resolution microscopy-based structure evaluation discussed in Chapter 5. Leaving these
staples out creates a marker of the fluorophore positions in AFM images to evaluate the handle position,
which could be recognized more easily than one protruding handle. By measuring the distances of the
gaps left by the missing staples, the fluorophore distances could be determined from AFM images and
provided a value for comparison with the super-resolution microscopy. The results will be discussed in
Section 5.1.2.

3.1.3 Yield determination and synthesis variations to improve the yield

Agarose gel electrophoresis and AFM were used to evaluate the synthesis results. While gel electrophoresis
reveals qualitative aspects, yield determinations were based on counting intact origami structures in AFM
images. Mica samples of intact and ill-shaped pads and tPads have always appeared similarly covered,
suggesting a similar deposition behaviour. Thus, it was assumed that the proportion of correctly folded
origami in the AFM images represents that in solution. In order to evaluate the influence of the AFM
protocol on the count of intact structures, the yields of the origami syntheses were assessed for scanning
in air and in liquid for both the pad and the tPad. Variations in the count of intact structures were found
to be within the statistical variations as they occur amongst samples. Thus, the yields of scanning in air
and liquid will be directly compared in the following.
For the pad, a 5 h synthesis protocol was used (see Section 2.2). This protocol is based on a constant
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cooling from 85 ◦C to 24 ◦C in 0.1K steps, where each step lasts 30 s. The 85 ◦C are first held for 10min.
Figure 3.4 a gives an impression of a typical pad sample. For pads with any kind of handle pattern the
yield was found to be above 90%. This lines out with published data for the RRO[45] and reflects a
robust design and suitable protocol. For the pad, shorter syntheses routes were established too, but not
used in the present work.
The tPads assembled poorly with the pad protocol. A first successful protocol comprised of cooling from
90 ◦C to 24 ◦C in 1K steps, where each temperature was kept constant for 10min. This protocol lasts
11 h. The yield was found to be in the range of 45 - 70%. For the latter, Figure 3.4 b shows a typical
field of view. In any case, the tPad yield was below the yield of the pads, and it varied strongly between
samples. In order to improve this, several parameters can be adjusted. This includes the staple : scaffold
ratio, the type of the assembly buffer including the salt concentration, design changes, or the optimisation
of the synthesis protocol. Amongst these, this work focuses on adjusting the synthesis protocol, which
will be discussed in the following.

Figure 3.4: Overview AFM images of correctly synthesised pads (a) and tPads (b) obtained in liquid.
Scale bars: 500 nm. Yellow dots and numbers were set during yield determination. Structures at the
edge and in undefined multilayers were not counted.

For a planar, rectangular structure Sobczak et al.[143] have reported how a customisation of the
synthesis protocol has led to a sevenfold yield increase. For that purpose, they have exchanged the
constant-rate-synthesis by a constant-temperature-synthesis at a previously determined, origami-specific
annealing temperature.
In order to improve the tPad yield by synthesis adjustment, the annealing temperature (TA) range was
probed with a three-stage protocol that resembled the one of Sobczak et al.[143]. According to the latter
and Song et al.[146], there is an interplay between the temperature, the folding time and the staple excess
used in such isothermal syntheses. Here, a rapid cooling from 90 ◦C to TA(Test) (stage 1), keeping
TA(Test) for 1 h (stage 2), and then rapidly cooling to room temperature (stage 3) at a staple : scaffold
ratio of 5 : 1 was chosen. In total, that protocol takes 1.5 h. TA(Test) was chosen to account for the
fact that a melted DNA double strand reassembles correctly with the highest probability when it is kept
in a temperature range of 25K below its TM

[17]. As the histogram in Figure 3.5 shows, the melting
temperatures of most tPad staples lie in the range of 76 - 78 ◦C.

Therefore, TA(Test)= 52.0 ◦C was chosen as the first temperature under test. Then, TA(Test) was varied
in a stepwise manner to identify the lowest and highest temperatures that yielded correctly formed
tPads. This resulted in a test range of 58.0 ◦C to 28.0 ◦C. For six TA(Test), the yield was determined by
counting intact structures in AFM images, of which zoomed parts are shown in Figure 3.6 a. Figure 3.6 b
summarizes the yields of intact tPads at every TA(Test). Figure 3.6 c displays single, partly assembled
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Figure 3.5: tPad heatmap and distribution of the staple melting temperature for the 223 tPad body
staples for z-staple tPads. All staples are coloured according to their melting temperature except for the
four staples covering the anchor sites in the cavity, which are marked in black.

tPads at TA= 58.0 ◦C and schematics of the segments already formed. Furthermore, Figure 3.6 d displays
agarose gels loaded with tPads synthesised at all TA(Test) used in this work.
In the agarose gels, bands that lie above the bare M13mp18 band are found for all temperatures, indicating
that folding takes place at any of the investigated TA(Test). The most intensive band in all lanes is at
approximately the same height, which is similar to the height of tPads obtained from the 11 h protocol
(“long” in Figure 3.6 d). This indicates correctly folded structures in all cases. However, the AFM images
of the 58.0 ◦C and the 28.0 ◦C samples contradict this finding. Overall, the yield increases in a range
from 58.0 - 47.0 ◦C before it decreases again. A yield of at least 45% of fully formed tPads can only
be found in the range from 52.0 - 38.0 ◦C (Figure 3.6 b). Apparently, tPads that are not fully formed
have almost the same gel mobility as correctly formed ones. This suggests that a gel can only provide
limited information on the structure formation. Another observation to consider is the appearance of
further, higher bands. There are up to three additional bands in a lane. In every lane, one clearly visible
band occurs above the main band. It could be due to a secondary structure or due to clusters. Upon
extraction from this band, only single, correctly folded tPad structures were observed, which points in
the direction of a temporary aggregation. The band occurs with greater intensity in the lanes of the
constant-temperature folding than in the lane with the constant-ramp-folding, i. e. the 11 h-protocol. In
contrast to the findings of Sobczak et al.[143], secondary structure formation did not decline with synthesis
protocol adaption. In the lanes for 58.0 ◦C and 47.3 ◦C and 45.8 - 35.0 ◦C, a third band is clearly visible.
In the range of 40.0 - 35.0 ◦C another, fourth band is visible that becomes the more intense the lower
the temperature gets. The third and fourth bands are faint or not visible in the temperature range
that yields predominantly well-formed tPads, therefore they most probably contain ill-formed structures.
Apparently, these structures differ towards the higher and lower edges of the temperature range, as the
fourth band only occurs in the lower range.

In Figure 3.6 a it can be seen for 58.0 ◦C and 28.0 ◦C that characteristic, partly folded structures form at
given temperatures. This lines out with the distribution of the staple melting temperatures. For 58.0 ◦C,
the top and bottom rectangular segments of the tPad are already well-formed, while the left and right
sides lack staples (Figure 3.6 c). As shown in Figure 3.5, the proportion of staples with a TM> 78 ◦C is
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Figure 3.6: Annealing temperature screening for the tPad. a) AFM images taken in air for six TA(Test).
Scale bars: 100 nm. b) Yield of correctly formed tPads at the six TA(Test) imaged in a). c) Single,
partly folded tPads at TA(Test)= 58.0 ◦C and the outline of the top and bottom horizontal rectangular
segments that form typically. d) 1% agarose gel of 16 TA(Test). A 2-log ladder, the M13mp18 scaffold
and tPads assembled with the 11 h protocol were applied for comparison. Despite different folding states,
the resulting tPads show a very similar mobility in agarose gel electrophoresis. Gel running artefacts
such as the slight, concave arch between 47.2 ◦C and 35.0 ◦C probably play a larger role regarding the
variations of the origami band position than differences in the origami structure formation.
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significantly higher in the upper and lower rectangle than in the sides. Apparently, the folding proceeds
hierarchical, starting with these staples with a large TM. For 28.0 ◦C, all tPad parts seem to form, but
the structures appear frayed. This is probably because most of the staples did not anneal correctly.

Overall, the maximum yield of correctly folded tPads did not increase in this short protocol compared to
the long protocol. Yet, the shorter protocol saves time and supposedly reduces the thermal stress imposed
on the DNA[143], although that was not investigated directly here. For investigating the aggregation
behaviour (see Section 3.1.5), tPads were assembled using TA= 49 ◦C, and directly compared to the 11 h
protocol. There was no apparent trade-off in structure stability or a change in aggregation behaviour.
For the fluorescence microscopy, a 7 h protocol was employed. It consisted of heating to 90 ◦C followed
by cooling at a fast rate of 1K/min to 60 ◦C (stage 1) and at a slow rate of 1K/15min to 24 ◦C (stage 2).
The tPad yield was found to be between 50% to 70%, which is in the same range as for the 11 h protocol.
The 7 h protocol is shorter than the initial 11 h protocol, but it allows more time for each staple to
incorporate than the three-stage-protocol. As a fluorophore will be anchored to one handle only, a longer
protocol was thought to create the best premises for a successful labelling. This follows the findings of
Sobczak et al.[143], who reported that folding was not at equilibrium after 2 h at a constant temperature,
but rather after 2 d.

In conclusion, both structures assemble as designed. The twist-corrected pads displayed synthesis yields
above 90%. For the tPad, the yield was below that of the pad and could not be increased by refining the
synthesis protocol. Apparently, the synthesis is not the main reason for the yield decrease. Two factors
could have played a role here and might be investigated further. Firstly, the staple : scaffold ratio could be
increased. Several studies have investigated the influence of the this ratio on the assembly temperature
TA

[139,146–148] and found that the yield has benefitted from a higher staple excess. The second factor is
that the tPad is not twist-corrected. It was assumed, that the cavity would relax the structure sufficiently.
However, that is not the case as CanDo[60,61] model calculations show, which were generated after the
synthesis tests (resulting simulation images: Appendix Figure A.3). The twist could have introduced an
energy penalty in the DNA hybridisation, which prevents higher yields.

3.1.4 Thermal and mechanical stability

As discussed in the introduction, several studies have investigated the temperature resilience of continuous
rectangular origami[138,139,143,147], which resembles the pad. As there are fewer studies on a cavity-bearing
structure, only the tPad will be discussed in the following.
The tests will be conducted for tPads in solution and bound to mica, because both processes can
be relevant when using DNA origami as a pegboard. It is assumed that the melting will start at
higher temperatures for the surface-bound origami than for the origami in solution. That is because
in surface-bound origami, not just the intermolecular interaction within a DNA double helix stabilise the
structure, but also attractive interactions between the substrate and each DNA strand. Furthermore, the
surface-bound DNA has fewer degrees of freedom to untwist, and the staples can only depart from the
structure into half the directions available for origami in solution. Both limitations kinetically impede
the dehybridisation process. Song et al.[138] proposed such a stabilising effect for 2D rectangular origami
bound to mica. They found that the melting started at 55 ◦C. This is similar to the value found for
a 3D object in solution[60], which should melt at a higher temperature because melting can only take
place at the surface. The enhanced resilience of the surface-bound origami supports the assumption of a
stabilising surface effect.
The experiments presented in this work focus on whether the outer tPad frame loses its integrity in a
22 - 65 ◦C temperature range. Determining the synthesis protocol has shown that this includes the most
relevant range for origami folding, and hence, for sticky end-based nanoobject attachment.
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Melting in solution

For the melting experiment in solution, tPads were filtered to remove excess staples. Then they were
heated to the temperature under test within few seconds, and kept for the targeted time. Next, an aliquot
was withdrawn with a pipette and quenched in buffer cooled to 4 ◦C. Directly afterwards the sample for
AFM in air was prepared6.
The protocol was set up following three objectives. First, origami that had not suffered from thermal stress
before (for example, through a long, gradual heating process[139]) was exposed to a discrete temperature
under test. Second, the effect of the length of keeping the discrete temperature was considered. Overall,
this resembles an annealing procedure, which can be a step, e. g., in labelling reactions or nanoobject
binding. Third, the rapid preparation of dry samples for AFM in air accounts for freezing the state of the
origami without allowing time for staples to detach further7, or for healing. An unwanted healing can take
place by reassembling of detached staples from solution or re-hybridisation of partially attached staples.
To eliminate reassembling as much as possible, filtered samples were used. Furthermore, the quenching
step involved a 20x dilution in buffer, which dilutes the concentration of detached staples enough to make
a reassembly unlikely. Using cold buffer and preparing the AFM samples quickly after quenching was
thought to impede the re-hybridisation of partially attached staples. To test whether healing occurs in
sample solutions treated like this, a second set of AFM samples were prepared from quenched solutions
after keeping them at 4 ◦C for one day. Changes in the structures’ appearance that indicate a significant
reincorporation of detached staples were not visible in the AFM images.

Example images of the samples at 50 ◦C, 55 ◦C and 60 ◦C are shown in Figure 3.7 a I-III, while
Figure 3.7 a IV displays the sample after filtration prior to the thermal stresses for comparison. The
yield of intact tPads in that sample was 17% (N=496 tPads), while it was 59% before filtering. The
damage due to cleaning will be discussed later in this section.

It was found that tPads heated in solution keep their shape until 50 ◦C. Also after 110 min at 50 ◦C the
yield of intact tPads was 21% (N=33 tPads), which agrees with the yield after filtering within statistical
variations. However, heating to 55 ◦C for 10min has already decreased the yield of intact tPads to zero,
leaving partly folded structures behind. At 60 ◦C, only entangled coils were visible. Apparently, the
melting is at its thermal equilibrium quickly, which lines out with the findings of Sobczak et al.[143].

Taking a closer look at the shape of the partly folded origami at 55 ◦C (Figure 3.7 a II) reveals that the
upper and lower rectangular segments are more persistent that the left and right side. This is a hint that
the melting proceeds as the reverse of the folding. Folding intermediates with the same segments have
occurred in the synthesis test with 58 ◦C as the annealing temperature (Figure 3.6 c), while at TA= 55 ◦C,
most tPads displayed a well-formed short vertical side additionally. Apparently, the melting proceeded
at a lower temperature than the folding. Studies of the Rothemund rectangular origami have found an
opposite hysteresis[139,143]. Looking at just the structure itself, this is plausible due to a cooperative
effect. In the beginning of the melting, only the staple is free to diffuse away, while the scaffold is held
in place by other staples. This increases the local concentration of the DNA sequence complementary to
the staple, which shifts the reaction equilibrium towards the hybridised state. In contrast to the studies
mentioned above, the tPad melting was studied in a filtrated sample. That is, a staple is more likely
to diffuse away from the origami and a void is less likely to be filled due to the low surrounding DNA
concentration.

6For details of the protocol see Section 2.6
7Non-heat related damage could result from decay over time. Furthermore, it can be caused by mechanical stress during

pipetting and by rinsing with deionised water, as Lee Tin Wah et al. have found for the RRO[139]. The pad and tPads,
however, were found unchanged by pipetting and rinsing on other occasions. Furthermore, the scan quality for water-rinsed
mica samples was much better than for unrinsed samples. Consequently, pipetting and rinsing were kept in the protocol.
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Figure 3.7: Thermal stability of tPads (a) heated in solution prior to immobilisation (temperatures and
times given in the images) and (b) deposited on a mica surface prior to heating. Yellow crosses and
numbers indicate the use of these images for yield determination. The image series in b) was acquired
from one samples that was heated and cooled as given.
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The thermal stability of surface-bound tPads

That origami is significantly more stable to elevated temperatures when deposited on a surface was, e. g.,
described by Song et al.[138].
Figure 3.7 b displays AFM images of tPads under an oscillating heating ramp. The ramp started at
22 ◦C followed by heating to a temperature under test and keeping that temperature for 30min before
cooling to 22 ◦C again and heating to the next temperature under test. The protocol is given in detail
in Section 2.6. As temperatures under test, 50 ◦C, 60 ◦C and 65 ◦C were chosen. Each temperature was
kept for 30min to ensure reaching the temperature under test, and to allow the system to equilibrate.
Between the first and last image taken, the sample was scanned for five hours. During the heating, the
tip lost contact with the sample because of heat-induced movements of sample and scanning buffer. In
order to avoid an experiment termination due to unnecessary wearing of the tip, the tPads occurring at
the tip position after re-engagement were scanned instead of searching for the former field of view.
As can be seen, damage or a considerable removal of staples that would result in disassembly of the
tPads did not occur, even though the same area was scanned repeatedly and over at least half an hour at
each temperature under test. Damaged tPads have already occurred at the first 22 ◦C stage, which most
likely stem from filtering the tPads. Over the course of the experiment, the number of image artefacts
such as scan lines and blurry tPads edges has increased. In the 65 ◦C image the scanning resolution was
worst, and some tPads seemed to disengage from the surface. These findings are most likely related to
thermally induced movements in the sample and some unavoidable wearing of the tip over the long scan
time, and not due to damage of the origami. That is because at the final 22 ◦C stage, the tPads seem in a
similar state as in the first stage. During this in-situ thermal test of the tPad, buffer had to be added due
to evaporation upon heating, nevertheless, the weave was resolvable throughout the experiment and the
tPads were not damaged. The poly-L-ornithine, which is used as a deposition-aiding agent here, plays a
key role for these findings. Apparently, it ensures a strong adhesion of the origami to the mica, which
aids in keeping it assembled.

Overall, the temperature at which basically all tPads in solution display a disintegrated outer shape
was determined in the range of 50 ◦C to 55 ◦C8, which agreed with the temperature at which fully
folded structures occurred first in the folding process. On the contrary, tPads deposited on mica with
poly-L-ornithine as a positively charged deposition agent did not even suffer the loss of staples until the
highest temperature under study of 65 ◦C. This lines out with the expected stabilising effect of depositing
origami on a surface.
This qualitative study of the thermal stability of the tPads was useful to determine the experimentally
relevant breaking temperature of the tPads in solution, and to establish a protocol for hot stage AFM
with the tPads. First hints towards a hierarchical folding and melting are given by the occurrence of
characteristic rectangular folding intermediates at the tPad top and bottom at distinct temperatures in
both the folding and melting process. The presented hot stage AFM protocol provides the basis for
further work on a qualitative folding and melting study as executed for rectangular origami by Lee Tin
Wah et al.[139]. Such a study will reveal further folding intermediates and clarify the hysteresis behaviour
of the folding and melting.

Mechanical stability

A common mechanically demanding situation for pads and tPads is purification by centrifugal filtration.
Detailed protocols are given in Section 2.5. When used as a pegboard, tPads usually undergo three buffer
washes and centrifugation in a benchtop centrifuge at a rotational speed of 4000 rcf in filters (Amicon)
with a molecular weight cut-off (MWCO) of 100 kDa to remove the excess staples. Pads are filtered using
the same filters, or filters with the same MWCO produced by Pall, and centrifugation at 10000 rcf. The

8Note again, that the temperature decreases during assembly, while melting studies start at lower and proceed to higher
temperatures.
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yield of intact pads after filtration lies in the range of 85 - 90% of the initial synthesis yield, and decreases
slightly with increasing rotational speed. For tPads, the filtration usually decreases the proportion of
intact tPads to 30 - 50%, in rare occasions even to 10%. Figure 3.8 shows the intact proportions of filtered
pads (grey markers) and tPads (blue and orange markers) relative to the initial yield that were obtained
in a test with two filter brands and different rotational speeds. In the Amicon filters, two membranes are
on opposite sides of the tube, while one membrane is at the bottom of the Pall filters.
During the filtration, the centrifugal force presses origami and staples against the membranes. While the
staples pass the membrane, the origami has to withstand this mechanical stress. With Amicon filters,
the last step is a filtration at 1000 rcf with the filter placed upside down in a fresh tube to detach the
origami from the membranes. For the Pall filters, origami is recovered through pipetting. Both processes
impose addition mechanical stress.
The proportion of intact origami was determined with AFM. As expected, the pad quality decreases
slightly with increasing mechanical stress at higher rotational speeds. However, the yield of intact
structures remains well above 80%, in contrast to the tPad yield. Interestingly, the proportion of intact
tPads increased in two of the occasions presented here. Probably, destroyed structures had formed
aggregates that remained in the filter. However, it was found that such occasions cannot be reproduced
deliberately.
Overall, the mechanical stress of filtration affected the tPads in a primarily detrimental way, while the pads
were indifferent to it. The same behaviour was found for the other purification techniques freeze’n’squeeze
and electro elution9. Probably, the twist of the tPad and its cavity play a role regarding its mechanical
stability.
For the hybrid formation, pads were filter-purified, as it is faster than gel-based techniques, but yet
sufficient. For the fluorescence microscopy, filtered and gel-purified tPads were used and quality control
with AFM after filtration was always performed.

Figure 3.8: Intact origami after filtration in benchtop centrifuges at different rotational speeds with
centrifugal filters of the companies Amicon and Pall with a molecular weight cut-off of 100 kDa. While
the proportion of intact pads barely changes, tPads are significantly disturbed. An increase of the
intact tPad proportion can be due to the removal of misfolded structures that have aggregated upon
centrifugation.

9For both techniques origami is purified in an agarose gel first. In freeze’n’squeeze the origami band is cut out then and
the origami-containing liquid is strained from it in a filtration step. In electro elution, the origami band is cut out and
placed in a sealed membrane container. The container is then placed in the electrophoresis chamber, and the origami is
moved from the band by an electric field. Electro-elution thus involves only minimal mechanical stress occurring during the
movement of the origami through the agarose electrophoresis gel.
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3.1.5 Stacking

As discussed in the context of the design of the pad and tPad (Section 3.1.1), the aggregation of DNA
origami structures due to stacking can be controlled through the design of the helixes ends. In that way,
larger structures can be built up deliberately, or the interaction can be avoided. For the pad, the aim
was to have single origami structures, so scaffold loops and staple overhangs at the helix edges were used
to prevent stacking. For tPads, the chain formation due to stacking was investigated[367] in the course of
this work, as this behaviour had not been described in detail for a cavity-bearing structure before.
While virtually 100% of the tPads without end staples occur as single objects, tPads with blunt ends
were always found in the form of aggregates. Long chains as well as shorter aggregates of two to five
tPads or chain clusters such as shown in Figure 3.9 a were found for both z- and u-staple featuring tPads.

Figure 3.9: Aggregate formation of tPads due to base stacking. a) AFM image of a typical field of view
for z-staple tPads with chain aggregates of different lengths. Similar aggregates form with u-staple tPads.
Scale bar: 1 µm. The inset AFM image shows a high-resolution image of two stacking tPads where the
interacting DNA helices with blunt ends are resolved. Scale bar: 50 nm. b) AFM images (including
schematic outlines) of pairs of stacking tPads with different relative tPad orientations: rotated (A),
head-to-tail (B), horizontally flipped (C) and vertically flipped (D). The histogram displays the relative
occurrence of the orientations for tPads with z- or u-staples.

A typical field of view with z-staple tPads is shown in Figure 3.9 a. Dilution in 1x TAE with 5mM
Mg(OAc)2, did not dissolve the aggregates significantly.
In general, z-staple and u-staple tPads showed a similar stacking behaviour. However, there were
differences in the relative orientations of two adjacent tPads in a chain. In total, two tPads in a
chain can assume four possible orientations, which are shown in Figure 3.9: rotated (A), head-to-tail
(B), horizontally flipped (C) and vertically flipped (D). All orientations were found using z-staples (see
Figure 3.2 b II), while for u-staple-featuring tPads, almost exclusively the head-to-tail and the rotated
orientations were resolved. A similar specificity of the aggregation has been previously described for
stacking origami rectangles[129], which are similar to the pad. In their report, Woo et al.[129] have
attributed this behaviour to orientation-depending differences in the strength of the stacking bonds
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between the terminal base pairs of two origami. Using terminal G-C pairs only, Woo et al. assumed that
the different crossover distributions at the edges for the z- and u-staple origami have caused the different
bond strengths. As Woo et al. have discussed in detail, sufficiently strong stacking bonds for u-staple
origami can only occur in the head-to-tail and the rotated orientation. As shown in Figure 3.2 b III, the
terminal base pairs display an almost natural base angle, so the interacting area is not at its maximum
for the flipped orientations. For DNA origami structures with z-staples, the stacking bond strength does
not significantly differ between the orientations, because the combined scaffold and staple crossovers at
the z-staple edges stretch the base angle to almost 180°. Consequently, z-staple DNA origami structures
can be arranged in all orientations while the flipped orientations should be intentionally avoidable in
u-staple origami chains.
While Woo et al. could show that origami rectangles show exactly this behaviour, the aggregation
specificity of the tPads was not as dependable. As can be seen in the Figure 3.9 b, the flipped orientations
occasionally occurred in u-staple tPads as well. Presumably, this is because other parameters than the
end staple design alone influence the stacking. Buffer and ionic strength conditions are approximately
the same in the investigations presented here as in the study by Woo et al. Therefore, they are not the
reason for the differences described herein. Probably, the cavity in the tPads enhances the structure’s
flexibility and allows the stacking base pairs to assume energetically favourable orientations in the flipped
orientations as well.

3.2 Towards decorating DNA origami

As the last part of constructing 2D origami pegboards, this section introduces the sticky end sequences
used for the block copolymer (Chapter 4) and the fluorophore attachment (Chapter 5). Sliding and
specific sequences are discussed. Choosing different sequences on one template allows for the parallel
assembly of different nanoscale objects. As a proof-of-principle study, the parallel assembly of different
gold nanoobjects on the pad is presented. The EGNAS software[77] is used to optimise the binding
abilities of the specific sequences.

3.2.1 Design of the link sequences

As discussed in the Section 1.2.1, the link consisting of the origami-bound handle and the object-bound
ODN (see Figure 1.2) plays a crucial role for the yield of nanoobject binding to DNA origami via sticky
ends. Table 3.2 lists the sequences used for the pad and the tPad. Both sliding and specific sequences
were employed to study the influence of the sequence on the attachment yield of the block copolymer
binding to the pad. Specific sequences were employed to attach different fluorophores to the same tPad.

Table 3.2: Sequences of the handles and oligodeoxynucleotides (ODNs) used as links for nanoobject
attachment to the pad and the tPad, respectively. The first three rows list sliding sequences, the remaining
rows specific sequences. All specific sequences were engineered with the EGNAS software[77].

handle name handle sequence (5’ - 3’) ODN name ODN sequence (5’ - 3’)

pad 15A AAAAAAAAAAAAAAA 18T TTTTTTTTTTTTTTTTTT
8A AAAAAAAA 10T TTTTTTTTTT
AAT5 AATAATAATAATAATAAT ATT5 ATTATTATTATTATT
20N’ GACAAAGCCGACCACCAAAG 20N CTTTGGTGGTCGGCTTTGTC

tPad blue handle GACTGCTGGATGACTACTGG blue ODN CCAGTAGTCATCCAGCAGTC
green handle CGCACACTCTCCACAACTAC green ODN GTAGTTGTGGAGAGTGTGCG
red handle GTGTAGTCCGTGTGTGTTGC red ODN GCAACACACACGGACTACAC

66



Both the binding of BCPs to the pads and the fluorophores to the tPads rely on one link to bind one
nanoobject. This strategy refrains from using the cooperative effect of multiple links per nanoobject
in order to attach the objects with a high site-specificity. To achieve a high binding yield nevertheless,
this places demands on the handle regarding the availability, the ease of initial ODN binding, and the
stability of the formed double strand. Choosing appropriate handle lengths usually guarantees the latter.
As discussed in Section 1.2.1, sliding sequences allow more initial binding events than specific sequences
of the same length, making an initial binding less likely for the latter. In order to optimise the initial
binding chances for specific sequences, sequence engineering can be used to ensure the availability of the
handle on the origami pegboard. The availability could be reduced by competing binding events due to
secondary structure formation or binding of the handle to the scaffold.
For the sliding sequences used on the pad, the competing binding events were not assessed, as they
were considered a minor problem in the proof of principle experiments discussed here. The 20N’ specific
sequence used in the pad handles was supposed to be part of different handle patterns on the pegboard,
changing the possibilities for competitive binding each time. As adapting the link each time would have
resulted in incomparable systems, sequence engineering was only applied for the specific links on the
tPads that are involved in the fluorophore attachment. Initially, another specific sequence was generated
for the attachment of block copolymers to the tPads. However, as the tPad is not well suited to serve
as a pegboard (see Section 3.2.3), it was not used there. Since this engineered sequence does not form
hairpins, it was used for block copolymer attachment to the pads in the 20N’/20N link. All engineered
sequences were generated with the EGNAS software[77] using the selection options and criteria of the
algorithm given in Appendix B.

3.2.2 Testing the binding capabilities of the links

In order to proof that the sticky ends listed in Table 3.2 readily bind their complementary sequences, two
sets of experiments were performed.

For the specific 20N’/20N link that was used in the block copolymer attachment (Chapter 4), J. Zessin
has investigated the hybridisation with surface plasmon resonance spectroscopy (SPR)[172]. In this study,
thiol-modified handles with the 20N’ sequence were immobilised on a gold surface of an SPR chip using a
microfluidic system. The ODNs were dissolved in the mobile phase overflowing the handles. Hybridisation
was monitored as a shift of the SPR minimum.
With the complementary ODNs 20N in the mobile phase, a shift in the SPR minimum occurred, which
was not the case when using the 20N’ handle sequence itself in the mobile phase instead. This proved that
the binding takes place, and proceeds specifically. Furthermore, the block copolymers P3(EO)3T-b-20N
and P3(EO)3T-b-18T were tested in the same setup. For the latter, thiol-modified 18A handles were
immobilised on the SPR chip. It could be shown that also the bulkier block copolymers bind specifically
to their complementary sequences.

For the specific sequences used for the fluorophore attachment to the tPad, a qualitative PAGE was
performed. The gels are displayed in Appendix Figure A.2. It was found, that each handle selectively
binds its complementary ODN also when the other two ODNs are present.
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3.2.3 Testing the pegboard qualities of tPads and pads by arranging
nanoscale gold

The next experiments aimed at probing whether the respective origami is capable of providing available
handles for nanoobject attachment. The tests serve as a general proof of principle, thus, the binding will
not be discussed quantitatively in the following. Gold nanoparticles (AuNP) and nanorods (AuNR) were
chosen as objects to be templated, because they are easily detectable in AFM and TEM images. For the
pad, the two sliding sequences 15A/18T and (AAT)5/(ATT)5 were used in the links, while the specific
20N’/20N sequence of the block copolymer attachment was used on the tPads.
Dr. Mathias Lakatos has synthesised the gold nanoobjects and has performed all steps of attaching them
to the origami templates. Furthermore, he obtained the TEM images shown in Figure 3.10 b. The
author has designed and synthesised the DNA origami (Figure 3.10 a) and performed the AFM imaging
(Figure 3.10 c).

Figure 3.10 a displays the handle patterns on the tPad and the pad, respectively. On the tPad there are
a horizontal and a vertical line of handles. In the vertical line the handle distance is approximately 6 nm,
while it is about 11 nm in the horizontal line. On the pad, 15A and (AAT)5 handles were arranged in a
dense pattern that resembles the pad type III used for block copolymer attachment10. The pattern was
modified compared to the type III pad to create more distinctive sites for the two sequences that are
tested simultaneously.
To the tPads, 2 - 3 nm AuNP coated with the 20N ODNs were attached. These small AuNP were chosen
to attempt binding one AuNP to each handle. For that purpose, the AuNP had to be small enough to not
imply steric hindrance that would prevent binding to the handles next to their binding site. Furthermore,
the AuNP should be functionalised with one ODN ideally, to avoid binding to multiple handles. This is
more likely for a small AuNP surface area. For the dense handle pattern on the pads, attaching AuNP at
every handle positions was unlikely, so bigger objects were chosen that attach to multiple handles. AuNR
with a length of 40 nm coated with 18T ODNs were supposed to attach to the 15A handles, while AuNP
with a 20 nm diameter coated with thiolated (ATT)5 were supposed to attach to the (AAT)5 handles11.

For the pad, the binding proceeded with 100% site selectivity, and in good yields (Figure 3.10 b). As
ten out of 15 bases are complementary for the handle/ODN-pairs 15A/ATT5 and AAT5/18T as well, a
cross-binding between the 15A/18T link and the AAT5/ATT5 link could take place. Yet, it did not seem
to be favourable for this system.
For the tPads, the binding yield was moderate to low (Figure 3.10 c). While every pad in Figure 3.10 b I
has all AuNR and AuNP attached to it as designed, the ratio is lower for the tPads (Figure 3.10 c I).
Furthermore, three AuNP were found on a tPad at most instead of one AuNP per each of the 17 handles
(Figure 3.10 c II). Evaluating different tPads showed that AuNPs preferred the same handles. Probably,
those were more available in the binding process than the unoccupied ones. Some tPads seem to convulse
around the AuNP (e. g., tPad 2 in Figure 3.10 c II). Apparently, more than one handle had bound to the
AuNP in this case, which kinks the origami.
Using a specific sequence could have contributed to the low binding yield due to a reluctant initial binding
as discussed in Section 1.2.1. Furthermore, functionalising the small AuNP was probably not as successful
as for the larger AuNP and AuNR with a higher surface area. However, choosing an appropriate AuNP
excess accounted for that. Overall, the low binding yield has resulted most likely from steric hindrance and
using only one handle per attachment. The latter is uncommon in gold nanoobject binding, apparently
because the binding yields are not satisfying. Nevertheless, binding events were found. This proofed
qualitatively that the specific sequence can be used to bind bulky nanoobjects, and that the tPad can
serve as a pegboard. However, handling the tPads in the attachment process appeared more difficult

10see Figure 4.3 c
11For the attachment protocol see Section 2.3.
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Figure 3.10: Arranging different gold nanoobjects on the pad and tPad to test the origamis’ pegboard
qualities. a) Design scheme of the tPad (left) and the pad (right) for the gold nanoobject attachment.
Blue dots symbolise 15A handles, violet dots (AAT)5, and red dots the specific 20N’ sequence used
for block copolymer attachment in Chapter 4. b) TEM images of pads with 40 nm AuNR and 20 nm
AuNP attached site-specifically and in high yields as can be seen in (I). Cross-hybridisation has not been
observed. Scale bar (I): 100 nm, (II): 20 nm. c) AFM images of the tPads after adding 2 - 3 nm AuNP.
The labelling yield is low to moderate (I). Image (II) shows a zoom into the marked area of image (I)
with four tPads with AuNP attached. The maximum number of AuNP per tPad was three (tPad 1).
Some tPads seemed kinked due to multiple handles binding the same AuNP (tPad 2). Scale bars in (I)
and (II): 400 nm.
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than with the pad due to the fragility of the tPads. The mechanical and thermal stress of the process
decreased the final concentration of intact tPads considerably.
Overall, the availability of the handles for nanoobject binding to the origamis could be shown. For both
origami, the binding proceeded site-selectively.

3.3 Summary

Overall, for both 2D origami, design and assembled origami have matched. The pads have presented
themselves as resilient origami template. Compared to them, the more complex and delicate tPads have
displayed both a lower synthesis yield and a lower mechanical stability.
As there were less studies of synthesis, folding, thermal stability and stacking behaviour of cavity-bearing
structures than of continuously filled origami such as the pad, such studies were presented for the
tPads here. Refining the synthesis procedure for the tPads did not increase the yield. However, an
assembly temperature range of 45 ◦C± 7 ◦C could be determined in which a yield above 45% was achieved.
Furthermore, the studies resulted in a timesaving synthesis protocol. In melting studies in solution, tPads
have kept their shape until 50 ◦C. When they were bound to a mica surface via electrostatic interactions,
they have remained intact up to the highest temperature under test, which was 65 ◦C. This has lined
out with found trends[138]. The studies on the thermal behaviour of the tPad suggested that the folding
proceeds via intermediate folding states, and that the hierarchical folding and melting behaviours include
similar intermediates. The protocols used here could be extended in future work to yield more detailed
and quantitative results for these behaviour studies. Furthermore, the tPad stacking behaviour was
steered through the design of the origami edges, which lined out with rectangular origami[129] in broader
terms. However, the target stacking structures did not form as exclusively as for the rectangular origami.
This was a hint that design components can alter the stacking behaviour, which needs to be investigated
further.
Furthermore, a proof-of principle experiment has shown that both templates can serve as pegboards for
gold nanoparticles and nanorods. The pads have successfully templated AuNP and AuNR site-specifically
with two different sliding sequences, achieving high yields as well. Templating of AuNP with a specific
link on tPads proceeded site-selectively as well. However, the chosen handle pattern and most probably
the lacking resilience of the origami prevented a higher binding yield.
Summing up all characterisation experiments, the pads have appeared as suitable origami for large-scale
fabrication or for templating bulky nanoobjects. The more fragile tPads appeared to be less suitable
for the latter. However, their structural features could be useful in single-molecule studies[92,184,368,369]

that do not require a quantitative origami yield, and as a structure under test to evaluate delicate DNA
origami. Therefore, the pads were chosen as the template in the hybrid formation discussed in Chapter 4.
The tPads are used in Chapter 5.

AFM was found to be the versatile method of choice to investigate the 2D origami pad and tPad. In
bulk studies, AFM was superior to gel electrophoresis for the structural characterisation of the tPads,
where ill-shaped structures could not be sufficiently distinguished from correctly formed structures. Basic
tapping AFM was useful in characterising the structure, the synthesis and the mechanical stability of the
two 2D origami structures. Tapping AFM at ambient temperature in air and in liquid provided similar
structural measurements.
Hot stage tapping AFM in liquid, a relatively new tool for investigating the folding and melting behaviour
of DNA origami, could be implied with the same protocol as liquid AFM and was found to retain the
high resolution up to 65 ◦C. This work has stopped at qualitative folding and melting studies, while the
hot stage tool can easily provide more detailed and quantitative data on, e. g., folding intermediates in
further experiments.
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AFM can provide bulk data, but without fast scanning, often at the cost of long measurement times.
Quantitative data, such as origami sizes and formation details were obtained here through manual
analysis. In the chosen imaging mode, image analysis had to rely on height contrast. As the height
contrast was small here, computational analysis routines could not be implied. Analysis routines based
on other signals would be worth developing.

The usefulness of AFM is limited when it comes to 3D origami and material interacting strongly with the
tip, such as gold nanoparticles. The latter problem was encountered here as well. However, as correct
sizing of the AuNP was not the aim of this investigation, it did not affect the results. However, for soft
or organic material that provides little contrast in other techniques such as DNA, proteins or synthetic
polymers, AFM is a suitable technique. Therefore, it will be used for characterising the hybrids from pads
and polythiophene-DNA-block copolymers in the following Chapter 4. To concentrate the discussion in
one point, Section 4.3 will cover the limitations of AFM investigations with respect to both the hybrids
structures and DNA origami templates in general.
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Chapter 4

Qualitative and quantitative
characterisation of polymer-DNA
origami hybrids with AFM

This chapter discusses the binding of diblock copolymers (BCPs) consisting of an ODN block and a
poly(3-tri(ethylene glycol)thiophene (P3(EO)3T) block to the DNA origami pads with different handles
and handle patterns. For the first time, such a binding approach utilises a polythiophene derivative and
a 1 : 1 BCP that can be attached to the DNA origami in a highly site-specific manner.
The first section presents the three-step process of the hybrid formation. The first step is the synthesis of
the water-soluble polythiophene derivate P3(EO)3T with functional starting groups. This step is briefly
introduced with focus on the resulting polymer. The second step is the formation of the 1 : 1 block
copolymers of a P3(EO)3T molecule and ODNs with different sequences. In the third step the resulting
P3(EO)3T-b-ODN BCP molecules were placed on the pads site-specifically through sticky end ligation.
The second section of the chapter describes the qualitative and quantitative analysis of high-resolution
liquid AFM images of the hybrids with a semiautomated particle finding routine based on ImageJ[15]

with the FindFoci[6] plugin. The attachment of BCPs with three kinds of ODNs to three types of pads
will be discussed that differ in terms of handle sequences, handle length and handle patterns.

4.1 Three step hybrid fabrication

Polythiophene synthesis and block copolymer formation

The semiconducting polymer of choice in this work is the regioregular head-to-tail polythiophene
poly(3-tri(ethylene glycol)thiophene1 P3(EO)3T. As discussed in Section 1.5.2, these P3RT-types of
polythiophene derivatives are water-soluble, biocompatible, well-known for their excellent optoelectronic
properties, and the potential of P3(EO)3T as p-type semiconductor in organic field-effect transistors
has already been reported[286]. To a large extend, the favourable properties originate in the structural
regularity of the P3(EO)3T, the controlled molecular weight and a perfectly controllable end-group
composition, which result from the chain-growth character of the “quasi-living” Kumada catalyst-transfer

1an alternative name is poly(3-2,5,8,11-tetraoxadodecane thiophene)
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polycondensation (KCTP) used as the synthesis method2.

As stated in Section 2.4, the optimisation of the polymer synthesis and the polymer characterisation are
beyond the topic of this thesis. Information of that kind will just be given as far as it is useful to discuss
the hybrid formation. Detailed information was published by Zessin et al.[172].
For the P3(EO)3T batch used in this work, a molecular weight of about Mn =4922 g/mol
(Mw =5698 g/mol)3, a dispersity of 1.16 and a degree of polymerisation of 19 were determined. The degree
of amine functionalisation was 38%. NMR proofed that the resulting P3(EO)3T exclusively showed a
head-to-tail arrangement of the monomers in the chains. Dynamic light scattering (DLS) measurements
revealed a hydrodynamic diameter of the polymers of 3 - 6 nm in 50mM Tris ·HCl buffer. The maximum
of absorption and emission spectra in solution were found at 409 nm and 596 nm, respectively[172]. The
polymer’s optical properties were used to determine the block copolymer concentration and to identify
the polymer-containing fractions in the HPLC-based purification visually.

For attaching P3(EO)3T to an ODN, strain-promoted azide-alkyne cycloaddition (SPAAC) is used
(Figure 4.1). For that purpose, the amine starting groups of the polymer chains were converted into
azide groups first using a bifunctional crosslinking reagent. ODNs with a dibenzocyclooctyne group
(DBCO-group) were purchased. The P3(EO)3T was added to the ODN in excess of at least 10 : 1 in
order to functionalise all present ODNs in water.

Figure 4.1: Block copolymer synthesis. The polymer block is an azide-functionalised poly(3-tri(ethylene
glycol)thiophene) (1)[172]. Attaching a commercially available dibenzocyclooctyne-functionalised ODN
(2) via strain-promoted azide-alkyne cycloaddition yields the block copolymer P3(EO)3T-b-ODN (3).

Block copolymer formation kinetic

Reversed-phase high pressure liquid chromatography (RP-HPLC) was used to monitor the click reaction
over a time period of 48 h (Figure 4.2 a). For that purpose, P3(EO)3T and ODN were mixed in at least
a 10 : 1 ratio. About 2min after the reaction had started, the first measurement (“2min” in Figure 4.2 a)
was started, and finished about 25min after the reaction. For comparison, the chromatogram of pure
P3(EO)3T is displayed as well. P3(EO)3T yields a series of equidistant peaks between 17.2min and
20.8min. Those stem from polymer chains of different lengths. Their equal distances indicated that they
differ by the same number of monomers, most probably a single one. There was a baseline rise during the
elution of P3(EO)3T. That was due to the accumulation of P3(EO)3T on the column, which is caused

2A schematic of the catalytic cycle of the KCTP is given in Figure 1.7. Note that here, an ex-situ-initiated KCTP was
applied[172].

3GPC against polystyrene standard
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by attractive interactions between the hydrophobic C18 column material and the hydrophobic polymer
backbone. In order to prevent a further baseline rise throughout the monitoring of the click reaction, the
column was washed with intermediate blank runs.
In the “2min” run, only the ODN (peak at elution time of ≈ 10min) and P3(EO)3T were present. As
can be seen, the ODN peak decreased over time, while a new series of peaks appeared between 16.0min
and 17.2min and increased throughout the monitoring (see zoom-in in Figure 4.2 a). These peaks eluting
before P3(EO)3T corresponded to the BCP, which is more hydrophilic than P3(EO)3T due to its ODN
block. The peak series reflected that in the BCP the well-defined molecular structure of the P3(EO)3T was
maintained. That the monomer peak almost completely vanished over time indicated that the reactions
proceeded with a high yield.
Plotting the peak areas over time (Figure 4.2 b) revealed that the decrease of the ODN concentration
proceeded as a first order reaction, while the BCP concentration increased in a zero order reaction. As
the click reaction is bimolecular, the zero order is a pseudo-order. Apparently, the presence of the two
educts was not the rate-determining factor. Another hint was that it took 48 h until the ODN peak
stayed constant (indicating no further reaction), while the click reaction should proceed immediately. As
the reactions was not catalysed, the pseudo-order might have occurred due to the limited presence of
a reactive intermediate. Probably the coiling of both types of educt molecules played a role here, as it
shielded the reactive groups from each other. The reaction rate constants are kODN = −0.0578 and
kBCP = 0.252 a.u./h. Note that the rate constants cannot be compared directly, as they originated from
reactions with different orders.

Block copolymer purification

In order to separate unreacted educts from the BCP after the click reaction, RP-HPLC can be performed.
As shown in Figure 4.2 a, HPLC can resolve the different BCP fractions that emerge as different peaks
in the BCP region. In this approach, these fractions were combined to yield more block copolymer.

PA gels were used in this work for evaluating the HPLC purification. A typical PA gel is shown
in Figure 4.2 c both prior to and after staining. The lane labelled “ODN” contained the pure
DBCO-functionalised ODN, while the lane “BCP cr” contained the crude reaction mixture. The first
and second fraction after HPLC purification were run on the lanes “F1” and “F2:BCP”.
As can be seen in the stained gel (right image), the unreacted ODN yielded two bands, which suggests
that ODNs of different lengths, and probably functionalised as well as without the DBCO end-group were
present. In the crude reaction mixture, P3(EO)3T appeared as a smear near the gel pocket. It could be
identified without staining though its orange-red colour (black in left greyscale gel image). The smear
reflected the molecular weight distribution of the polymer. That it stayed near the pocket was because
the rather hydrophobic and uncharged material displayed a limited mobility in the gel. In the stained
gel, the crude reaction mixture displayed a band at the height of unreacted ODNs as well as a new smear
signal between that and the P3(EO)3T smear. This new signal, which was also visible in the unstained
gel, was caused by the newly formed BCP. It combined properties of both blocks. While it displayed the
colour and smear of the polymer fraction, it was more mobile in the gel due to the negatively charged
DNA block. Note that the presence of the DNA in the BCP could not be verified unambiguously by
staining, as the staining dye’s fluorescence could not be separated from the polymer fluorescence. In the
lane “F2:BCP”, the BCP smear was visible, while no bands occurred in the regions where P3(EO)3T or
the pure ODNs have appeared. Apparently, HPLC purification had separated the BCP clearly from its
educts. In lane “F1”, an unknown band appeared that was also present in the lane “F2:BCP”. Apparently,
a hydrophilic compound remained in the BCP fraction. As it did not prevent the hybrid formation from
BCPs and pads, it was tolerated. In order to reduce the contamination at least, only fraction F2 was
used for the hybrid formation.
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The concentration of the BCP after purification was determined with UV/VIS at the 409 nm absorption
maximum of the polymer.

Figure 4.2: HPLC and PAGE of the block copolymer formation via SPAAC click reaction. a) HPLC
chromatograms of a BCP formation at different reactions times over 48 h and of pure P3(EO)3T for
comparison: (a) ODN peak; (b) BCP peak series (also in zoom-in); (c) unreacted P3(EO)3T peak series.
b) Determination of reaction kinetics from fitting linear expressions of the rate laws to the values of the
peak areas of the ODN peak and the BCP peak series plotted over time. The ODN consumption (blue)
proceeds as a first order reaction, the BCP formation (orange) as zero order reaction. c) Unstained
(left) and stained (right) polyacrylamide gel of the crude reaction mixture (BCP cr), fractions of the
HPLC-purification (F1, F2:BCP) and the bare ODN for comparison. A 2-log-DNA ladder is given for
size comparison.

Hybrid formation

Pad origami templates

In order to investigate the binding with different sequences and handle patterns, pads with three types
of handle patterns were designed, which will be referred to as type I, II and III. In Figure 4.3 the design
sketches as well as AFM images of the bare pad templates are shown. In the sketches, a denotes the
handle position, while b is the position between next-neighbour handles4 on adjacent helices, and c is the
position between next-neighbour handles that are situated one above the other on next but one helices.
Both lengths b and c are about 6 nm. In the following, the term next-neighbour handle will always be

4For the hexagonal positioning of the six possible next-neighbour handles around a handle on the surface of the pad see
Figure 3.1.
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used to refer to a handle at approximately 6 nm distance from a given handle. The theoretical distance of
neighbouring handles on the same helix is 10.88 nm, and the space between these handles will be referred
to as position d. The same position labels will be used in all pad types if applicable. The black rectangles
in the pad sketches mark the unit cell of a handle pattern, i. e. the origami part that must be repeated
to create the handle pattern.
As will be discussed for each pad type in the following, the ability of the handles to hybridise with their
complementary ODNs on the pad was tested. The resulting structures were imaged with AFM in order
to resolve each handle. The images are given in Appendix A.

With the first hybrid, the attachment with the specific sequence is discussed. The hybrid will be referred
to as type I (Figure 4.3 a). The handles on type I are arranged in three lines running in parallel to the
short edges of the pad5. The distance between the lines is about 50 nm. The two outer lines, further
referred to as line I1 and line I3, are made of four handles each that sit one below the other on every third
helix. The central line between I1 and I3, line I2, is a double line of 2 x 7 handles that sit on every other
helix. Thus, all handles have either two or three next-neighbour handles. The double line was chosen in
this first try of the hybrid formation to provide an ample amount of handles, and because it was assumed,
it would produce a significant feature in AFM imaging. The handles in the lines I2 and I3 have the 20N’
sequence. The handles in line I1 are 15A and serve as a control for the binding specificity. Based on the
area of the unit cell, the handle density in I1 and I3 is 0.0077 handles/nm2, while it is 0.0204 handles/nm2

for II2.
In AFM images of the bare pads, the single handles of the central double line were resolved in most
images. This was not the case for the four 20N’ handles or the four 15A handles in the lines I1 and I3.
However, as there were no gaps in the place of the handle-bearing staples, the handles were considered
present. AFM images of type I pads after adding 20N ODNs have shown pronounced structures in the
area of I2 and I3, indicating that the ODNs have bound specifically (Appendix Figure A.5). As the AFM
tip has easily manipulated the structures, the binding could not be quantified for each handle. Adding
8T ODNs did not result in visible structures in I1, probably because of the low melting temperature of
the resulting dsDNA strand.
That P3(EO)3T-b-20N BCP is able to hybridise with a staple containing the 20N’ complementary
sequence in bulk was proven by SPR[172].

In order to investigate the attachment behaviour with a sliding sequence (Section 3.2.1) the pad type II
with 15A handles was designed (Figure 4.3 b). It was assumed that the sliding sequence would result in
a higher binding yield than the specific sequence of pad type I, as it provides more opportunities for an
initial BCP attachment. Like type I, type II possesses three lines running in parallel to the short pad
edges. The distance between neighbouring lines is 50 nm. However, each line II1 to II3 is a single line
of seven handles placed one below the other on every other helix. In contrast to line I2 of type I, most
handles in II1 to II3 have two next-neighbour handles instead of three, which are situated below and
above them. This pattern was designed to relieve the steric hindrance in comparison to a double line
while providing more handles than the lines I1 and I3 to aim for a continuous path of attached objects.
As for the pad type I, the templates with single-stranded handles were investigated with AFM prior to
the attachment. The 15A handles were not always visible but the handle-bearing staples were all present.
Adding a complementary 8T strand did not result in a visible binding under the experimental conditions
used, but 18T or 23T strands resulted in visible structures (Appendix Figure A.6). Dot-like protrusions
have been distributed statistically along the lines. Apparently, the handles were able to hybridise, and
the random distribution of the dsDNA structures indicated that all handles were present. In addition to
small dots that could have represented binding to a single handle, larger dots were found. These seemed
to involve two handles at the same time, which was possible given the length of the 23T ODN of 7.8 nm
length. The handle density in the unit cell highlighted in Figure 4.3 b is 0.0153 handles/nm2.

5a, c in Figure 3.1
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Figure 4.3: Design sketches of the three pad types. Coloured dots mark the handle positions, and black
frames the unit cells of the handle patterns. For each pattern, a zoomed-in scheme shows the potential
object positions a, b, c and d in detail. On the pad sketches, the areas of the zoomed-in detail are
coloured in red for the 20N’ handles, light blue for the 15A and dark blue for the 8A handles. AFM
images show the assembled templates with single-stranded handles. All scale bars: 50 nm. a) Pad type I
with a central double line I2 with 2 x 7 handles and two vertical lines I1 and I3 with four handles. b)
Pad type II with the three vertical lines I1, I2 and I3 of seven handles. c) Pad type III with 40 handles
arranged in four lanes L1 to L4 of ten handles each. The length and width of the handle pattern is given,
too.
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In order to investigate a pattern for creating a larger, dense array of attached BCPs, the type III pad
was designed (Figure 4.3 c). It consists of four lines running parallel to the longitudinal pad axis. These
horizontal lines will be referred to as lanes L1 - L4. Each lane is made of 10 handles. Lane L1 is situated
on the 6th helix (counted from top), and the lanes L2 - L4 on the 8th, 9th and 11th helix, respectively. As
stated above, the space between two handles on a lane, position d, is 10.88 nm in theory. Most handles in
L1 and L4 have two neighbouring handles at this distance, and one next-neighbour handle situated right
above or below them with position c in between. In L2 and L3, most handles have three next-neighbour
handles that surround them with a threefold rotational symmetry. As for the type II pad, the BCPs
are attached with ODNs that allow sliding, because this is supposed to provide higher binding yields.
However, instead of the 15A handles 8A were used, which shortens the handle length from 6.15 nm to
2.72 nm. Thus, two 8A handles, even if fully stretched, or double-stranded and tilted, and with their
5’ ends pointing towards each other, do not touch, so less steric hindrance should be inflicted by this
link. AFM investigation of the type III pads with single-stranded handles has resolved the 8A handles in
the phase image and has proven that all of them were present. Appendix Figure A.7 a and b show the
pads after adding 23T ODNs. The pads display distinct, dot-like protrusions along the handle positions,
indicating that the handles are available for hybridisation. As for pad type II, a dot did not necessarily
correspond to a single handle, because the 23T ODN was long enough to bind more than one ODN.
Furthermore, the largest numbers of dots was found on face-down pads, where the pad shields the bound
objects from the AFM tip. Due to the length of the 23T ODN and scanning artefacts, the images are
not fit for a quantitative evaluation of the binding to a handle, as it was the case for the other pad types.
Appendix Figure A.7 c shows a pad after adding 8T ODNs. This has resulted in protruding structures
according to the handle pattern. However, they were prone to manipulation with the AFM tip and thus,
not ideal for a quantitative evaluation either.

For the different pad types, Table 4.1 summarises the characteristics of the handle patterns (handle
distances, handle densities, number of next-neighbour handles) and the sequences of handles and the
complementary ODNs used is the BCPs.

Protocol. For the hybrid formation, the P3(EO)3T-b-ODNs and pads with complementary handles were
mixed with a 20-fold BCP excess per handle in 1x TE-buffer with 12.5mM MgCl2 and 300mM NaCl,
and held on a thermomixer at 15 ◦C for 24 h. This protocol has emerged as a standard protocol from
testing different hybrid formation times, temperatures, BCP : pad - ratios and buffer environments. The
BCP binding yield was determined coarsely as how many pads were occupied, and in more detail as the
number and position of objects attached (see Section 4.2).
For all three pad types, hybrid formation has already considerably progressed after 2 h. In order to let
the hybrid formation come closer to its equilibrium, hybridisation times of one day have been used in all
experiments.
The temperature of 15 ◦C was chosen as a compromise that allows sufficient Brownian motion of all
components while preserving the pad origami. For all pad types, hybridisation tests at room temperature
did not result in increased binding yields, but the resulting hybrids appeared to be less tolerant to the
mechanical stress of filtration. Furthermore, it was expected that for hybridisation at a lower temperature
the interaction between the polymer parts of the BCPs would increase, which would result in a higher
hybridisation yield. Therefore, the hybridisation to the pad type III was tested for both P3(EO)3T-b-10T
and P3(EO)3T-b-18T at 5 ◦C. However, no significant difference was found for the yields or object
distributions. As it did not seem effective, lower temperatures were not tested.
As the concentration of the BCP could not be determined without error, the excess ratio of
BCP : handle= 20 : 1 was an approximation. However, the excess was sufficient, as for all pad types,
higher BCP excess did not result in a higher binding yield (data not shown).
For P3(EO)3T-b-18T on the type III pad, the attachment was attempted at different NaCl concentrations
as well (Figure 4.4). This was done having a possible attachment of nanoparticles as a second component

79



on the pad in mind, which might demand adjustment of the NaCl concentration. It was found that
between zero and 3M NaCl, the binding happens with approximately the same yield, leaving a broad
range of experimental conditions to choose. In the standard protocol 300mM NaCl was chosen by default.

Overall, the standard protocol was found to be the best compromise between sufficient BCP attachment,
using an origami concentration that still avoids clustering, and providing a BCP concentration that can
be removed in one filtration step, which minimises the mechanical stress on the origami.

Figure 4.4: Hybrid formation with 0 - 3M NaCl in the assembly buffer. The attachment yield stayed
approximately the same over the concentration range tested.

The successful hybrid formation can be proofed with AFM. Figure 4.5 shows hybrids with the different
pad types, i. e. link sequences and handle patterns. Globular objects appear sites-specifically along the
handle line patterns of the imaged pads. Figure 4.5 d shows type III pads where just the P3(EO)3T

polymer instead of the BCP was added. There was no attachment, indicating that unspecific interactions
of single-stranded DNA and the polymer did not occur, and that the hybrid formation must be due to
DNA-mediated binding. The type III pads were chosen for this test, because they provided the highest
number of handles. For the three pattern-sequence combinations with the pad types I to III that will
be discussed quantitatively in the following section, the standard protocol yielded more than 90% of the
pad templates with at least one object attached.

4.2 Results of the quantitative analysis of high-resolution AFM

images of polyhiophene-DNA origami hybrids

High-resolution AFM imaging does not just allow assessing whether BCPs have attached to a pad, but
it allows for a quantitative estimation of how many BCP attach per hybrid, and how their locations
correspond to the handle pattern. In order to count, locate and evaluate the size of BCPs on a hybrid,
high-resolution AFM images were analysed with the FindFoci[6] routine of ImageJ[15]. The application
of the routine is described in Section 2.6.3.
One step of the BCP identification required setting a binary threshold. Here, the handle’s contribution
to the height of attached objects is accounted for. As shown in Appendix Figure A.8, the areas with
handles on a bare pad display a height increase of about 1 nm compared to the pad height of about 2.5 nm
in AFM images. Thus, the binary threshold was set at 140% of the value of the average pad height.
Choosing this relative threshold over adding an absolute value to the pad height was done to account
for variations in the tip pressure that are applied in different images and that introduce variations in the
pad height. In an image where, for example, the pad height is comparably high due to low tip pressure,
the contribution of the handle to the attached objects height will be high as well. A relative correction
accounts better for this than adding a fixed value.
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Figure 4.5: Hybrid formation. For any type of hybrid investigated, more than 90% of the pads displayed
attached BCPs. a) P3(EO)3T-b-20N on pad type I. Scale bar: 500 nm. b) P3(EO)3T-b-18T on pad
type II. Scale bar: 200 nm. c) P3(EO)3T-b-18T on pad type III. Scale bar: 200 nm. d) Adding P3(EO)3T
to type III pads does not result in any attachment. Scale bar: 200 nm.
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Note that the binding yield will be discussed in a conservative approach. For that purpose, the term
“object” will be used in the following instead of BCP. An object is one attached item identified by
FindFoci. In contrast to a BCP, an object is not necessarily a single molecule. On the one hand, this
is due to the routine itself. The resolution of the AFM images was probably insufficient on occasion. A
second point is that the FindFoci localisation routine can resolve touching items on pads in general, but
this might not always be successful. On the other hand, it is just an assumption that an item causing a
peak is a single BCP. The size distributions of the polymer determined with DLS and asymmetric flow
field-flow fractionation[172] do not exclude that small oligomers (dimers, trimers) are present in solution,
and if they are, they might not necessarily break up during the BCP formation.
Overall, discussing object attachment will rather underestimate yields than euphemising them, and thus,
provide a realistic picture of the hybrid formation.

The following sections will discuss the object size, the object count per handle and the object positions. As
will be discussed, design parameters such as the BCP and link lengths, the link sequences or the number
of next-neighbour handles in a pattern influence the binding yield. To clarify correlations of design and
experimental results, Table 4.1 summarises key design parameters, and already lists the binding yields
and object sizes for the different hybrids studied.

Table 4.1: Summary of pattern features and experimental results for hybrids form the pad types
I - III. Design parameters of a handle pattern: distmin, distmax: minimum and maximum distance
of neighbouring handles; n(n.n.): possible number of next-neighbour handles; n̄(n.h.): number of
neighbouring handles averaged for all handles; y: yes; n: no; * no next neighbour handle in 6 nm
distance; ** neighbouring handle on same helix. Experimental results: h̄: average object height; sh̄
standard deviation of the heights; n(objects); number of investigated objects.

type I type II type III
I2 I3; I1 II1, II2, II3 all

distmin [nm] 6.00 12.00* 6.00 6.00
design distmax [nm] 6.15 12.00* 6.00 10.88**
parameters n(n.n.) 1 n * y y
handle occurring in 2 y n y y
pattern pattern 3 y n n y

4 y n n n
n̄(n.h.) 3.57 1.00* 1.71 0.95
handle density
[handle/nm2] 0.0204 0.0077 0.0153 0.0204

handles sequence 20N’ 20N’; 15A 15A 8A
dsDNA length [nm] 6.80 6.80; 5.10 5.10 2.72

ODN sequence 20N 20N 18T 18T 10T
BCP length [nm] 12.80 12.80 12.10 12.10 9.40

experimental yield [object/handle] 0.26 ≈ 0 0.33 0.25 0.27
h̄ [nm] 4.88 5.10 5.23 5.27
sh̄ [nm] 0.77 0.92 0.66 0.85
n(objects) 44 133 183 97

As the pad is a chiral structure, its deposition side can be determined. While bare pads display a 55 : 45
ratio of pads with handles facing the AFM tip (face-up) and handles facing the mica (face-down) (see
Figure 3.3) this ratio shifted to 70 : 30 for the hybrids. Interestingly, this ratio is about the same for all
pad types studied here. Most probably, two factors cause this behaviour. First, the BCP is bulkier than
the handle, and hydrophobic. Thus, face-down pads might not interact as strongly with the mica surface
as face-up pads, so more of them are removed in the sample preparation process. Second, the more
hydrophobic BCPs might be repelled from the surface, so that fewer hybrids reach the surface oriented
face-down in the first place.
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4.2.1 Object size

The size parameter of an object discussed here quantitatively is the object height. As the peak height,
it is part of the FindFoci output. Figure 4.6 shows the object heights h found on the pad types I to III.
The x -axis is scaled to reflect the theoretical BCP lengths. To calculate these lengths, it was assumed
that the P3(EO)3T block would be coiled due to the hydrophobic polymer backbone, and that the ODN
would be stretched out as if hybridised to its complementary sequence. Assuming a length of 6 nm
for the coiled P3(EO)3T block as determined by DLS[172], the theoretical BCP lengths are 12.8 nm for
P3(EO)3T-b-20N, 12.1 nm for P3(EO)3T-b-18T, and 9.4 nm for P3(EO)3T-b-10T. Compared to this, the
height distributions are narrow, with 95% of all heights occurring in a 2 nm span. The mean heights
and the corresponding standard deviations for a given number of objects on pads are summarised in
Table 4.1. Another size parameter delivered by FindFoci is the basal area of a peak, which corresponds
to the space occupied by the object in the xy-plane. Usually, the basal area appears roughly circular, so
an equivalent diameter is calculated from it. That is the diameter of a circle with the same area as the
basal area. The basal area includes errors from the exaggeration of lateral sizes in AFM imaging and
a subjective component through setting the binary threshold in FindFoci. These errors propagate into
the equivalent diameter. As it is the only measure of the objects in the xy-plane in this analysis, values
are given in Appendix A to provide an idea of the objects’ 3D shape. Taking into account the variation
introduced by the scanning process and the tip pressure, height and diameter can be considered equal,
i. e. the objects appear globular-shaped. Given the persistence lengths of the link and the P3(EO)3T

block, and the possibility of interaction with next-neighbour objects, a rod-like shape would have been
plausible as well. The globular shape can occur due to the coiling of the polymer block in the hydrophilic
aqueous environment. Furthermore, the shape probably reflects a resolution limit in the measurement.
Instead of tracking the structure, the attractive interactions between the AFM tip and the polymer as
well as the movement of the objects in the aqueous scanning environment lead to a levelling down of
structural details.

The height values match with average diameter values determined for P3(EO)3T in aqueous solution[172],
so apparently, the dsDNA link did not significantly contribute to the height. One reason can be the
threshold setting discussed before. However, given the persistence length of dsDNA of 50 nm[371] and
their lengths in the range of 2.72 - 6.80 nm, the links are probably not cut by the threshold completely.
That their influence is not detectable is probably because the polymer block of the BCP incorporates the
DNA in its coil. Furthermore, the AFM tip compresses the BCP during measurement, while P3(EO)3T

does not experience such strong forces during the DLS.
Applying the Shapiro-Wilk test to the object heights from different pad types reveals that the objects of
type II and type III can be considered as being of the same size, while the objects on the type I pad are
smaller. This indicates again that the dsDNA links did not contribute significantly to the object height,
because type I actually features the longest link. As the size difference is not high, this probably reflects
measurement conditions only. It can also indicate that there small oligomers amongst the attached objects
on the type I pad, at least more than on the type II and type III pads. Contradicting this assumption, all
of the height distributions appear unimodal and indicate that one BCP species attaches to all pads, and
that one object could indeed be a single molecule. It is possible though that the resolution of the AFM
is not high enough and blurs the size differences of the attached objects. To clarify the kind of attached
object form the height, measurements with higher-resolving tips could be performed.
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Figure 4.6: Object heights for 456 objects on 47 pads of all types (sorted by ODN block and pad type:
20N type I: 44 objects on 12 pads; 18T type II: 133 objects on 19 pads, 18T type III: 183 objects on 17
pads, 10T type III: 97 objects on nine pads). The x -axis was scaled to reflect the theoretical BCP lengths
in the range of 9.4 - 12.8 nm.

4.2.2 Number of objects and object positions on the different pad types

The binding yield and the position of the objects attached appeared to depend on the sequence as well
as on the handle pattern.

Specific sequence and type I pads

To the pads of type I, P3(EO)3T-b-20N was added to attach to the 20N’ handles in the lines I2 and I3.
As can be seen in the images in Figure 4.5 a, virtually all hybrids displayed an attached object. For most
hybrids, the bare eye identifies one or two high structures. They sat almost exclusively in the central
double line I2 (see also Figure 4.7), and barely on the four-handle line I3. An attachment to the 15A
control line I1 was not observed.

Figure 4.7: High-resolution AFM images of hybrids of the pad type I and P3(EO)3T-b-20N. a) Four
hybrids with BCPs attached to the central double line of handles, I2. b) Stacked image of a hybrid,
the Find Foci mask image with the localised objects (grey spots) and the grid structure that marks the
handle positions of the central double line. The BCPs occur along the handle line, but due to imaging
artefacts, single BCPs cannot be correlated to a handle position. Scale bars: 50 nm.
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Many of the high structures seemed to consist of several objects, but resolving them with AFM appeared
difficult. That is that, regardless of the amount of tip pressure applied, the bound objects were prone to
manipulation by the tip. Consequently, scarred scan lines appeared in the images that impeded the image
analysis with FindFoci (Figure 4.7 b). Therefore, only the object number and heights will be discussed
without considering the object location. Furthermore, none of the twelve pads chosen for image analysis
displayed attached objects on line I3. As the attachment has taken place in the central line I2, the
different handle patterns in I2 and I3 have most likely played a role. In order to account for that, binding
to I2 and I3 will be discussed separately.
In the high structures on line I2, between one and six single objects could be identified. On average,
3.7 objects are found on I2, which corresponds to a binding yield of 0.26 objects per handle. This is
considered the binding yield with the specific sequence in general, as, given that objects were attached
to virtually every pad in I2, the handle pattern did not seem to impede the binding here.
Still, it was a moderate yield, which may have had several reasons. On the one hand, steric hindrance
could have occurred due to the handle pattern of I2. That is that an attached object blocks the attachment
to adjacent handles. The 20 bp link is 6.8 nm, and the whole BCP, if stretched out, is approximately
12 nm, while in I2 the distance between adjacent handles is about 6.2 nm at maximum. Thus, an attached
BCP could have reached adjacent handles easily. Another reason could have been be the aperiodicity of
the specific sequence. To satisfy the dictate of the Watson-Crick base pairing during hybridisation, the
sticky ends for attachment should be flawless. However, the error rate in commercial oligodeoxynucleotide
synthesis after purification is estimated at one in 200 nt[372], and the likelihood of introducing and error
increases with increasing oligodeoxynucleotide length. The 20N’ handles are the 3’ end of an origami staple
strand made of > 35 b, a size for which commercial DNA providers recommend additional purification
such as reversed-phase cartridge, RP-HPLC or PAGE. However, standard RP-HPLC as applied for the
20N’-bearing staples still comes with a guaranteed purity of > 85% only[373]. Therefore, even though
AFM imaging has proven the presence of the handles, not all of them might have been able to bind a
BCP.
Faulty DNA single strands probably contributed to the rare attachment to I3, which consisted of four
handles only. However, given the binding yield in I2, at least one handle should have been occupied on
average. Thus, as mentioned above, the handle pattern seems to play a role. In I2, objects frequently
have occurred so close to each other as if bound to adjacent handles. This does not contradict the
assumption of steric hindrance, but additionally, the attachment could have been induced as follows.
Given that the BCP can form small oligomers in solution, binding one BCP of such a dimer or trimer
increases the chance that the other BCPs hybridise with an adjacent handle due to an increase in the
local concentration. Whether a small oligomer has attached or whether two BCPs have started to interact
after attachment cannot be judged from this experiment. Attaching a small oligomer from solution could
be more likely than the attachment of a single BCP. That is because small oligomers provide more than
one ODN, which multiplies the chance of an initial attachment. This increase in likelihood could have
been significant here as it balances that a specific sequence does not provide as many stable initial hybrids
as a sliding sequence (which will be discussed in the following paragraph). The sparse binding in line I3
supports this assumption. The handles are placed approximately 12 nm apart, which lowers the handle
density by a factor of 2.7 compared to I2, and induced binding can most likely not occur.
Overall, the BCPs attached site-specifically to DNA origami with specific sequence links. The binding
yield per handle was moderate. Possible reasons could be production mistakes in the DNA sequences or
steric hindrances in the handle pattern on the DNA origami pad. Eliminating the steric hindrance at the
cost of reducing the handle density has resulted in less binding in this pattern. Probably, the attachment
of small BCP oligomers present in solution played a role. It could be more likely than the attachment of
a single BCP as they provide more than one ODN, which increases the chance of an initial binding and
the attachment stability.

85



Sliding sequences and type II pads

After attaching P3(EO)3T-b-18T BCPs to the pads of type II, high structures occurred on virtually all
lines on all pads. These hybrids appeared more robust to scanning than the hybrids with the specific
sequence, which allowed locating the objects (i. e. comparing their positions to the handle positions as
described in Section 2.6.3) in addition to counting and height determination. In a high structure, the
FindFoci algorithm located one maximum, i. e. one object, in most cases. Occasionally, two objects were
identified; the maximum found was three objects.
The average number of objects per line was three for II1 and four for II2 and II3, which is an insignificant
difference. The yield for the handle lines located near the edge of the origami (II1, II3) was similar
to the middle line (II2). That is, the hybrid formation did not include the behaviour reported by
Rinker et al.[374], where handles located in the origami centre were found to be less occupied. In total,
the binding yield for the whole type II pad is 0.33 objects per handle.
Upon locating 133 objects, a majority of 60% could be assigned to a handle position a, however, 40%
were found between two neighbouring handles. Almost all objects stayed on a fictional line that would
directly connect the neighbouring handles, i. e. in position c (Figure 4.3 b). Only for five of 133, the mass
centres were significantly tilted away from this position. The distribution of the objects on the lines was
random; i. e. all handles seemed to be able to bind a BCP. However, the five handles that had two next
neighbours (marked in II3 in Figure 4.3 b) were occupied 2.5 times as often as the two handles with one
next neighbour (Figure 4.8 b). As can be seen in Figure 4.8 a, differently sized gaps occurred in every
line. Figure 4.8 c displays a histogram of the distribution of the distances between the centres of two
neighbouring objects. They were found to be in the range of 4 - 28 nm, while a full line length is 36 nm.
Maxima have occurred around 6 nm and 16 nm.

Compared to the type I pad, the binding yield for the type II pad has slightly increased from 0.26 objects
per handle to 0.33. This increase was expected. It probably reflects both the benefit of the sliding
sequence and a favourable handle density and pattern.
The handle density per nm2 for the lines II1 to II3 lies between that of the lines I2 and I1/I3 in type I
(Table 4.1). Regarding the handle pattern, increasing the proportion of handles with two next-neighbour
handles6 seemed to benefit the binding yield. This lines out with the finding that I1 and I3 are barely
occupied, while I2 was occupied for more than 90% of the pads. In fact, if only the two-neighbour
handles are considered, the binding yield on the type II pads was 0.40 objects per handle. This is a more
significant increase compared to the type I yield than the average type II yield.
Probably, the increase in local handle density for two-neighbour handles compared to one-neighbour
handles provided more opportunities for initial object binding, and it could have been favourable for
keeping the BCP attached. A hybridisation process with a sliding sequence presumably involves binding,
(partial) dissociation and rebinding until the energetically most favourable state forms. Having another
handle close increases the number of binding states in that process. Furthermore, a higher handle density
in a line results in a higher chance for the attachment of small oligomers, which was discussed as induced
binding with the type I pads. Another yield-enhancing feature of the type II handle pattern could have
been that just single lines instead of double lines were present. Steric hindrance could occur from two
sides only, which kept the handles more accessible for BPCs in solution than, for example, the handles
with four neighbours in line I2 on pad type I.

It is noticeable that two fifth of the objects were not found on the handle positions a (scenario 1,
Figure 4.8 d), but between them, and that virtually all objects off a are located on the distance c
between neighbouring handles. While the induced binding is a scenario that has probably contributed to
the occupation of c, three more possible scenarios are given in Figure 4.8 d: tilting (2), π-π-stacking (3),
and bridge binding (4).

6that is, neighbouring handles with a distance of approximately 6 nm between them
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Figure 4.8: Hybrid formation from pad type II and P3(EO)3T-b-18T. a) Stack image of hybrid, FindFoci
mask image with the localised objects (grey) and grid structure with handle positions. Inset: distribution
of the attached BCPs on the possible binding positions a or c. Scale bar: 50 nm. b) Occupation of the
handle positions along the lines from top (1) to bottom (7) considering all three lines of 19 pads. Orange
bars: one-neighbour-handles (handle 1; 7); blue bars: two-neighbour-handles (handles 2 - 6). Pie chart:
occupation state of the handles. They are either involved in binding an object in position a or c, or
they are unoccupied while having (x 1) or lacking (x 2) a fully occupied neighbour. c) Distances between
neighbouring objects measured as shown in the AFM image with maxima at 6 nm and 16 nm. Bars
appear above class means. Scale bar AFM image: 50 nm. d) Possible binding and interaction scenarios
of objects on a line. The scheme depicts a side view onto the vertical edge of a hybrid as indicated by the
black arrow. Ideally, one BCP binds one handle (1). Already bound objects can wield steric hindrance
by tilting (2). The polymer blocks of two adjacent objects can engage in π-π-stacking (3). An object
can bridge-bind to two handles (4). The letters a and c denote the positions the scenarios result in, the
numbers in brackets count possibly bound objects.
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The tilting scenario describes that the 5.1 nm dsDNA link with a persistence length of 50 nm[371] allows
the objects to gyrate freely around the handle origin and tilt in the direction of a next-neighbour handle.
That is, the position would be occupied by chance. The π-π-stacking scenario involves two objects bound
to next-neighbour handles that interact. As there is no random interaction of P3(EO)3T with ssDNA
(Figure 4.5 d), the interaction must be due to the polymer backbone. Most probably the BCP interaction
is based on π-π-stacking of the P3(EO)3T blocks, or to be precise, the hydrophobic conjugated backbones
of the polymer chains. Note that induced binding results in the same object configuration and cannot be
distinguished from a π-π-stacking that started after the attachment. In the bridge-binding scenario, the
ODN of one BCP binds to two handles.

The occupation of c is interesting with regard to the formation of continuous polymer paths on origami.
On the one hand, it indicates that an interaction of adjacent polymer molecules, which probably involves
π-π-stacking, can take place. Adjacent objects sharing a border have often occurred. This is reflected
in the mode in the distance distribution at 6 nm (Figure 4.8 c). On the other hand, the occupation of c
can be perceived as yield-lowering. Bridge binding and, to some extent, tilting include one BCP on two
handles (Figure 4.8 d). The π-π-stacking scenario might involve two objects but neither have they been
detected as such, nor could they be identified through being larger than objects on a, which is likely due
to the resolution limit of AFM. However, the tilting scenarios must not always be yield-lowering. In fact,
the proportion of handles blocked due to the occupation of c is small. A binding yield of 0.33 objects per
handle means that7 67% of the handles are unoccupied. However, the pie chart in Figure 4.8 b revealed
that 58% of the handles (sum of the partitions x 1 and x 2) were not involved in any occupation of a
position a or c. Thus, only 9% of the handles could possibly be unoccupied because a position c is
occupied.

Despite the improvement of the binding yield, its absolute number is still moderate. The distance
distribution in Figure 4.8 c displays a second maximum at around 16 nm, which corresponds to the
distance of handle 1 and 4 in a line. The corresponding peak is broad, which can be attributed to the
5.1 nm contour length of the link. This preference of skipping handles suggests that already attached
objects wield steric hindrance to their neighbouring handles on a line. In fact, the unoccupied 58% of the
handles include 25% that have a fully occupied neighbour8 (x 1 in pie chart in Figure 4.8 c). However,
the other 33% are not adjacent to a fully occupied handle (x 2 in pie chart in Figure 4.8 c). As these
numbers are similar, they do not exclude an influence of the already attached objects, but they also
suggest other influence. The hybridisation ability of the BCP-handle-system should not have lowered
the yield significantly. As mentioned in Section 3.2.2, the bulk ability of the P3(EO)3T-b-18T BCP to
hybridise with an 18A counterpart was already proven by SPR[172]. The BCP was used in excess, and
it was given ample time for hybridisation, so the providing and binding ability of the BCP should not
have been the reason. Furthermore, the BCPs did not repel each other. Probably, the low binding yield
originated in the attachment kinetics to a free-floating pad. Its thermally induced bending could have
made an initial attachment less likely. Objects already attached could have enhanced this effect, which
could account for the peak at 16 nm in the object distance distribution. The combined effect could have
lowered the chances for an initial attachment in a way that fully occupied lines did not occur.
However, in order to form a continuous polymer path along a line, every handle must be occupied. As
stated above, the hydrodynamic diameter of the P3(EO)3T is 3 - 6 nm[172]. It was assumed that P3(EO)3T

is coiled due to its hydrophobic backbone, and that it can potentially stretch out when interacting with
a neighbour, so it would bridge the 6.15 nm gap between the handles easily. Using a larger polymer block
would possibly compensate a missing BCP in the line, but it might attach with a lower yield as the larger
P3(EO)3T shield the ODN block more. Overall, it is conceivable that this handle pattern might not allow
for depositing enough polymer material to form a continuous path.

7if all objects on position c are single objects, that is, yield-lowering bridge binding or tilting has occurred in all cases
8A fully occupied neighbour is involved in binding an object in position a, or lies between two objects in position c.
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Overall, analysing the object positions on type II pads with FindFoci has suggested three parameters of
the pad design that influence the yield. The first is the link, and in particular its sequence. Compared
to the specific sequence, the binding yield with the sliding sequence has increased slightly. The second
parameter is, as also suggested by the observations of pad type I, the handle pattern. The binding yield
increased with increasing the number of two-neighbour handles. The third parameter is the possibly
impeding role of already attached objects in the handle pattern. Taken all observations into account, a
full occupation of a line of handles II1 to II3 in this pattern does not seem to be the preferred packing.
Possibly, a handle pattern that enhances the probability for initial binding by offering more handles per
area can further improve the yield, and allows creating a continuous polymer path. However, the yield
improvement would be achieved at the cost of localisation precision and resolution.

Testing the sequence specificity. In order to study the specificity of the binding, an experiment with
two different sequences on the type II pad was conducted.

For that purpose the 15A sequence in the first line is replaced by (AAT)5. That is, the same two sliding
sequences were used as in the gold nanoobject attachment to the pad (see Section 3.2.3). The gold
nanoobject attachment proceeded site-specifically. However, the size and multiple binding per gold
nanoobject might have prevented a mismatch while binding the BCP with one handle and one ODN
might tolerate it. In AFM images of bare pads with two handle types, all handles were visible.

Figure 4.9: Sequence-guided attachment to a modified pad type II. The pads possess (AAT)5 handles in
II1 and 15A handles in II2 and II3. Addition of either a) P3(EO)3T-b-(ATT)5 or b) P3(EO)3T-b-18T
results in exclusive binding to the complementary handles. Scale bars: 50 nm.

The pads were mixed either with the P3(EO)3T-b-18T BCP or the P3(EO)3T-b-(ATT)5 BCP
(Figure 4.9). On average, two objects occurred on the (ATT)5 line and two to three on the 15A line.
This yield agrees well with the one found for the attachment on the type II pad with 15A handles only.
In any case, the BCPs just attached to the line with their respective complementary handle, so a 100%
specificity was found. This is in line with the gold nanorod attachment discussed in Section 3.2.3.

A sliding sequence and type III pads

Taken the observations for type I and type II pads into account, the type III pattern contains the same
number of one-neighbour-handles and handles with more than one neighbour to directly investigate the
influence of the handle pattern. The handle density in the unit cell of the pad type III pattern is the
same as in pad type I (0.0204 handles/nm2), however, most handles have one or three direct neighbours.
The latter are arranged with a 120° spacing around the central handle. Furthermore, the shorter 8A
handles are used to lower the influence of steric hindrance.
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The type III pads were used with P3(EO)3T-b-18T BCPs because these was used with type II as well. In
addition, the type III pdas were used with P3(EO)3T-b-10T BCPs to investigate a system with minimum
steric hindrance and without bridge binding.
After adding P3(EO)3T-b-18T BCPs to type III pads, ten objects were found per pad on average, so
the total yield for a whole pad was 0.25 objects per handle. Instead of a continuous polymer path, five
high structures are scattered over the pad on average. 27% of the high structures were single objects,
while the other 73% contained at least two objects that share a border in the FindFoci peak mask. The
structures contain 2.7 objects on average and involve 4.1 handles, which corresponds to an object density
of 0.66 per handle (see Table 4.2).
As for the type II pad, objects occur on the handle positions a as well as between them on position c.
As additional positions between handles, the positions b and d can be occupied.

Figure 4.10: Hybrid formation from the type III pad and a) P3(EO)3T-b-10T and b) P3(EO)3T-b-18T.
Image a) displays a hybrid and the same hybrid with the FindFoci mask image with localised objects
(grey), while image b) displays a stack image of hybrid, FindFoci mask image and grid structure with
handle positions. These examples show almost continuous lines with touching objects and patches.
Relative occupation of c) the lanes L1 - L4 and d) the positions a -d marked in Figure 4.3 c for attaching
P3(EO)3T-b-18T and P3(EO)3T-b-10T. All scale bars: 50 nm.
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Table 4.2: Occupation of the hybrids of type III pads and P3(EO)3T-b-18T as well as P3(EO)3T-b-10T.
Object distribution amongst single objects and patches; objects per patch; handles per patch, attachment
yield within a patch and the total structure; handles occupied with objects in the position a or b, c, d;
handles unoccupied but participating in a binding in position b, c, d and handles unoccupied and not
participating in binding an object.

object distr. [%] objects/ handles/ yield [%] handles occupied [%] handles unocc. [%]
single patches patch patch patches total a b,c,d b,c,d not binding

18T 27 73 2.7 4.1 66 25 6 18 13 63
10T 46 54 2.5 3.9 64 27 8 19 14 59

Note that locating the position of an object provides a statistical overview of on which lane the objects
occur (Figure 4.10 c) and whether they sit on a handle position or between handles. The positions a, b
and c occurred in roughly the same frequency, while the position d was barely occupied (Figure 4.10 d).
However, as will be discussed in Section 4.3, due to the resolution limit of the AFM image and due to
the abundance of positions in this handle pattern, the precision regarding a single object’s position is
limited. One example is the position d. In theory, it marks the distance of adjacent handles in every
lane, but in the lanes L2 and L3, positions b and c involving adjacent lanes are available so close to d,
that many objects might be assigned to multiple positions. Position d is the least likely in any of these
cases, because it involves an object interaction over ≈ 11 nm, while b and c are about 6 nm9. Therefore,
all objects in the lanes L2 and L3 were assigned to the positions a, b or c only. As d can be determined
unambiguously for the lanes L1 and L4, the number of d in Figure 4.10 d includes the lanes L1 and
L4 only. As the lanes L1 and L4 have one-neighbour handles only, they are sparsely populated, which
contributes to the fact that d barely occurred.

The number of objects located on or off a handle position (i.e. on position a, or on one of the positions
b, c and d); Figure 4.10 d) and the object count on a lane (Figure 4.10 c) were found to be robust against
single positioning errors. Thus, they will be discussed in the following as the representative characteristics
for the object distribution on the type III handle pattern. Regarding the object count of a lane, objects
on a can be assigned straightforwardly, while the objects positioned on b, c and d are included as given
in the equations 2.3 - 2.6 (Section 2.6.3). It was found that three times the number of particles bound
to the inner two lanes (L2+L3) compared to the outer two (L1+L4). Figure 4.10 c displays the object
distributions on the lanes L1 to L4 for both BCP types. Table 4.2 compares the binding yields and patch
characteristics for P3(EO)3T-b-18T to those of P3(EO)3T-b-10T on the pads.

It is remarkable that all of the parameters given in Table 4.2, that is, the binding yield and the
distribution of the objects over the handle pattern, were in principle the same for P3(EO)3T-b-18T
and P3(EO)3T-b-10T. For P3(EO)3T-b-18T the resulting steric hindrance on a neighbouring handle,
for example, could be expected to be bigger than for P3(EO)3T-b-10T because of the 10T domain left
single-stranded in P3(EO)3T-b-18T after it hybridises to the 8A handle. For the contour length of
single-stranded DNA, various sources report values between 0.64 nm[375] and 1.6 nm[376], so the domain
is most probably coiled, but it adds to the object size and it can be stretched out. A slight shift in
the occupancy from position c to a with P3(EO)3T-b-10T could reflect the stronger confinement of the
system, but the variations might as well lie in the range of statistic deviations. In the AFM images, the
objects appeared more globular for P3(EO)3T-b-10T, however, this observation is just qualitative.

Although type III offers more handles and the sliding sequence, the binding yield over the whole handle
pattern was below the yield for pad types I and II. On the one hand, the shorter link could be a reason as it
has a lower melting temperature and hence provides a less stable binding. On the other hand, the handle
pattern includes more one-neighbour handles. Lining out with the former findings, the proportion of

9The 8A handle is 2.72 nm, and the stretched-out P3(EO)3T-b-18T and P3(EO)3T-b-10T BCPs are 12.1 nm and 9.4 nm
long, respectively.
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unoccupied handles is about three times higher amongst those handles that have just one next neighbour
at the 6 nm distance. This is expressed as a significant preference of the objects for the inner lanes
L2 and L3, where the two- and three-neighbour handles are located (Figure 4.10 c). Taking just the
handles in these lanes, the binding yields are 0.36 and 0.41 objects per handle for P3(EO)3T-b-18T and
P3(EO)3T-b-10T, respectively. This in turn is in the range of the yield for the two-neighbour handles on
pad type II.

As Table 4.2 sums up, two to three times the number of objects is located between handles (b, c, d)
compared to being located on the handle position a. The proportion of objects between handles increased
compared to the pad type II because more positions between handles are available on the pad type III.
As for the pad type II, occupying these positions indicates object interaction, which is favourable, but
can be yield-lowering as well.

The objects seemed to favour the positions where they could interact, as it presumably increases the
binding stability. That is because the interaction could act as second attachment in addition to the DNA
link involving the short 8A handle. In this way, the objects differ from metallic nanoparticles, which
tend to repel each other. On some pads, the attached objects seemed to form an almost continuous line
(e. g., Figure 4.10 a and b).
The binding scenarios discussed for pad type II (induced binding of small oligomers, tilting, π-π-stacking
and bridge binding) can occur with different handles and positions on the pad type III as well, even
though the non-touching 8A handles are about half as long as the handles on the pad type II. For the pad
type III, the binding of small oligomers could be promoted because of the handle density and the fact
that the attachment to multiple 8A handles counteracts the yield-lowering effect of the smaller melting
temperature. In the long 18T ODN, the unbound 10T domain can facilitate the π-π-stacking, because
it can act as a flexible spring in the object positioning. For the 18T ODN, bridging can occur as well.
It is less likely than on pad type II, as it requires a complex positioning of two handles and the BCP.
In addition, the double-stranded parts per 8A handle are shorter than per 15a handle, which results in
smaller melting temperatures. For the 10T ODN, bridge binding is impossible. However, this did not
influence the object distribution on the handle pattern notably. On the one hand, this reflects the minor
influence of the bridge binding scenario on the binding yield. On the other hand, it is a strong indicator
that π-π-stacking10 plays a major role in the BCP interaction, because it is the only interaction left to
account for the frequent occurrence of touching objects.

Already attached objects are likely to play a role in the moderate binding yield, but as discussed for the
pad type II, they are most probably not the only reason. While 13% and 14% of the handles are involved
in b, c and d and unoccupied, about four to five times that number of handles is unoccupied but not
involved in any binding (see Table 4.2). Furthermore, the majority of these unoccupied handles do not
have a fully occupied neighbour that could wield steric hindrance. A key contributor to the moderate
yield are probably the one-neighbour handles, as discussed before.
Within the multi-object structures, binding yields of 66% for P3(EO)3T-b-18T and 64% for
P3(EO)3T-b-10T are higher than anything found before on other pads. This proves that the objects
can be packed closely. However, pads with 100% occupation of all handles did not occur. The gaps in
the patches did also not close using the shorter P3(EO)3T-b-10T BCP. Probably the steric effect did not
ease off sufficiently, but links shorter than 8A could not be chosen because of the melting temperature.

To sum up, attaching the BCP in a 2D pattern instead of a line, and using a shorter link with the
sliding sequence has resulted in a slight decrease in the binding yield. Most probably, a decrease in
binding stability due to the shorter link played a role. That it is favourable to introduce more than one
next-neighbour handle can be seen in the attachment ratio of one-neighbour handles in the lanes L1 and
L4 vs. two- and three-neighbour handles in the lanes L2 and L3.

10either occurring on the pad after two single objects attached, or already occurring in solution and form small oligomers
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Furthermore, there were patches of multiple touching objects on every pad. As for the other pad types, the
touching of the objects leaves room for the assumption that the polymer blocks interact, which would, for
example, be favourable for charge carrier transport along the polymer backbone. An argument in favour
of the occurrence of π-π-stacking is the object distribution with P3(EO)3T-b-10T block copolymers,
whose ODNs are too short to contribute to any kind of interaction.
Even with that smaller BCP, a binding yield above 67% in the object patches on the pad has not occurred,
indicating that the attached objects can wield steric hindrance on neighbouring handles, as it was also
assumed with the pad type II.
Some hybrids displayed almost continuous lines along the pattern that involved mainly the lanes L2
and L3. This suggests that the pattern there is suitable to deposit enough material to form continuous
structures. Probably, a longer P3(EO)3T block is favourable for that.

4.3 Influence of the scanning on the samples and limitations of

AFM

As discussed in the Sections 3.1.2 and 3.1.3, AFM on mica-deposited origami was used to evaluate the
structure of the origami under varying conditions, and to determine the synthesis yield based on the
ratio of faulty to intact origami. As in every analytical approach, the random and systematic errors of
the method contribute to the experimental results. Random errors of the AFM-based origami evaluation
include, for example, damaging the structures during the deposition onto the mica substrate, distorting
the origami with the tip or removing staples during scanning. As imaging without noticeable tip influence
cannot be guaranteed, a reference yield cannot be determined, and the tip-induced damage cannot be
quantified. In order to account for local quality variations due to the preparation, the images of a sample
were obtained from different spots on the mica. It is assumed here that the sample preparation protocol
provides samples of comparable quality, so for the yield determination, at least two images were taken
from one sample each time. In order to quantify the random error of the sample preparation, preparing
and scanning of several samples from the same origami solution is recommendable in further work.
With regard to the systematic errors, Section 3.1.3 mentions two aspects, for which assumptions were
made. First, the yields determined from scanning in liquid were directly compared to the yields for
scanning in air. The assumption is valid because the yields of samples from scanning in air and in
liquid have differed only within statistical deviations that would occur from sample to sample as well.
The second assumption is that the state of the origami on the surface was assumed representative for
its state in solution. This assumption relies on the qualitative observation that the mica surfaces were
equally covered whether intact or ill-shaped origami (with the same DNA concentration) were deposited.
In principle, this finding justifies the assumption sufficiently for the purpose of this work, but further
experiments could aim at determining a quantitative value here. For that purpose, the yield of a sample
could be determined from AFM images and TEM images likewise, and from a quantitative evaluation of
the band intensities for faulty and intact origami in gel electrophoresis. For each method, the random
errors and the sample preparation errors must be quantified through repeat experiments. If comparable
yields are determined with these methods, it will not just prove that the presented AFM method provides
accurate results, but that TEM and gel electrophoresis do as well. When one compares, for example,
experimentally determined tPad dimensions and the values expected from design (see Table 3.1), the
errors caused by AFM are not significant, and AFM accurately evaluates the origami.

For the accuracy and trueness of the localisation of the BCP on origami as presented in Section 4.2.2, one
has to keep the siting inaccuracies in mind. These occur through movement of the objects with the tip
during imaging. This becomes evident when an object is scanned multiple times and/or under different
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angles and/or with different tip pressures. In addition to the scanning-induced variations, mistakes are
introduced by the image processing in Gwyddion (mainly through the line correction tool) and by the
subjectivity of the criteria selection in the FindFoci plugin.
To assess the impact of the scanning, one pad was scanned two times under different scan angles
(Figure 4.11). To assess the influence of the Gwyddion processing, one raw images was processed twice.
To assess the FindFoci routine’s reliability, the same image was subjected to it twice (with choosing the
criteria each time freshly). It was found that all of the sources of error have a similar impact. On average,
each causes one to two positions per pad to vary when they should be the same. As all of the errors are
random, they tend to compensate one another, leading to a sum error in the same range. That is, with
an average occupation of ten objects per pad, 10 - 20% of the positions are error-prone, so the precision
of the localisation is limited. As the errors are distributed statistically, and multiple pads have always
been evaluated (see Table 4.1), the average percentages given for occupations of a position must be close
to the true value.
Overall, the localising method is accurate in a way that it is true but not very precise, and always demands
a statistically relevant number of samples to yield valid results.

Figure 4.11: Limits of the BCP localisation accuracy. Image I and II show the same two pads scanned
from different angles. For each pad, the tables list how often an object has appeared on a handle position
(a) or between handles (b, c, d) On average, up to two objects appear in different locations. For pad 2,
one object visible in image I does not appear in image II (black dotted circle). However, such object
removal by the tip is exceptional. Scale bars: 100 nm.
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4.4 Summary and outlook

Quantitative analysis of the hybrid structures. AFM was well-suited for evaluating the block
copolymer (BCP) attachment to the DNA origami pads at the single object level, which lies in the
sub-10 nm range. For the first time in AFM-based studies of synthetic polymers on DNA origami, the
FindFoci[6] plugin was used. It has provided a semi-automated routine that allowed analysing each
image using well-defined parameters, which has always been beneficial to derive comparable results from
different experiments. For the sufficiently resolved AFM images of the type II and type III hybrids, the
routine provided precise data on the location of the origami-bound BCPs. This allowed comparing the
BCP locations to the handle pattern of the pads. Furthermore, attachment yields per handle could be
determined and parameters that influence the BCP attachment could be suggested. Another quantitative
measure provided was the average object height.
A limiting factor for the precision of the method was the imaging resolution. Besides the tip radius, the tip
pressure has played a crucial role. It has influenced the object height as well as the object position in a way
that strong tip-sample interactions could lead to squeezing or position shifts of the bound BCPs. Thus,
the analysis yielded a single block copolymer position with an uncertainty of 10 - 20%. However, this did
not impede the trueness of the method, as long as a statistically relevant number of block copolymers
per pad type (between 44 and 107 in this work) and robust properties were investigated. Depending
on the handle pattern, those properties were either the positions of single objects on or between the
handle positions (type II) or combinations of single types of positions into events such as occurrence “on
a handle“ vs. “between two handles” and along a lane of handles (type III).

Hybrid formation. A new method to assemble conjugated polymers onto DNA origami was
established successfully. For that purpose, 1 : 1 diblock copolymers consisting of a conjugated polymer
block and an oligodeoxynucleotide block were synthesised. As polymer block, a water-soluble,
end-functionalised, regioregular head-to-tail P3(EO)3T polythiophene derivate was synthesised via a
customised ex-situ-initiated Kumada catalyst-transfer polycondensation[172]. The ODN was joined to
the P3(EO)3T with copper-free strain-promoted azide-alkyne cycloaddition[351].
HPLC was found to be suitable for the BCP purification. The HPLC-based kinetics study of the hybrid
formation suggested a pseudo-zero-order kinetics and a near completion of the reaction after a 48 h. Both
findings indicate that not the presence of the educts is rate determining, but probably the presence of a
reactive intermediate.

The standard conditions to attach BCP to the DNA origami pads, which is a buffer environment of 1x TE
with 12.5mM MgCl2, 15 ◦C and 300mM NaCl, have resulted in 90% of the pads having at least one BCP
attached. The hybrid formation was found to work with this yield in the temperature range from 5 ◦C to
15 ◦C and at concentrations of the monovalent salt NaCl in the range of 0 - 3M. The attachment could
be shown for sliding and specific sequences and origami pads with different handle patterns. Table 4.1
summarises important design parameters of the handle pattern as well as the attachment yields for the
different pad types. The objects sizes of BCP with different DNA blocks were found to be similar.

With the FindFoci-based analysis of high-resolution AFM images, four factors were identified that play
a role in the attachment. The first factor was the handle pattern, and here in particular the number of
next-neighbour handles that have a 6 nm distance to the observed handle. Handles that have more than
one next-neighbour handle were three to four times more likely to be occupied than handles with one
next neighbour. Second, already attached objects seemed to play a role. In type II and type III hybrids,
25% of the handles were unoccupied and located next to an occupied handle, indicating that objects
might have wielded steric hindrance. Third, the already attached objects were not the only reason for
the moderate attachment yield, because about 33% of the handles were unoccupied and not next to a
fully occupied handle. Fourth, attaching small oligomers from solution could play a role. That lined out
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with the observation that handles with more than one next neighbour are occupied preferably, and the
fact that attached objects have frequently shared borders.
In parts of a hybrid, the conductive polymer molecules have been attached to the DNA origami pegboard
achieving the origami-typical site specificity and a spatial resolution down to 6 nm. However, given the
yields observed, attaching a BCP to every available handle position on a pegboard surface appears to be
challenging.

On all three pad types, objects have shown tendencies to interact. At least, they have tolerated each
other in close vicinity, which metallic NP would probably not. Hints have appeared that π-π-stacking
could have played a role in that. These kind of stacking interactions are most interesting for forming
continuous paths of (semi-)conductive polymers that allow charge carrier movement.

Attaching one of the 1 : 1BCPs to one handle on the DNA origami has provided more control over the
attachment resolution than the methods introduced before[12–14]. However, the high resolution comes at
the cost of a moderate yield currently. Providing more handles per attachment site, as it is commonplace
for metallic nanoparticles, or having more than one ODN attached to the polymer block in the BCP[13,14]

will probably increase the yield, but lower the resolution at the same time. Another way to increase
the proportion of conjugated polymer on a hybrid is using polythiophene blocks with a larger molecular
weight. This allows keeping the resolution. However, the larger polymer block could shield the ODN
from binding to the handle.

Following this basic research, the P3(EO)3T-b-DNA BCP could be used in nanoelectronic or nanophotonic
elements. Research on nanophotonic hybrid structures is currently underway.
Furthermore, the BCP formation presented here can be used with any type of water-soluble, functionalised
polymer. Placing the resulting BCP on DNA origami can introduce new functionalities. As proof of
principle, Appendix Figure A.9 shows the attachment of commercially available PNIPAAm. This polymer
is biocompatible and thermo-responsive with a lower critical solution temperature of 32 ◦C. Introducing
such a temperature-sensitive switch could be useful for medical applications of DNA origami.
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Chapter 5

Characterisation of surface-deposited
2D DNA origami with multicolour
super-resolution microscopy

This chapter presents a method that uses super-resolution fluorescence microscopy (SRM) and the
principles of single-molecule high-resolution co-localisation (SHREC)[219] to evaluate surface-deposited
DNA origami structures. For the first time, a fluorescence microscopy method aims at characterising
the structural integrity, the placement, the orientation and the deposition side of surface-bound DNA
origami structures within one experiment through multicolour labelling. The method allows evaluating
both single molecules and the bulk and it has the potential to do it for wafer-scale scanning areas.
Section 1.4 has introduced the methodical challenges of multicolour super-resolution microscopy. In
Section 5.1 the basic principles, the procedure and the structures under study of this work will be
introduced. Section 5.2 presents the results of the mapping calibration based on 200 nm Tetraspeck beads
as fiducial markers, and the proof-of-principle experiments with the tPads. This includes discussing the
trueness, precision and lower resolution limit of the method with the microscope used here. Further
discussions focus on the origami properties, in particular, on the structural integrity and the deposition
behaviour. Section 5.3 summarises the findings.
The author has developed the method in close cooperation with Dr. Friedrich W. Schwarz and
Dr. Philip A. Gröger (Diez Group, B CUBE Dresden). Dr. Schwarz has provided the idea and guidance
through the fluorescence experiments. Dr. Gröger and Dr. Schwarz have developed the data analysis
algorithm. The author has designed the DNA origami, and has executed the experimental work and the
data analysis presented in this chapter.

5.1 Basic principles, origami under test and method procedure

This section introduces the basic setup including the sample labelling, the origami objects under test,
and the stepwise procedure of the multicolour method, including the data acquisition and the data
processing routine. The experimental settings for obtaining the results discussed in Section 5.2 are given
in Section 2.7.1.
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5.1.1 Basic principles and labelling

The structural characterisation of origami provided by this method is the evaluation of the shape of the
origami, which is referred to as the structural integrity here. The measures of the structural integrity
are defined by a marker pattern that comprises of a set of characteristic marker distances d and, in the
case of three or more markers, of characteristic angles (see Figure 5.1). These distances and angles will
be referred to as the target values in the following. An origami is considered structurally intact if the
experimentally obtained target values match the theoretically expected values. In that way, single-staple
resolution is only obtained for the marker-carrying staples. However, for most applications not every
staple has to be provided but the overall origami shape, and probably selected staples that provide
functionality. These are the features this method can obtain.
To set the target values, an m-dimensional object is labelled with n =m+1 fluorescent markers with
distinguishable spectra. Primarily, that means that the light emitted by the markers must be of different
wavelengths. The markers are distributed in a pattern that allows assessing the shape of the object. For
the square tPad, for example, triangles are chosen (Figures 5.1 and 5.2). In addition to the structural
evaluation, localising the marker pattern on a surface provides the object’s position. Due to the different
marker colours, it is easy to design chiral patterns, which allow determining the deposition side and the
orientation of the object as well.

In order to allow for a high resolution and short imaging times in each channel, a marker set that defines
a target value consists of all different markers, or ensures maximum distance between markers of the
same kind. In order to guarantee well-resolved markers, the used dyes exhibit minimal crosstalk in not
just for the emitted light, but also regarding the excitation.

Figure 5.1: Labelling a 2D structure with spectrally distinguishable fluorophores for structural evaluation
and position determination. a) Labelling of a 2D structure with three spectrally distinguishable
fluorophores in a triangular pattern. The three fluorophores mark the corners, which creates six target
values for structural evaluation: the target distances d1, d2 and d3, and the target angles α, β and γ. b)
Excitation and emission spectra for the three dyes Alexa Fluor 488 (blue), Rhodamine Red (green) and
Alexa Fluor 660 (red). The three excitation spectra are overlapping to a small extend only, as are the
emission spectra. This marker set is used in the tPad design I. The wavelengths of the lasers used for
excitation are displayed as vertical lines as well.

98



5.1.2 The two tPad designs

Two designs of the tPads were studied, which will be referred to as design I and design II in the following
(Figure 5.2).

Figure 5.2: The two tPad designs with the fluorophores marked as spheres on the 3’-end of the staples
that attach them . These staples are shown in the respective colour. Biotin staples are highlighted in
light green in the four sites per tPad. a) Design I with the dyes Alexa Fluor 488 (blue), Rhodamine Red
(green) and Alexa Fluor 660 (red) and eleven biotin staples. b) Design II with the dyes Atto 488 (blue),
Atto 550 (green) and Atto 647N (red) and with nine biotin staples.

In both designs, the tPads are labelled with three different, commercially available organic dyes. The
dyes are arranged as a triangle that covers as much of the tPad surface as possible. Each of its corner
positions features one unique handle or dye-labelled staple to attach each of the dyes site-specifically.
Using one handle or staple and one fluorophore was chosen to yield maximum precision and trueness in
the marker localisation. If not altered by threading[377], all handles or labelled staples protrude to the
same side of the tPad. To anchor the tPad to the flow cell surface, handles with biotin protrude to the
opposite side in four sites per tPad.
In design I, eleven biotin handles are used, which are prolongations of tPad body staples. The fluorescently
labelled ODNs carry one dye molecule each. Depending on the position they ought to sit, that is either
one of the Alexa dyes Alex Fluor 488 and Alexa Fluor 660 or Rhodamine Red. The dyes form a triangle
with arbitrary angles.
In design II, nine biotin handles as described above are used. For the fluorescent labelling, the design
keeps the one-attachment-setup. In order to improve the labelling stability, the dye-carrying DNA strands
are tPad body staples this time, with prolongations protruding to the top side of the origami that are
labelled with the dye molecules. In order to increase the fluorescence signal intensity, the dye set of
design I was replaced with the Atto dyes Atto 488, Atto 550 and Atto 647N. Also for signal increase,
each ODN features three of the same dye molecules1. Despite their distances of about 1 nm on the staple,
the three dyes are treated as one fluorophore because of the coiling of the staple, which will most probably
minimize their distances. Thus, the principles of single-molecule co-localisation are applied to design II
tPads as well. The marker pattern of design II is a triangle with a 90° angle. Two of its edges, i. e. two
marker distances, run in parallel to the tPad edges. This was set up to provide a more straightforward
measure for the tPad shape.

Both tPad designs are labelled prior to immobilisation to the flow cell surface. This makes the system
susceptible to bleaching. To avoid irradiation-induced stress for the dyes prior to imaging, DNA PAINT
could have been performed. However, using the one handle as the only anchor point, the binding statistics
are most probably unfavourable. Furthermore, the setup in this work has aimed at avoiding long imaging
times and laborious flushing steps in the experiment.

1The option of self-quenching was discussed with the ODN producer. They claimed that it was not a matter of concern.

99



Section 5.2 will introduce two sets of experiments with the tPads. One is a standard experiment,
i. e. how the method is supposed to be used with DNA origami. The other is an experiment with a
strong background noise, which will discuss whether the method can extract origami signal in difficult
circumstances. Both tPad designs could have been used for both sets of experiments without changing
the conclusions. In order to present both designs without repetitions, the standard origami experiment
focuses on design I and the origami experiment with strong noise on design II.
Design II was created mainly to improve the design I in terms of labelling. As will be discussed, the
labelling of the origami with one fluorophore per colour results in few origami counts per field of view.
Using tPad body staples to attach the dye and more than one dye molecule per staple was supposed
to yield a larger number of labelled structures and a stronger fluorescent signal with design II tPads
compared to design I tPads. Whether there was an improvement will be discussed in Section 5.2.2.

Investigation of the design I and II assembly with AFM

Table 5.1 provides a comparison of the theoretical fluorophore distances and the ones obtained from AFM
images for each of the two designs. In order to determine a fluorophore position, the tPad body staple
involved in its binding was left out and the distances of the gaps were measured. A gap can appear
with a diameter of around 5 nm, which must be considered as an error that lowers the precision of this
measurement. However, the site determination is still sufficiently true and precise to yield a value for
comparison to the SRM results.

Table 5.1: Fluorophore distances red-blue (rb), red-green (rg) and green-blue (gb) according to design
and mean distances d̄ measured in AFM images for a) ten design I tPads and b) 14 design II tPads. SEd̄
is the standard error of the mean distance.

a) rb rg gb

design I 81.3 92.2 87.5
d̄ 76.6 92.1 88.5
SEd̄ 0.8 1.3 1.9

b) rb rg gb

design II 76.5 110.3 79.5
d̄ 80.4 107.0 72.9
SEd̄ 1.4 2.3 1.2

For tPads stretched out on mica, all fluorophore distances for ten design I pads and 14 design II pads
line out with the theoretically expected distances. The rb distance (top part) of design I is about 5 nm
shorter than the theoretically expected value. This could have occured due to variations in the outer
shape occurring amongst samples. Lee Tin Wah et al., for example, have observed a 10% variation of the
length of Rothemund Rectangular origami in the course of different measurement days[139]. As stated in
Section 3.1.3, AFM suggests a yield of correctly formed tPads in the range of 45 - 70% after synthesis,
which can decrease to 10 - 40% due to cleaning.

5.1.3 Method procedure

In the following, the stepwise procedure of the method from experiment to data analysis and result
generation is discussed. Figure 5.3 visualises the workflow of the method. For general explanations, the
terms object or sample, fiducial (marker), and marker are used instead of tPads, Tetraspeck beads, and
fluorescent dye, respectively.

this is here to get a page break. Lorem ipsum dolor sit amet, consetetur sadipscing elitr, sed diam nonumy
eirmod tempor invidunt ut labore et dolore magna aliquyam erat, sed diam voluptua. At vero eos et
accusam et justo duo dolores et ea rebum. Stet clita kasd gubergren, no sea takimata sanctus est Lorem
ipsum dolor sit amet. Lorem ipsum dolor sit amet, consetetur sadipscing elitr, sed diam nonumy eirmod
tempor invidunt ut labore et dolore magna aliquyam erat, sed diam voluptua. At vero eos et accusam
et justo duo dolores et ea rebum. Stet clita kasd gubergren, no sea takimata sanctus est Lorem ipsum
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Figure 5.3: Method procedure. The method consists of the experimental part named I) fluorescence
measurement, and the computational part II) image data processing. Step 5 will be referred to as loop
repeat in the following. Performing the procedure for the fiducial markers instead of an origami sample
yields the colour correction file. In this case, step 10 is omitted. All steps in orange boxes are performed
by Matlab routines.

dolor sit amet.

101



I: Fluorescence measurement (step 1 - 8)

The first part of the procedure is a fluorescence imaging experiment (see Figure 5.3 steps 1 - 8). Objects
labelled as described in Section 5.1.2 are investigated in a standard flow cell setup (see Section 2.7.1). In
the following, a TIRF microscope will be used, but given sufficient signal strength, a standard fluorescence
microscope can be used as well.
Several micrometre-sized fields of view are imaged. Obtaining super-resolved marker positions requires
a number of images of the field of view k in each of the colour channels n. The number of images in
one channel k depends on the signal intensity of a marker and its blinking behaviour. A larger k can
compensate images where the marker signal is not present. For imaging, the multicolour method proposes
a sequential loop-repeat routine (Figure 5.3 step 5). A loop includes sequential imaging in all n colour
channels, but taking few images in each one. The loop is repeated to yield the desired k images per
channel. For an origami labelled with three fluorophores, for example, ten images per colour might be
taken per loop, which is 30 images in one repeat. The loop may be repeated ten times to yield 100 images
per colour and n · k = 300 images in total. With the loop-repeat routine, the markers of all colours are
subjected to similar doses of laser radiation before they are imaged, not just concerning the respective
excitation laser, but all lasers used. Considering the radiation-induced bleaching[199], it seemed more
reasonable to decrease the signal of each colour channel gradually instead of risking a significant signal
loss in the channel imaged last. After imaging the sample, fiducial markers for the mapping calibration
are imaged (Figure 5.3 step 6 - 8). Since they provide intense fluorescence signals, fewer images are needed
to localise a fluorophore position precisely, and the loop-repeat is not necessary in step 8.

In the first and second experiment presented here, a field of view is typically 53.50 µm, and 54.27 µm in
the third experiment2. Tetraspeck beads with a diameter of 200 nm serve as fiducial markers. They were
flushed into an origami-free channel to avoid overpowering the origami signal. For imaging them (step 8),
20 images per colour were taken in a single loop. For tPad imaging (step 5), 100 images per field of view
and colour were taken running ten loops of ten images per colour.

II: Image data processing (step 9 - 18)

The second part of the procedure covers the image data processing. It involves drift correction and
marker localisation as well as calibrating the mapping functions for the colour-offset correction, which is
summed up as raw data processing (steps 9 and 10). Furthermore, it includes cluster identification and
filtering (steps 11 to 17) and the calculation of the target values (step 18). A Matlab routine performs
the steps 10 to 18 (orange in Figure 5.3).

Raw data processing. As input data, the cluster identification (steps 11 to 17) requires the n matrices
of the marker localisation data from the sample (one for each colour channel) that list the fluorophore
positions of the k images of each channel, and such matrices from the fiducial markers. In order to
obtain these localisation matrices, the respective image stacks (denoted as sample image stacks and
fiducial image stacks in Figure 5.3) are submitted to a single particle detection and localisation algorithm
in ThunderSTORM[232], which is a plugin of the Fiji[365] image analysis software. For this step 9,
ThunderSTORM combines marker localisation (tracking) and lateral drift correction. For the latter a
cross-correlation method was chosen that ThunderSTORM provides3.

For the tPads, the dyes are supposed to move around freely, and the Tetraspeck beads are supposed
to emit evenly throughout the bead. Thus, in both cases the point spread functions are approximated
with 2D Gaussians in ThunderSTORM in order to determine the centres of the PSFs, i. e. the marker
localisations. The output files of these tracking and drift correction processes are the n sample marker
locations matrices and the n fiducial marker locations matrices (Figure 5.3).

2For fields of view of that size, errors introduced through monochromatic aberrations are negligible[222].
3This software can use fiducial markers or cross-correlation methods[232,235].
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Apart from the sample marker localisations, the cluster analysis requires the mapping functions for
correcting the colour offset4. The mapping functions are calibrated for two channels at a time. The
input data for that purpose is referred to as the colour correction file. It contains the fiducial marker
positions in each colour channel without a colour correction. These positions are obtained from the n
fiducial marker localisations matrices with a modified Matlab routine that contains the steps 11 - 18 only.
In other words, after tracking and correcting the drift for the fiducial marker locations in step 9, they
are submitted to a cluster identification that starts with step 11. The modified routine determines each
fiducial’s position in each colour channel as the cluster centre of the k positions a fiducial appears in in
the k images per colour channel5.
Step 10 of the sample-processing procedure starts with loading the colour-offset file into the non-modified
routine. As discussed in Section 1.4 the routine then calibrates the mapping functions using the local
weighted mean transformations embedded in the “fitgeotrans” function of Matlab. It infers the translation,
rotation and scaling necessary to superimpose the position data matrix of the fiducial markers of one
colour channel onto the position data matrix of the fiducial markers of a reference channel with minimum
residue. The function requires at least six beads evenly distributed in the respective field of view, while
twelve is recommended[378].

Cluster identification. Next, the possible origami objects are identified. For that purpose, the routine
searches for locations in a field of view, where sufficiently dense clusters of marker signals occur in all
channels and in close proximity. As a starting point, step 11 combines the sample marker locations of all
colour channels in one image. In step 12 the user is asked to set values for four parameters that will be
utilised in the following steps. These parameters are (ClP stands for clustering parameter, FP for filter
parameter):

ClP 1 2D binning pixel size
ClP 2 event threshold for the binary image
ClP 3 size parameter of structural element
FP 1 colour thresholds for each colour channel.

In step 13, a grid of square containers, i. e. binning pixels, is superimposed onto the merged image of
step 11. The edge length of a square binning pixel is the 2D binning pixel size (step 12, ClP 1) in nm.
The merged image is treated as a single channel binary, and all marker signals are binned into the square
binning pixel containers. For binning pixels with signal counts equal to or above the event threshold
for the binary image (step 12, ClP 2), an image dilation is performed in step 14. The image dilation
here is performed with a yet another square as structural element, whose edge length is given in number
of binning pixels sized as described above. The number of binning pixels is defined by setting the size
parameter of the structural element (step 12, ClP 3). If ClP 3 is set to five and the 2D binning pixel
size ClP 1 is set to 50 nm, for example, a dilated area will be 250 nmx 250 nm and in its centre the
binning pixel that initially met the requirement of the event threshold for the binary image (ClP 2) will
be situated.

Cluster filtering. The dilated areas contain the initial set of clusters. As the cluster identification
parameters are generous, filtering needs to separate noise from origami objects in the following. In
step 15, the first of four filters of the routine is applied, which is the colour threshold filter. For that
purpose, the colour information of the signals is considered again. For each initial cluster, the number of
signals from one colour channel is compared to the respective colour threshold, which was set in step 12
(FP 1). Only those initial clusters with signal counts above the thresholds in all colour channels pass
on to step 16. Here, filter 2 and filter 3 are applied, which are a size filter and a shape filter. The
values for FP 2 and FP 3 are hard-coded into the Matlab routine prior to running it. The shape filter

4As described in Section 5.2, the colour offset for the microscope used here, for example, lies in the range of 50 - 100 nm
in the x - and y-direction, respectively. This is already in the size range of the target distances, and must be corrected.

5For imaging the multicolour origami barcodes, Lin et al.[213] have used a similar principle.
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dismisses single colour point clouds that diverge strongly from a circular shape, as the localisations are
expected to display a Gaussian distribution around the point cloud centre. To apply the filter, the cluster
centres are calculated first. Their xy-coordinates result from calculating the mean x - and y-values of all
marker localisations of that colour in that cluster. The standard deviations sx and sy for the x - and y-
coordinates are calculated next. The shape filter sets an upper and a lower threshold to the ratio sx

sy
,

which is referred to as eccentricity in the following. That is because the closer the setting is to [1; 1], the
more the cluster should resemble a circle.
The cluster centres will be referred to as marker positions in the following, and their Euclidean distances
as marker distances. The size filter sets thresholds to the marker distances.
In step 17, all valid clusters are presented to the user as the fourth and final filter instance (FP 4). This
serves the purpose of eliminating any clusters that have met the other filter criteria by chance. The user
filter introduces a subjective element. Whether it biases the result or whether adjusting the other filter
criteria can render it obsolete will be discussed in the Section 5.2.3.
In step 18, the target values are determined in the valid clusters. For that purpose, the weighted mean
cluster centres are calculated. Here, each x and y element in the calculation of the mean is weighted with
its uncertainty as given in (5.2).
The target value data for each field of view is combined in a summary file. A second Matlab routine
sums up the target value data of all the fields of view of a sample, puts out value tables and histograms
and calculates the deposition side automatically.

For the experiments with the Tetraspeck beads and the tPads presented here, the three clustering
parameters ClP 1 - 3 and the three filter parameters FP 1 - 3 were set as given in Table 5.2.

Table 5.2: Settings for the clustering parameters CP and filter parameters FP for the experiments
presented. FP 4, expelling faulty clusters by the user, was applied as well. For FP 2 and FP 3, the
lower and upper boundaries are given. As shape filter, the eccentricity (ex) is used.

CP 1 CP 2 CP 3 FP 1 FP 2 FP 3
2D binning
pixel size [nm]

event threshold
for binary image

size parameter of
structural element

colour thresholds for
each colour channel

size filter
[nm] shape filter

50 6 5 20 0/500 ex: 0.28/3.5

In the origami experiment with considerable background noise (Section 5.2.3), the influence of the
parameters settings on the results was discussed by changing one parameter at a time. These settings
will be given in Table 5.12.

5.2 Results

In order to characterise the method’s capabilities and its performance with a model origami, three sets of
experiments will be presented here. A representative experiment of each set will be discussed in detail.
Section 5.2.1 presents the first experiment, which is evaluating the colour-offset correction that the local
mapping functions inferred here can provide in the image registration. For that purpose, a flow cell with
Tetraspeck beads only is used, so their image data provides the sample and reference dataset at the same
time. The quality of their co-localisation after mapping is a measure for the lower distance resolution
limit of the method. Section 5.2.2 presents the other two experiments that evaluate two designs of tPads
as model origami. In Section 5.2.3, the influence of the colour threshold filter (FP 1), the shape filter
(FP 3) and the user filter (FP 4) on the results will be discussed.
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5.2.1 Colour offset after mapping

In order to determine the lower resolution limit, that is, the smallest fluorophore distance that can be
determined reliably with the method, to evaluate the trueness and to contribute to the discussion of the
precision of the method, the colour offset after mapping will be discussed with Tetraspeck beads as the
sample. This allows evaluating whether the method is practically suitable to characterise origami.

Figure 5.4: Mapping calibration and colour-offset residue with Tetraspeck beads as the sample. a) Field
of view with 15 Tetraspeck beads scattered over the area, prior to tracking. This field of view provided the
fiducial marker locations for the mapping in the standard origami sample (first mapping). b) Standard
errors of the mean prior to (SEx̄;ȳ) and after (SE∗

x̄;ȳ) weighting with the localisation uncertainties of the
single incidents (for calculation see (5.2), p. 106). c) Registered image of the point clouds (100 single
incidents per colour) of a single Tetraspeck bead prior to (I) and after (II) mapping. d) Fluorophore
distance distribution for the second mapping for the distances red-blue (rb), green-blue (gb) and red-green
(rg) before (orange) and after (blue) mapping. As fiducial marker dataset, the 137 Tetraspeck beads of
the mapping in the noisy origami sample were chosen (second mapping). The insets state the means and
standard deviations of the distributions before (I) and after (II) the mapping in nm.

Two local mapping calibrations based on Tetraspeck beads will be discussed. They will be referred to
as first and second mapping, and they will be used in the standard experiment and the experiment with
strong background, respectively (see Section 5.2.2).
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The mapping function of the first mapping was derived from a field of view with 15 Tetraspeck beads,
which is shown in Figure 5.4 a prior to tracking. After tracking (Figure 5.3 step 9), the cluster
identification steps 11 - 17 were used to remove beads that have moved during imaging. In step 18,
the coordinates of the point cloud centres (x̄; ȳ)6 were calculated as weighted means (x̄∗; ȳ∗) as given in
(5.1). Equation (5.1) augments (1.1) by weighting each fluorophore position in a single image (xi; yi) with
the inverse of its localisation uncertainties uc;i with c = {x; y} to achieve a more precise localisation. As
discussed in Section 1.4, uc;i summarises the localisation uncertainties of a fluorophore position in a single
image (xi; yi) depending on the number of detected photons, shot noise, background noise and pixelation
noise, and is calculated during the fluorophore tracking with ThunderSTORM according to (1.2).

c̄∗ =

n∑
i=1

u−1
c;i · ci

n∑
i=1

u−1
c;i

c = {x; y} (5.1)

As a result, the standard errors of the mean SE∗
x̄;ȳ calculated according to (5.2) are two orders of

magnitude smaller than the unweighted SEx̄;ȳ.

SE∗
c̄ =

√√√√√√√√√
n∑
i=1

u−1
c;i · (ci − c̄

∗)2

n(n− 1) ·
n∑
i=1

u−1
c;i

c = {x; y} (5.2)

Figure 5.4 b lists both values as averages for the 137 point clouds per colour for the second mapping. The
values are small, indicating that the localisation of the point cloud centre is precise.

Figure 5.4 c displays the point clouds of all three colour channels of one bead in a registered image before
and after applying the derived mapping function. It can be seen that the mapping leads to a considerable
decrease in the fluorophore distances.
However, a registration error remains. Figure 5.4 d illustrates this quantitatively. It displays the
distributions of the distances of the red and sblue (rb), green and blue (gb) and red and green (rg)7 point
cloud centres of the Tetraspeck bead before (orange) and after (blue) applying the mapping function. All
histograms show unimodal distributions that were fitted with the Gaussian function displayed.
The first mapping calibration was derived from a field of view with 15 Tetraspeck beads. The resulting
fluorophore distance distributions before and after the mapping are similar to those resulting from the
second mapping calibration, and given in Appendix Figure A.13.

After an ideal mapping, the fluorophore distance distributions should display their global maxima around
0 nm, but that is not the case for any of the six distributions in Figure 5.4 b and Appendix Figure A.13 due
to residual errors. Note that the fluorophore distance distributions display the absolute values of distance
vectors. The fluorophore distance vectors of the Tetraspeck bead sample after mapping will be referred to
as residue vectors r in the following and their absolute values r will be denoted as residues. It was found
that the absolute values and directions of the residue vectors depend on their position in the field of view,
but that their variations do not follow global trends, which lines out with previous observations[223,224].
The medians for all residue distributions lie in the range of 3 - 5 nm for the first mapping (given in
Appendix Figure A.13) and 5 - 8 nm for the second mapping (see Figure 5.4 d). Including more beads in
the mapping calibration, as it was done in the second mapping compared to the first, does not result in

6that is, the super-resolved positions of the fluorophores
7For better readability, the indices of rg, rb and gb will be mostly denoted in brackets after the symbol instead of in a

subscript.
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Table 5.3: Mean residues r̄ and sample standard deviations s for applying a colour-offset file to a field of
view it was not derived from (test errors). The reference residues and standard deviations for the same
field of view (training error) are given in the row “ref”. The test errors were derived from a different FOV
of the same flow cell (FOV), a FOV on the same flow cell off focus (“focus”) and a FOV from another
flow cell (“sample”). All values in nm.

rb gb rg
r̄ s r̄ s r̄ s

ref 7.5 4.2 5.9 3.1 7.2 4.3
FOV 12.6 6.7 10.8 5.7 12.3 6.3
focus 14.1 9.6 11.8 6.7 13.6 8.7
sample 14.7 6.7 12.8 5.7 13.9 6.3

smaller average residues or standard deviations. Probably, more beads contribute more local variations,
which counteracts the decrease of statistical errors.

The mean of the residue distribution that results from the local mapping function was found to increase
if the mapping was applied to a field of view it was not derived from. In machine learning, the error after
applying a model to the dataset it was derived from is the training error, while applying the model to a
new, independent dataset yields the test error. Here, different setups were tested for the second mapping.
The test error is larger than the training error, which was expected. In order to evaluate different
test setups, the colour correction file has been applied to a different field of view of the same flow cell
(setup “FOV”), a field of view off focus from that flow cell (setup “focus”) and to a field of view from
a different experiment (setup “sample”). For these setups, rows 2 - 4 in Table 5.3 list the means and
standard deviations of the residue distributions.

For any of the setups the means and standard deviations have approximately doubled compared to
applying the colour correction to the field of view it was derived from (setup “ref”, row 1). The setup
similar to the experiments discussed in this work is the FOV setup. Its means lie well above 10 nm. The
largest mean of ≈ 15 nm, which marks the least precise setup, occurred for the distribution of r(rg) for
the setup sample.

The following discussion focusses on to what extend the findings influence how the method can structurally
characterise DNA origami. Overall, for the trueness and the precision of the method, one must consider
that any fluorophore distance measured on origami involves a residue from the colour offset, which can
be up to 15 nm in the experiments discussed here.
Any fluorophore distance can be described as the absolute value d of a vector d that is, the vector sum
of the fluorophore distance vector of the origami according to the design layout, l, and the residue vector
r of the position where the origami is located in the field of view (see Figure 5.5).

Figure 5.5: Scheme to describe the uncertainty in the fluorophore distance determination introduced by
the colour-offset residue vector r. The detected fluorophore distance d is the absolute value of a vector
sum textbfd of the fluorophore distance vector on origami according to the design layout l and the residue
vector r of the colour offset. Here this is shown for the distance of the green and the blue fluorophore. For
the markers of the fluorophore positions, a coloured outer frame labels them as true fluorophore position,
a coloured filling indicates experimentally determined positions. The green marker features both, as it
is taken as a reference point. In theory, the distance l should be measured, but due to r the experiment
provides the distance d.
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The angle between l and r will be referred to as α. It can assume any value in the interval [0; 2π],
because the origami is deposited randomly on the flow cell surface. As α is distributed uniformly, the
direction of r does not play a role for the precision or trueness, while the absolute value of r does.

In the following, two numerical examples are presented of how the colour-offset residue influences the gb
distance distribution. Each example considers one of the two mapping calibrations used in the experiments
described later. Lining out with the scheme and notation in Figure 5.5, each distance in the distributions
was calculated with equation (5.3).

d =
√

l2 + r2 − 2lr cosα (5.3)

As stated above, the values for α are uniformly distributed in the interval [0; 2π]. The values for r

are elements of the Tetraspeck beads’ d(gb) distributions resulting from the first mapping (Appendix
Figure A.13) or second mapping (Figure 5.4), respectively. These d(gb) distributions are depicted again
in Figure 5.6 for comparison. Note that these distributions are training error distributions. That is, they
will introduce the minimal influence of the colour correction on the trueness and precision that must be
expected from the two mapping calibrations.
For the absolute value of l, the gb distance of the design II tPads, l(gb) = 79.5 nm, is taken. In order to
get two comparable numerical examples, this l(gb) is used for both of them, although the first mapping
is used with the design I tPads (with l(gb) = 87.5 nm) in the actual experiments.
As the method is evaluated here, the numerical examples consider only the contribution of the registration
error. That is, a constant distance l(gb) is taken here, although in an experiment, the locations of the
fluorophores and hence the fluorophore distance l on origami displays a statistical distribution as well.

Figure 5.6: Numerical examples of two distance distributions for d(gb) to illustrate their broadening
due to the colour offset (orange). Values for d were calculated using (5.3). The true value of d(gb) is
l(gb)= 79.5 nm. The distributions of the residues r after mapping are given in blue. a) Histogram derived
from the first mapping calibration for n(gb)= 2714 based on nTSB(gb)= 15. b) Histogram derived from
the second mapping calibration for n(gb)= 24660 based on nTSB(gb)= 137.

Figure 5.6 shows the example distributions of d(gb) for both the first (a) and the second mapping (b).
Figure 5.6 a plots 2714 values based on 15 Tetraspeck beads, while Figure 5.6 b plots 24660 values based on
137 Tetraspeck beads. Mean, median and experimental standard deviations, as well as the experimental
standard deviations of the mean and the 2.5th and 97.5th percentiles (as a robust measure for the width
of the distribution instead of the interquartile range) are given in Table 5.4.

For both example distributions the sample size n is large enough to evaluate the trueness of the method
by comparing the sample means to the theoretically expected fluorophore distance d(gb). For both
distributions the sample means differ from d(gb)= 79.5 nm with an error of 0.14 nm at maximum. That
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Table 5.4: Statistics of numerical example distributions of d(gb) derived with the first and second
mapping: n= sample size, d̄=mean d(gb), sgb=standard deviation of the sample, SEd̄=standard error
of the mean, d̃=median, Q1; Q3: lower and upper quartile, P2.5; P97.5: 2.5th and 97.5th percentile.

n d̄ sgb SEd̄ Q1 d̃ Q3 P2.5 P97.5

[nm] [nm] [nm] [nm] [nm] [nm] [nm] [nm]

d(gb) with mapping 1 2714 79.60 3.53 0.07 76.93 79.64 82.34 73.24 85.81
d(gb) with mapping 2 24660 79.64 4.68 0.03 76.49 79.64 82.75 70.66 88.63

indicates a high trueness of the method despite the registration errors.
In order to evaluate whether the error of 0.14 nm stems from a bias, random errors, or both, the method’s
random errors must be quantified and compared. For that purpose the experimental standard errors
of the mean SEd̄ for both distributions are calculated and given in Table 5.4. Both SEd̄ are in the
range of 10−2 nm, which is narrow. From the experimental standard errors of the mean the confidence
intervals at a confidence level of 99.7% can be calculated as d̄± 3SEd̄. For the two distributions,
these confidence intervals are 79.64 nm± 0.09 nm and 79.60 nm± 0.20 nm, respectively. For the second
distribution, d(gb)=79.5 nm lies within the confidence interval, while for the first distribution, it lies just
outside the interval. This indicates that with a probability of 0.3% there is a systematic error component
in the second mapping while this probability for the first mapping is slightly higher. For large sample
sizes, this bias becomes more unlikely on the one hand. On the other hand, the error lies in the range
of < 0.1 nm, while lengths on origami here are in the range of 50 nm to 130 nm. Hence, it is negligible.
Overall, the method provides negligible bias and a high trueness.
For both distributions of d(gb), the mean and the median coincide, which lines out with the assumption
that the distributions are symmetric. The distribution in Figure 5.6 a is bimodal, while Figure 5.6 b
displays a unimodal distribution. That is probably because d(gb) and r(gb) in Figure 5.6 b include more
values than the distributions in Figure 5.6 a. Both distributions of d(gb) display local maxima that seem
to correlate with the maxima in the respective residue distributions. Apparently, the positions of the
local maxima exert a more considerable influence on the width of a d(gb) distribution than the largest
value of the residue distribution. That is, a mapping function may include higher registration errors
without being detrimental for the trueness and precision of the method as long as these values comprise
a small share.

In order to discuss the influence of the mapping on the precision, i. e. on how much a single distance can
vary from the mean, the widths of the gb distributions must be considered. The width is characterised,
for example, by the standard deviation. As can be seen in Table 5.4, for both distributions the example
standard deviations lie below 5 nm. In a normal distribution, there is a known relation between the
standard deviation and the percentage of values lying in the range of ± sgb around the mean. 95.45%
of the sample values lie within 2x the standard deviation, for example, which gives a good measure
of how much single values will vary. As the distributions here are not normal, an alternative measure
is taken based on the 2.5 th and the 97.5 th percentile as robust estimators for the width. They are
considered here to give the range where the central 95% of the data points are situated. That range lies at
79.6 nm± 6.3 nm for the first distribution and 79.6 nm± 9.0 nm for the second distribution. Apparently,
the way the mapping is performed in this multicolour approach introduces a loss in precision, which
increases with increasing mean residue values from the mapping. Considering the ranges given above, it
can be approximated with 7 - 10 nm for the test error. This variation of a single measurement from the
mean, however, is still considered small for a multicolour approach[379].

The standard error of the mean is defined as SEd̄ = s/
√
n. As evident from this definition and the fact

that despite the high confidence level of 99.7% the confidence intervals d̄± 3SEd̄ of both distributions
lie below ± 1 nm around the mean, the sample size n plays a key role to achieve the high trueness, as it
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counteracts the influence of the registration errors. The SEd̄ of both numerical examples lie in the same
size range despite the fact that for the second distribution the sample size n is approximately ten times
that of the first distribution. That is because the residue distribution of the first mapping is less broad
and features a lower average residue than the residue distribution of the second mapping to begin with.
The sample size n necessary to achieve a desired experimental standard error of the mean can be calculated
from the defining equation of SEd̄ given above when the experimental standard deviation is given.
As discussed above, the numerical examples were derived from residue distributions that introduce the
minimal error the two mapping calibrations will cause (training errors). As the values in Table 5.3 suggest,
the mappings will introduce larger uncertainties in an origami experiment. To avoid underestimating the
resulting errors here, a value according to r̄(gb) in Table 5.3 will be considered as the experimental
standard deviation s instead of the sgb of the numerical example for the second mapping. This is thus a
conservative approach in determining the method’s precision. Looking at the r̄(gb) values in Table 5.3, a
residue of 14 nm is taken as a worst case example. In order to achieve a standard error of the mean below
1 nm with s = 14 nm, about 196 data points have to be acquired8. This is well in the size range of a
typical sample dataset, so there is no practical limitation to achieving the trueness theoretically possible
for this method.

As discussed before, and as can be seen in Figure 5.6, the second mapping is based on more beads than
the first mapping, but contradicting the expectation, it has resulted in a broader residue distribution.
Naturally, this has propagated into a broader fluorophore distribution, while using more beads intended
the opposite. Apparently, further tests are necessary to see what number of Tetraspeck beads and what
distribution pattern in a field of view are a favourable for narrow residue distributions.

Overall, the method has the potential to be true and precise. The numerical examples derived from
the mappings that will be used in the experiments in the following suggest that with the chosen
setup (microscope and local mapping), average fluorophore distances on the origami can be determined
accurately. As suggested by the values in Table 5.3, the mapping residues contribute an uncertainty
caused by the colour offset r in the range of 10 - 15 nm to a single distance mesasurement. Considering
the target distances on the origami, this error lies in the range of 15 - 20%.

Note that the fact that the residue vectors do not lead to a considerable bias here is because the origami
is placed randomly. If the origami was oriented, that is, (α) was fixed for each residue vector, a bias
determined by the residue distribution will be introduced.

5.2.2 Characterising the structural integrity of origami samples

This subsection describes the application of the method to characterise samples of two different tPad
designs. Since the surface of the flow cell for the sample deposition was not furnished with a regular
pattern, the tPad evaluation focuses on the structural integrity and the deposition side ratio. The
labelling of the two designs will be compared. The fluorophore distance distributions will be compared to
the theoretical values. The results presented allow for discussing the method’s capability to characterise
DNA origami and for evaluating the structural integrity and deposition side ratio of the tPads.

Model of the fluorophore distance distribution

As discussed in Section 5.2.1, an experiment will yield a statistical distribution for each fluorophore
distance. The numerical examples in Figure 5.6 have evaluated one factor that influences the broadness,
which is the colour offset. In practice, the localisation uncertainties of the fluorophore positions play
a role as well. For a single marker the localisation uncertainty stems from fitting the point spread

8This does not yet consider the influence of the origami on the distribution broadening.
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functions of a fluorophore to the measured intensity distribution[223]. Therefore, the single marker
positions scatter statistically in the k images of a field of view. This could also be enhanced here
because the dye molecule is located at the end of the 6 nm link and can move on the origami structure
between imaging. In combination, both the colour offset and the localisation uncertainty are propagated
into the uncertainty of a fluorophore distance. The following paragraph discusses a model to describe
this uncertainty mathematically.

The fluorophore distance distribution can be described as distribution9 of the Euclidean distances between
two random points in a 2D space (5.4).

L =
√
(Xa −Xb)2 + (Ya − Yb)2 (5.4)

In (5.4), L denotes the fluorophore distance, which lines out with the notation in (5.3) and Figure 5.5.
The random points form the point clouds A(Xa;Ya) and B(Xb;Yb), which are illustrated as large red and
green filled circles in Figure 5.7.

Figure 5.7: Model to derive the distribution of the fluorophore distances. The black Xs mark the true
fluorophore positions on the origami. Each red or green x is a point cloud centre that belongs to an
experimentally found cluster. For each x(x̄a; ȳa) in the red point cloud, there is the corresponding
x(x̄b; ȳb) in the greed point cloud that mark the end points of the fluorophore distance l(ab). For the
latter, three examples l1, l2 and l3 are shown. Above point cloud A, a smaller red point cloud of k
red dots around a single red x is displayed. It illustrates that each x is the experimentally determined
position (x̄∗; ȳ∗) of a fluorophore calculated according to (5.1) as weighted mean of the single fluorophore
positions found in the k images of a field of view.

For the model, consider all origami of a sample stacked on top of each other, and aligned according to
their theoretical fluorophore positions. Then the point clouds A and B are the hypothetical distributions
of experimentally determined fluorophore positions around the true, i. e. theoretical positions of two
fluorophores. Figure 5.7 illustrates this: the black cross in a point cloud centre marks the true fluorophore
position. Each coloured cross is an experimentally determined fluorophore position of one of the aligned
origami of the sample, and it has a corresponding marker in the other point cloud. Figure 5.7 shows
three example distances l1 to l3 between such corresponding fluorophore positions. Now consider that
each experimentally determined fluorophore position, i. e. each x, is a point cloud centre itself that was
calculated from the positions of that fluorophore in the k images taken of field of view. In Figure 5.7
such a point cloud of k fluorophore positions around a point cloud centre x is shown as a zoom-in onto

9Upper case letters L, X and Y indicate random variables, while the respective lower case letters refer to their realisations.
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one red x.
The coordinates of the point cloud centres of A and B, i. e. Xa; Xb; Ya; Yb are independent random
variables. As there is no restriction in the dye movement, it can be assumed that the point cloud centres
are normally distributed around the true fluorophore position10 and that the standard deviations sX and
sY are equal for the same point cloud. Consider that the difference of two normally distributed random
variables is a normally distributed random variable as well, therefore:

X = X1 −X2; X ∼ N(µX ; s2
X) (5.5)

s2
X = s2

X1 − s2
X2 (5.6)

Y = Y1 − Y2; Y ∼ N(µY ; s2
Y ) (5.7)

s2
Y = s2

Y 1 − s2
Y 2 (5.8)

and
L =

√
X2 + Y 2 (5.9)

As sX1 = sY 1 and sX2 = sY 2, the standard deviations of both random variables are equal and will just be
referred to as s.
Again, X and Y are independent. As X has the arbitrary mean µx and Y has the arbitrary mean µy,
there exists a unique θε[0; 2π) and ν with

ν =
√
µ2
x + µ2

y (5.10)

such that

µx = ν cos(θ) (5.11) µy = ν sin(θ). (5.12)

Consequently, X and Y can be rewritten as circular normal random variables[381]:

X ∼ N(ν cos(θ); s) (5.13) Y ∼ N(ν sin(θ); s). (5.14)

Thus, L can be considered as a circular bivariate normal random variable with potentially non-zero
mean. The probability distribution of the magnitudes of such a variable is a Rician distribution[380]

R(ν; s2
l ). The variance s2

l is
s2
L = s2 + s2 = 2s2. (5.15)

The fluorophore distributions obtained for origami should yield Rician distributions with ν equal to the
fluorophore distances according to design. For the tPads ν ≈ 80 nm, and for large ν such as these, the
Rician distribution can be approximated as a Gaussian distribution[380].

Overall, the model suggests a Gaussian distribution, or in broader terms, a bell-shaped curve, for the
fluorophore distance distributions. For the broadness, the localisation uncertainties and the colour offset
play a role (see Section 5.2.1). It was demonstrated that the colour-offset residues broaden the fluorophore
distance distributions symmetrically (see Figure 5.6). As a result, the distances are not necessarily
normally distributed; however, a symmetric distribution is expected.

10Actually, Figure 5.7 depicts sample means, i. e. the point cloud centres, dispersed around the population mean, i. e. the
true position of a fluorophore on a tPad. Thus, the point cloud centres are distributed normally around the true marker
position, while in the point cloud of a single fluorophore, the emission incidents are not necessarily normally distributed.
A distribution of sample means around the population mean is usually described by the Student’s t-distribution. For large
sizes n of the samples, typically for n>30, the t-distribution can be approximated as a Gaussian distribution[380]. As for
this method, n≥100, this assumption is valid here.
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A measure of the broadness will be the overall uncertainty of the fluorophore distance measurement sd.
To derive an expression for sd, a propagation-of-error formula[366] was derived from (5.3). The stepwise
procedure is given in Section 2.7.2. Equation (5.16) states the resulting expression. As can be seen, the
actual fluorophore distance l and the uncertainty introduced through the colour offset in the form of the
residue r are relevant variables for calculating d. Furthermore, an uncertainty of the residue ∂r, and a
localisation uncertainty ∂l are propagated into sd.

sd =

√
(∂l)2 · (l2 + r2 cos2 α) + (∂r)2 · (r2 + l2 cos2 α) + l2r2 · (∂ cosα)2

l2 + r2 − 2lr cosα
(5.16)

In order to calculate numerical examples for sd for the two experimental datasets presented here, Table 5.5
lists the components and the resulting sd for d(gb) for the first mapping with design I and for the second
mapping with design II. The localisation uncertainties ∂l in (5.16) are the average weighted localisation
uncertainties s∗l of all d(gb) measurements for the standard sample and the noisy sample, respectively.
For l, the gb distances according to the designs are used. For r, the respective mean residues r̄ of the
first or second mapping are taken. For ∂r, the standard deviations sr of the respective mapping residue
distributions are taken. Both r̄ and sr are doubled compared to the values given in Figure 5.4 and
Appendix Figure A.13to account for the fact that in the experiments, the mapping calibration is derived
from a field of view the samples distances are not derived from (see discussion in Section 5.2.1.).

Table 5.5: Total fluorophore distance uncertainties sd for the distance d(gb) of the two experiments with
tPads calculated according to (5.16). The experimentally determined values for r̄, s∗l and sr were used.
The value for r̄ and sr are doubled compared to Figures 5.4 and A.13 to account for the fact that the
sample will not be derived from the same field of view as the mapping calibration. The values for cosα
and scosα were calculated as given in Section 2.7.2.

l s∗l [nm] 2 · r̄ [nm] 2 · sr [nm] cosα scosα sd [nm] 3 · sd [nm]

design I 87.50 0.17 9.32 3.64 0.64 0.71 7.49 22.48
design II 79.50 0.12 11.73 6.19 0.64 0.71 10.13 30.38

It becomes evident, that the uncertainty introduced through the colour-offset residue r contributes most
to the overall localisation uncertainty. The value 3 · sd given in Table 5.5 provides the confidence interval
that holds at least 89% of the sample values around the mean (according to Chebyshev’s inequality for
non-normal distributions[382]). Due to its smaller mean residue r̄, the mapping in the design I experiment
yields a narrower distribution. Yet the values underline that the mapping has to be improved to make
the method applicable for single-molecule measurements.

Design I: experimental results

Figure 5.8 displays a zoom into a typical field of view with all colour channels stacked after the colour-offset
correction. Clusters with single fluorophores as well as two or three fluorophores are visible. The clusters
are separated well. It can be assumed that clusters with three fluorophores stem from an immobilised
tPad11. For a single fluorophore, most point clouds display a circular shape but, in contrast to the
Tetraspeck beads, elongated shapes occur as well. In general, considerably less localisations form a cloud.
As the flow cell surface is not structured, the orientation of the origami on the surface is random, and
a preferred orientation introduced, e. g., during the sample preparation was also not detectable. As the
point clouds are localised well, the anchoring of the origami on the surface has worked as expected. In
the following, the labelling and the fluorophore distances in that sample will be discussed.

Fluorophore distances and deposition side. For 127 tPads in this sample that were found labelled
with all three fluorophores, the target values will be discussed in the following. Note that fluorophore

11The probability of random co-localisations will be discussed in Section 5.2.3.
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Figure 5.8: Zoom of a typical field of view. Pixel size: 10 nm. The inset shows typical point clouds in
the three colour channels that mark a tPad.
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distances from two-colour clusters are not part of this statistics. The reason will be discussed together
with the random co-localisation (see Section 5.2.3).
Figure 5.9 displays the histograms of the fluorophore distances rg, rb and gb and of the angle θ. For
comparison, the theoretically expected values are given as dashed black lines.
All fluorophore distances yield statistical distributions. For all of them, the mean and median, given
as continuous and dashed blue lines in the histograms, lie below the theoretically expected distances.
Furthermore, the distributions are broad, with minimum values < 10 nm and maximum values > 200 nm12.
All of them display a global maximum and a tailing to the right (positive skew).
By design, θ =53.7°. Figure 5.9 d displays its distribution and denotes the mean and median. While the
mean is close to the theoretically expected value, the median accounts for the tailing of the distribution
and appears to be the more representative statistic. There are single values from 0° to almost 180°.

Figure 5.9: Distributions of the fluorophore distances a) red-green (rg), b) red-blue (rb) and c) green-blue
(gb) as well as of d) the gbr angle θ for a standard, design I tPad sample. Black dashed lines mark the
values according to design, continuous and dashed blue lines mark the experimental mean and median,
respectively. Gaussian bell curves (black) illustrate the fluorophore distribution theoretically expected.
They account for the mapping residue and statistiacal variations in the fluorophore positions. The
experimental fluorophore distributions display kernel density fits (blue curves).

Comparison of distance model and experimental data. In the Figures 5.9 and 5.12, Gaussian bell
curves with maxima at the design fluorophore distances and sd as given in Table 5.5 are added to the
experimental d(gb) distributions (black curves). They illustrate the expected distributions that include
a broadening according to the model. However, the distributions found experimentally are not Gaussian
or at least symmetric.

12Note that in the cluster filtration the size filter was set to 500 nm. That is, the filter did not affect the maximum.
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Table 5.6: Fluorophore distances in design I tPads labelled with all three fluorophores. a) Absolute
number and proportion of tPads with 1, 2 and 3 fluorophore distances within ± 3 sd ≈ ± 22 nm of the
designed distance. The total number of tPads is 127. b) Absolute number and proportion of measured
distances rb, rg, and gb within ± 22 nm of the designed distance in the 127 tPads.

a) 3 2 1

n 2 32 43
nrel [%] 1.6 25.2 33.9

b) rb rg gb

n(exp) 47 41 25
nrel(exp) [%] 37.0 32.3 19.7

On the one hand, these findings can stem from methodical errors. The distributions could include too
few values. Furthermore, errors in determining the Euclidean fluorophore distances can occur when the
imaged dyes were not always in focus[220].
On the other hand, the skewed distributions can display the actual state of the tPads. Probably, not just
intact tPads contribute signals, but several ill-shaped tPad subsets are present with fluorophore distances
that differ from the design value. A hint into that direction is given by the width of the distribution. If one
compares the expected Gaussian distributions to the experimentally found distributions, the latter are
significantly broader. Another strong argument in favour of this assumption is that the tPad disintegration
due to issues with the structural integrity was already observed by AFM (see Section 3.1.3). Furthermore,
assuming that ruptured tPads and tPad fragments are present lines out with the images displayed in the
user filter step, and the cluster count.
The subset that is relevant for the three-colour cluster count and thus for the experimental distributions
is ruptured tPads13. These tPads display a full cut through the origami frame, but contain all the
material of a tPad, that is, also all three fluorophores. In ruptured tPads, the fluorophore positions are
less correlated, as tPad parts can move relative to each other. As this results in a range of possible
fluorophore distances instead of one expected value, the resulting distance distributions cannot line out
with the expected Gaussian distributions.
However, if there is a subset of intact tPads, the expected Gaussian distribution will be present as well.
Thus, the histograms can be the result of an overlap of the Gaussian distribution of the intact tPads
with the non-Gaussian distribution of the ruptured tPads. It is challenging though to infer further
information about the ruptured tPads from the experimental distributions. Ruptured tPads might cause
a single non-Gaussian distribution, however, all experimental distributions here display local maxima or
peak shoulders. This could indicate that there are several subsets of tPads, which probably occur due to
several preferred rupture spots. It is likely that rupture in different spots leads to detectable subsets, as
each ruptured tPad provides a different residual structural integrity, which imposes a specific correlation
to the fluorophore positions. However, as only 127 values constitute each experimental distribution here,
the local maxima probably just occur due to statistic variance and binning.
If the local maxima persisted with increasing tPad number, it would confirm the presence of several
ruptured tPad subsets. In order to identify the distributions or clusters they cause, methods like a kernel
density estimate or the Jenks natural breaks optimisation might be employed.

In order to provide a quantitative measure for the state of the tPads on the flow cell surface, Table 5.6 a
summarises how many tPads (that are labelled with all three fluorophores) display one, two and three
distances within ± 22 nm (3 · sd, see Table 5.5) around the theoretically expected values.

In total, about 61% of the tPads display at least one expected distance, and 27% display at least two
expected distances. Only two in 127 tPads, that is 1.6%, display all three distances as expected. In
addition, Table 5.6 b summarises the proportions that meet the expected values for each of the three
fluorophore distances. Apparently, the rb distribution contains the most expected values, while the gb

13In theory, the disintegration will result in two general tPad subsets, ruptured tPads and fragments. Fragments are parts
of tPads, which can have biotin staples as well as one or two fluorophores attached to it. Thus, fragments can be part of the
one- or two-colour cluster count. As random co-localisation (see Section 5.2.3) is unlikely to result in three-colour clusters,
fragments do not contribute to the histogram.
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distribution contains the least. This lines out with AFM images. In the folding and melting studies,
for example, the top part of the tPad that bears the blue and red fluorophore proved to be resilient as
well. Overall, all distance yields lie in the same size range. The broad histograms with maxima not
coinciding with the expected fluorophore distances and the numbers in the Tables 5.6 a and 5.6 b suggest
a poor state of the tPad on the flow cell bottom. Comparing the numbers mentioned above to the yields
obtained by AFM (10 - 40% intact after filtering), the sample ranks among the lower values in the yield
range.
Note, that the yield of tPads with all three fluorophores in the expected size range is not directly
comparable to the AFM yield. Both yields are biased, that is, in both experiments only subsets of
the tPads present in the images were considered. The subsets are similar, but not necessarily the same.
For AFM, only freestanding tPads were evaluated. That is, in the aggregates that were also present in the
images, tPads were not counted as they could not be distinguished from one another. In the fluorescence
microscopy, labelling insufficiencies induce that the number of tPads with all three fluorophores in the
expected size range includes neither the absolute number of intact tPads nor the total number of tPads
on the flow cell surface. It is possible though that fluorescence microscopy might still include more broken
structures from the total count than AFM. Another fact that adds to in the poorer yield compared to
AFM is that intact tPads were determined manually for AFM, while in fluorescence microscopy, target
values had to meet numeric values. This sets stricter quality requirements. Fragments were not considered
in either method.

Although the yield determination routine partly accounts for the low yield, there might be mechanisms
that lower the yield compared to AFM. There are three main factors. Firstly, in addition to sample
filtration, which is the main cause of damage in AFM, flushing the sample into the flow cell could
introduce mechanical stress and damage.
A second factor might be the flow cell surface. Neither the presence of anti-biotin antibodies nor F127
damages DNA origami in general. However, the anti-biotin antibodies are up to 5 nm high[383]. Thus,
the surface is more rough than, for example, the mica for AFM investigations. That prevents the tPads
from stretching out. AFM involves depositing the origami on a mica surface, which means stretching it
out, as the whole origami surface interacts with the mica surface. For the fluorescence microscopy, the
interaction of origami and surface relies on a three-point fixation, i. e. on three spots with biotin-antibiotin
links. Both the surface roughness and the three-point anchoring of the tPads can introduce a creasing to
the origami, so a structurally intact origami would display unexpected fluorophore distances. As there
is no comparable effect for the deposition on mica, this might contribute to the low yield. Note that
the majority, i. e. 50 - 80% of the sample distances lie below the given range around the expected values.
This supports the creasing assumption and indicates damaged, crumbled structures. Apparently, the
range is the same for all structures, so no distance seems to suffer from particular damage. Furthermore,
assuming that in the majority of cases, tPad parts are shifted against each other, lines out with the broad
distribution of θ.
Thirdly, the deposition behaviour of the tPads might change on the flow cell surface compared to mica,
which might shift the proportion of intact structures amongst the deposited origami. An argument in
favour of this is that clusters of multiple fluorophores that suggest aggregates as found on AFM images
do not occur. Apparently, such clusters are either flushed out or dissolved. Again, the anchoring to the
anti-biotin antibodies is a key factor for the behaviour. Probably, fractured or ruptured tPads provide
more flexibility in their parts, so they are more likely to attach to a stabilising number of anti-biotin
antibodies.
In order to evaluate the influence of the surface more thoroughly, it is recommended to use a more resilient
origami as structure under test.

The deposition side of a tPad on the surface can be determined from the direction of the gbr angle θ.
This is referred to as circularity. As the origami-anchoring biotin staples are supposed to protrude to one
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side, the tPads are supposed to stick to the surface with that side, making gbr clockwise. However, only
half of the tPads (about 55%) follow the expectation. That there is a deviation from 100% can be due
to incomplete binding, as a tPad might lack biotin staples due to filtration or other processing, or biotin
staples might lack the biotin, e. g., as a results of a synthesis error. As a main contributor, for 2D DNA
origami, the threading of staples[377] has to be considered. That is that staples set by design to protrude
to one side will slip through the origami weave to the other side, if they are long enough. The biotin
staples feature a 20 b spacer to introduce more degrees of freedom to the binding and thus to avoid a
bottleneck for surface deposition. However, at that spacer length, threading is likely.

Overall, the method indicates that there is more than one subset of tPads on the flow cell surface and
that the majority of the tPads does not display the expected fluorophore distances. This lines out with
the result from AFM images. In that way, the method proved to be useful to characterise origami in
solution qualitatively and quantitatively.

Labelling. In order to evaluate the labelling setup of a tPad design, and to relate the fluorophore signals
in a field of view to the structures they represent, the distribution of one- two- awillnd three-colour
clusters will be discussed. Figure 5.10 displays the labelling distribution for the 3105 structures found in
this experiment. Note that in order to identify these clusters, only the colour threshold filter (FP 1) has
been applied yet. To what extend that leads to including non-origami originated structures in the count
will be discussed in the following. The background of the flow cell was routinely checked prior to flushing
in origami and found to be clean. Columns 3 to 9 (“r” to “rgb”) in Table 5.7 give the cluster count sorted
by colour. For the three-colour clusters, the numbers after the size (FP 2) and shape (FP 3) filter as well
as after all four filters are given, too (columns 10 and 11). The latter value is the only one that plays a
role in discussing the fluorophore distance distribution (see above).

Figure 5.10: Labelling in the standard, design I tPad sample. Ratio of the clusters in six fields of view
(FOV) labelled with one to three fluorophores found after applying the colour threshold (FP 1). The
cluster type (r, g, b, . . . ) is given in the x-axis. The distributions of cluster types is similar throughout
the sample. Comparing FOV 1 and 6, the Alexa Fluor 660 (red) bleaches the most over time.

Table 5.7: Cluster counts and proportions for the sum of all FOVs of Figure 5.10 after the colour threshold
(FP 1), and for the rgb clusters after additional size and shape filters (FP 2+3), or all filters (FP2 - 4).
Most clusters contain one fluorophore. The user had to remove about half the rgb clusters due to ill
tracking of at least one fluorophore position.

cluster
after FP 1 rgb after
total r g b rg rb gb rgb FP 2+3 FP2 - 4

count 3105 1170 339 671 125 300 223 277 263 127
% 37.7 10.9 21.6 4.0 9.7 7.2 8.9 8.5 4.1

With around 70%, clusters with one fluorophore represent the largest subset of the labelled structures.
Around 21% display two labels, only around 9% of the clusters were initially identified as three-colour
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clusters. The fact that less than a tenth of the structures are labelled as desired can be due to issues with
the labelling, the structural integrity of the tPad (rupture and fragmentation) or with the surface blocking
of the flow cell, which as a consequence could not hold off fluorophore ODNs. Table 5.8 summarizes how
every type of cluster can occur due to multiple reasons.

If the surface blocking with F127 was insufficient, not just tPads but also fluorophore-carrying ODNs
present in solution, for example, due to dehybridisation after filtration or insufficient filtration would
sediment onto the flow cell surface. As the tPads are labelled with one fluorophore per colour, an ODN
signal does not differ in intensity from a tPad signal, and primarily, the fluorophore ODNs would increase
the count of one-colour clusters. In this experiment, however, even an insufficient blocking would not be
harmful, because the concentration of fluorophore-carrying ODNs proved to be negligible. That is, the
agarose gels of the filtered tPads showed no or faint bands of fluorophore ODNs (Appendix Figure A.14),
and ODNs at a concentration close to the gel’s detection limit could most probably not have caused the
large subset of one-colour clusters. Furthermore, even if a fluorophore ODN occurs on the surface, it
probably sticks less tight than the ones on the biotin-anchored origami. Thus, ODNs might be removed
during the flushing step, or their poorly located signal might not meet the colour or the shape filter.

Table 5.8: Overview over structure subsets that can contribute to the colour cluster types. “Intact
origami” is well-formed tPads that can still be labelled incompletely. Ruptured origami has a fissure
through its structure, while fragmented origami has broken into two pieces at least.

clusters: 1 colour 2 colour 3 colour

intact origami yes yes yes
rupture yes yes yes
fragmentation yes yes unlikely
random co-localisation impossible yes unlikely
fluorophore ODNs yes unlikely unlikely

Two major contributors to the labelling distribution might be the structural integrity of the tPad, or
to be precise, the tPad fragmentation discussed before, and the labelling setup for the tPads. Relying
on one handle and one fluorophore ODN per colour for labelling requires well-connecting handle-ODN
pairs and a high labelling quality of the fluorophore staples. Determining a yield of the pairing on the
single-molecule level is challenging. The PA and agarose gels (Appendix Figures A.14 and A.2) proof
only qualitatively that handle-ODN-pairs form from staples, and on tPads. Due to their design, neither
handles nor ODNs form hairpins or other secondary structures. The melting temperatures of all pairs lie
in the range of 59.3 ◦C to 61.1 ◦C, which is sufficiently above room temperature to prevent detachment.
Thus, the handle-ODN-pairs seem functional. A major contributor to the labelling insufficiencies is the
bleaching. For example, in PALM 30% of the molecules are reported to bleach before they can be included
into the analysis[199].
Bleaching and labelling quality seem to differ amongst the fluorophores. Figure 5.10 shows the cluster
count per fluorophore and per field of view (FOV), where FOV 1 was taken first, and FOV 6 last in the
experiment. As can be seen, the red dye bleaches considerably during the experiment, while the number
of green and blue localisations per field of view stay about the same. Probably, the quickly bleaching
subsets of the green and blue dye molecules have already stopped emitting prior to imaging. Regardless
of that, the red signals still outnumber the other fluorophores signals on average. The ratio r : g : b should
be 1 : 1 : 1, but on average, it is approximately 2 : 1 : 1.5.
Another issue here would be an effect that will be referred to as random co-localisation. That is that
randomly arranged excess staples, fragments or aggregates can form two- or three-colour clusters that
meet the filter criteria. This effect will be discussed in greater detail in Section 5.2.3. In this sample and
at this stage (without the filters 2 to 4), the number of random co-localisations amongst the two-colour
clusters can be up to 25%. Note that for rgb, this number is 1% only. Thus, random co-localisation does
not affect the fluorophore distance distributions.
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The results of the labelling analysis can be summarised as follows: The method revealed the fragmentation
and rupture of the tPads after filtration also in the distribution of the one-, two- and three-colour clusters.
This finding lines out with the AFM images and the broad fluorophore distance histograms that the
method as yielded as well. To the low yield of three-colour clusters, labelling insufficiencies most likely
contribute as well.
Evaluating the fragment subsets quantitatively, or gathering the labelling yield for each colour from the
ratio of the cluster counts would be interesting. However, as both the bleaching and structural issues of
the tPads contribute at the same time in this experiment, it is not possible to distinguish the effects.

Design II: experimental results

Performance compared to design I. Design II was set up primarily to yield more three-colour clusters
through a different labelling strategy. The result of multiple experiments was that this could not be
achieved. The main reason is the fragility of the tPads. That is, the origami has always fragmented so
much that, as for design I, the structural issues of the origami determined the ratio of the one-, two-
and three-colour clusters instead of the labelling. The fragmentation also prevented further investigation
of the right-angled triangular fluorophore pattern, which was newly introduced in design II to study,
e. g., length changes depending on the salt concentration. However, the intensity count of the fluorophore
signals roughly tripled, as expected from tripling the number of dye molecules per staple. For experiments
with other structures, this aspect should be kept in mind.
Bearing all these facts in mind, an average sample of design II does not provide more findings than the
sample of design I discussed before. Thus, an unfiltered sample will be presented in the following to discuss
the influence of the cluster density and of method parameter settings on the fluorophore distributions.
The parameter settings will be discussed in Section 5.2.3 and the six fields of view included in this sample
will provide the dataset for it. First, the sample will be evaluated like the sample for design I.

AFM revealed that the yield of intact structures in the sample presented here was with 6% at the very
low end, especially since it was not subjected to the mechanical stress of filtering. Figure 5.11 displays a
field of view at the same stage of image processing as Figure 5.8. Comparing these images, the intended
increase in cluster density, which is about 6.5 times higher in Figure 5.11, is obvious. Furthermore, the
inset in Figure 5.11 gives an impression of the point clouds found. Many of them are more scattered and
elongated. This could indicate the presence of fluorophore staples despite the surface blocking, as their
abundance in the unfiltered sample makes a deposition more likely. It might also indicate that for this
design, the ruptured and fragmented tPads are not fixed as tightly on the flow cell surface as for design I.
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Figure 5.11: Zoom of a typical field of view of the noisy design II sample. The inset shows a three-colour
cluster with the widespread point clouds typical of the sample. The green fluorophore is localised poorly.
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Fluorophore distances and deposition side. In order to account for a higher cluster density compared
to the sample for design I when obtaining the fluorophore distance distribution, the upper limit of the
size filter FP 2 was lowered from 500 nm to 250 nm. The other parameter settings were kept as listed in
Table 5.2 to not exclude origami in the first place. Figure 5.12 shows the resulting distributions of the
fluorophore distances and θ.

Figure 5.12: Distributions of the fluorophore distances red-green (rg), red-blue (rb) and green-blue (gb) as
well as of the gbr angle θ for a noisy, design II tPad sample. Black dashed lines mark the values according
to design, continuous and dashed blue lines mark the experimental mean and median, respectively. A
Gaussian bell curve (black) illustrates the fluorophore distribution theoretically expected. The fluorophore
distance distributions display kernel density fits (blue curves).

As for the sample of design I, the fluorophore distributions are broad, which reflects the fragmentation
of the tPads. As for the design I sample, all distributions here display a mean and median below the
expected values. Figure 5.12 d shows the distribution for θ and lists the mean and median. The angle
θ is supposed to be 90°. As for the design I sample, the distribution is broad and displays values from
0 - 180°, with a stronger fraction in the range of higher angle values. Neither the mean nor the median
lie close to the expected value, which represents the low amount of intact tPads in the sample. The
proportions of tPads with fluorophore distances in the expected range are given in Table 5.9 a and b. In
total, 53% of the tPads here display at least one, and 27% display at least two distance value within the
expected ranges. These values lie in the same size range as for design I. Regarding the yield of tPads that
display three fluorophore distances within design value ± 3 sd, their proportion increased compared to the
sample of design I to 8.6%. Most probably that reflects that the range of valid distances is ± 30 nm here
compared to ± 22 nm for the sample of design I tPads. The broadening stems from the larger mapping
residue in this sample (see Figure 5.4 and Appendix Figure A.13). Overall, the tPads are not in a better
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shape compared to the design I sample.

Table 5.9: Fluorophore distances in design II tPads labelled with all three fluorophores in the noisy
sample. a) Absolute number and proportion of tPads with 1, 2 and 3 fluorophore distances within
± 3 sd ≈ ± 30 nm of the designed distance on 175 tPads. b) Absolute number and proportion of measured
distances rb, rg, and gb within ± 30 nm of the designed distance in the 175 tPads.

a) 3 2 1

n 15 32 45
nrel [%] 8.6 18.3 25.7

b) rb rg gb

n(exp) 103 34 63
nrel(exp) [%] 58.9 19.4 36.0

Labelling. Figure 5.13 displays the labelling ratio for six fields of view for the noisy sample as it was done
in Figure 5.10 for the standard sample. Table 5.10 summarises the cluster count for the 17130 clusters
found after FP 1 as well as for the rgb clusters after FP 2 and 3, and FP 2 - 4.
Because in design II the fluorophores are incorporated into the tPad, binding failure or detachment
should not play a role. In contrast to the standard sample, the green labelling was more successful. The
distribution of the cluster types is less even throughout the sample than in the standard sample.

Figure 5.13: Labelling in the noisy, design II tPad sample. Ratio of the clusters in six fields of view
(FOV) labelled with one to three fluorophores found after applying the colour threshold (FP 1). The
cluster type (r, g, b, . . . ) is given in the x-axis.

Table 5.10: Cluster counts and proportions for the sum of all FOV of Figure 5.13 after the colour threshold
(FP 1), and for the rgb clusters after additional size and shape filters (FP 2+3), or all filters (FP2 - 4).
Again, most clusters contain one fluorophore. The user had to remove about 88% of the rgb clusters due
to ill tracking of at least one fluorophore position.

cluster
after FP 1 rgb after
total r g b rg rb gb rgb FP 2+3 FP2 - 4

count 17130 2789 4311 2912 1527 942 2176 2473 1440 175
% 16.3 25.2 17.0 8.9 5.5 12.7 14.4 8.4 1.0

Naturally, one would assume that an increase in fragmentation or not filtering the sample
leads to an increase in the one- and two-colour cluster proportions. However, the ratio of
one-colour : two-colour : three-colour clusters for the standard sample, 70 : 21 : 9, is similar to the ratio
in the noisy sample, where it is 59 : 27 : 14. The fact that the increased proportion of origami fragments in
this sample compared to the standard sample does not show can be because ill-structured tPads contribute
to all kinds of clusters (Table 5.8). As for the design I, one can assume that there are fragments of tPads
that contribute to the one- and two-colour clusters, and ruptured tPads that contribute to the three-colour
clusters.
That there is no significant increase in the proportion of one-colour clusters indicates that the surface
blocking is effective, and not many fluorophore staples, which do not contain an anchoring biotin, remain
on the flow cell surface.
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Overall, increasing signal noise by increasing the proportion of fragmented origami and not removing the
fluorophore staples is not reflected in the labelling ratio. Thus, the method seems to exclude the noise
well.

5.2.3 Reliability and robustness of the multicolour method

As discussed in the previous chapter, the structural characterisation of origami in this indirect method
is the statistical evaluation of a set of target values. These statistics could fail to depict the state of the
origami on the flow cell surface if they included non-origami or excluded origami. This has to be avoided
by thoroughly choosing the clustering parameters and the filter parameters in the method workflow. In
order to evaluate the robustness of the method in terms of reflecting the state of the origami on the
flow cell surface, random co-localisations at different cluster densities and the influence of the parameter
settings on the statistics are discussed in the following.

Random co-localisations depending on the cluster density

As stated in Section 5.2.2, random co-localisation refers to the effect that fluorophores are deposited on
the flow cell surface in a way that they form two- or three-colour clusters that meet the filter criteria
without being origami. In order to evaluate the chance of misinterpreting a random co-localisation as
origami, mixed datasets were investigated. That is, the colour channels of three different fields of view
were mixed. As there is no correlation between the signals, analysing these datasets according to the
usual workflow (Figure 5.3) should ideally not yield two- or three-colour clusters. Table 5.11 summarises
the findings. In datasets named “original”, all three colour channels are from the same field of view,
i. e. they should contain two- and three-colour clusters.

Table 5.11: Random co-localisation for different cluster densities before applying filter parameters. In
the sample name, “standard” refers to the experiment with design I tPads, while “noisy” refers to the
experiment with design II tPads with strong background noise. “Original” indicates that all colour
channels stem for the same FOV, while for “mixed” they originate from three different FOVs, a. f. means
“after filtration”. Cluster density in clusters/µm2, noisy mixed/standard mixed without unit, all other
values in %.

tab:raco cluster density 1-colour 2-colour 3-colour 3-colour a. f.

standard original 9.7 70.2 20.9 8.9 4.1
standard mixed 13.2 96.4 3.5 0.1 0.05
mixed/original*100 136.2 137.3 16.8 1.1 1.2

noisy original 63.1 58.4 27.1 14.4 1.0
noisy mixed 67.3 73.2 21.2 5.7 0.02
mixed/original*100 106.5 125.2 78.1 39.3 1.9

noisy mixed/standard mixed 5.1 0.8 6.0 60.0 0.4

First, random co-localisation is evaluated in the standard sample by comparing original and mixed
datasets. The cluster density in the standard original dataset is slightly lower than in the standard
mixed dataset, but both values are in the same size range. As it was expected, the proportion of
one-colour clusters increases in the standard mixed dataset, while the proportions of two- and three-colour
clusters decrease. However, two- and three-colour clusters were found as well. In order to quantify what
percentage of the two- and three-colour clusters in the original dataset could stem from a coincidence, the
ratio “mixed/original*100” in percent is given in the table as well. It was found that about 17% of the
two-colour clusters found prior to applying the filters 2 and 3 could originate from random co-localisation.
However, for the three-colour cluster, that same proportion is 1% only (Table 5.10). That is, random
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co-localisation does not affect the number of three-colour clusters.

The second factor to compare is the original noisy dataset to the mixed noisy dataset. The cluster densities
for the original and the mixed datasets are in the same size range again. While in the mixed dataset the
proportion of one-colour clusters increased and the proportion of three-colour clusters decreased again,
the number of two-colour clusters stayed in the same size range. Calculating the same ratios as for the
standard sample, about 78% of the two-colour clusters and 39% of the three-colour clusters found prior to
filtering could be attributed to random co-localisation. Here, the demand for further filtering is obvious.
At the end of the filter routine, only 2% of the three-colour clusters might not be origami. As for the
standard sample, that is negligible.

Third, the mixed dataset of the noisy sample is compared to the mixed dataset of the standard sample.
The cluster density for the noisy datasets is about five times the density of the standard datasets. Prior
to filtering, this caused a sixfold increase in the proportion of two-colour-clusters from 3.5% to 21.2%.
Amongst the three-colour clusters it caused an increase from 0.1% to 5.7%, which is about sixty times.
As for the standard mixed dataset, filtering was able to practically eliminate the false findings amongst
the three-colour clusters in the noisy mixed dataset. However, there is probably an upper threshold for
the cluster density, beyond which filtration might not be capable to exclude random co-localisation.

Finally, the two original datasets are compared. While the cluster density in the noisy sample is 6.5 times
the density in the standard sample, the density of three-colour clusters after filtration is only about 1.6
times that high. That is, in the same amount of clusters, only 1/4 of the number of intact tPads are
found. That lines out with AFM data.

In all datasets the number of two-colour clusters is two to four times the number of three-colour clusters.
In theory, analysing the fluorophore distributions amongst the two-colour clusters would yield further
information on the labelling and fragmentation. However, as random co-localisation occurs at such high
frequencies, filtration might not be able to compensate this. Thus, the length distributions for the two
colour clusters are not presented or discussed for this origami.

The influence of the clustering parameters and the filter criteria

Choosing appropriate clustering and filter parameters has to balance finding all origami, eliminating
signals not originating from origami, i. e. noise, as early as possible to make the routine fast, and avoiding
biases in the results. To evaluate how parameter changes influence the resulting distribution, the gb
fluorophore distance distributions generated from one field of view will be compared upon changing one
parameter at a time. In order to evaluate whether a parameter change excludes origami as well, the
number of intact structures found will be compared. Intact structures in this context are structures that
display all fluorophore distances d within expected ranges (d± 3 · sd). Field of view 1 of the noisy sample
serves as the FOV under study.
Table 5.12 sums up the settings and Figure 5.14 shows the gb distance distributions.

First, a reference gb distribution and a reference number of intact structures is determined (parameter
settings “reference” in Table 5.12). This reference dataset displays the state of the tPads on the flow
cell surface in a reasonably correct way. As a measure whether a parameter setting yields the same
tPad characterisation as the reference dataset, the number of intact structures and the shapes of the
distributions are compared. The numbers of intact origami are supposed to be equal, while the gb
distributions should display similar shapes. Variations will occur here because the reference dataset
rather allows noise in than that it excludes data that could be intact origami. Of the seven parameters
(clustering parameter ClP 1 - 3 and filter parameter FP 1 - 4), the binning pixel size (ClP 2), the colour
threshold (FP 1), the shape filter (FP 3) and the user filter (FP 4) will be evaluated. That is because they
are supposedly the most influential. The size filter was kept at the range of 0 - 250 nm in all parameter
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Table 5.12: Settings chosen to evaluate the influence of the clustering parameters and the filter criteria
on the resulting fluorophore distance distribution. The name of the settings is given in the first column.
For FP 2, the lower and upper boundaries in nm are given. For FP 3, the two possible types of the shape
filter, eccentricity and standard deviation of a point cloud, are denoted as “ex” and “std”; for “ex”, lower
and upper boundaries are given.

Setting CP 1 CP 2 CP 3 FP 1 FP 2 FP 3
2D binning
pixel size [nm]

event threshold
for binary image

size parameter of
structural element

colour thresholds for
each colour channel

size filter
[nm] shape filter

reference 50 6 5 20 0/250 ex: 0.28/3.5
1 25 6 5 20 0/250 ex: 0.28/3.5
2 50 6 5 45 0/250 ex: 0.28/3.5
3 50 6 5 20 0/250 std 5 nm
4 50 6 5 20 0/250 std 10 nm
5 50 6 5 20 0/250 ex: 0.9/1.1
6 50 6 5 20 0/250 ex: 0.67/1.5

settings instead of varying it. That is because its influence on the distribution is known, which is cutting
the resulting distributions at a chosen value.
The initial distribution displays three peaks (“FP4: unbiased” in Figure 5.14). The theoretical gb distance
is 79.5 nm. The largest peak lies in the vicinity of that values, and probably contains intact tPads. Given
the poor localisation of a considerable proportion of the fluorophores displayed in the probed field of
view (Figure 5.11) and the fact that an intact tPad should be about 100 nm x 100 nm in size, non-tPad
structures might be included in the two remaining peaks to a higher degree as in the first peak. The
number of intact structures in this distribution was three.
Lowering the 2D binning pixel size to 25 nm has resulted in slightly less clusters found. The distribution
displays the three peaks of the initial distribution as well, but the first peak has increased while the other
two have shrunk. Furthermore, a fourth peak appears as a shoulder before the first. This large peak
occurs probably because clusters formerly included in the second and third peak were split and count
twice now. In addition to the cluster splitting, the second and third peak decrease because a proportion of
the larger clusters is excluded as the area considered as one cluster is smaller than for the reference value.
As the percentage of noise is probably higher amongst the larger clusters, decreasing their proportion in
the distribution means that this clustering parameter can reduce noise effectively. Nevertheless, the new
peak shoulder from the cluster splitting is an artefact. It might be pronounced for this sample, as the
stretched outlines of many fluorophore point clouds predispose false cluster splitting. Apparently, there
is a minimum binning pixel size, which is set by the size of the origami. Four intact structures were found
instead of three as in the reference distribution. Probably, an artefact is introduced here as well. Overall,
25 nm must be considered below the lower limit where the state of the sample is reflected correctly.
Next, the colour threshold was more than doubled. As a result, considerably less structures were found
and the distribution displays three flat peaks, roughly preserving the reference shape. The decrease
reflects the labelling situation in the tPads. As no intact structure was found, the colour threshold it set
too restrictive here. It apparently comprises a powerful filter tool.
For the reference distribution, the size and shape filters did not dismiss many clusters. The stricter
settings for the shape filter chosen here result in a distribution as broad as the initial, but without
pronounced peaks. The distribution also includes fewer values and only one of the intact structures was
found. Apparently, the filter excludes structures effectively, but not noise only.
The shape filter eliminates clusters, i. e. point clouds, by comparing them to an ellipse whose axis ratios
are defined by the shape filter settings (see Section 5.1.3). The closer the axis ratios are to 1, the stricter
the filter demands a circular point cloud, which is the expected shape. However, the shape parameters
used to calculate the axis ratios are a cluster’s projections on the x- and y-axis. That is, depending on
their orientation on the sample surface, ill-shaped clusters might meet the filter criteria. As an alternative
filter for future applications and as the a last parameter setting presented here, the absolute value of the
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Figure 5.14: Influence of varying the method parameters. Distance distributions of d(gb) that result from
using the settings given in Table 5.12.

standard deviation of a point cloud is investigated. In this sample, a standard deviation of 10 nm results
in a distribution that keeps the shape of the initial one. The filter has discarded a considerable amount
of values, but two of three intact structures are still found. This suggests that, while fine adjustment is
still needed, the standard deviation seems a suitable filter tool.

Note that in all parameter settings discussed, the user filtered the remaining clusters appropriately in
the final step. That is, they remove obviously faulty clusters. An example of a faulty cluster is given
in the inset in Figure 5.11. Here, the green point cloud displays two centres, which could occur due to
the moving of the tPad during the scan. It resulted in an unrepresentative mean position of the green
fluorophore. However, the user filter is a powerful mean to bias the results. The distribution labelled as
“FP4: biased” in Figure 5.14 resulted from the reference settings and the user allowing structures only
that they considered as good. That is, a structure would have circular point clouds and display distance
values close to the expected values in the tPad. As can be seen, the sample size decreased considerably
and the shape of the distribution was not preserved. One intact structure was found. Clearly, this sample
is prone to user biasing because of the strong background noise, which generates plenty of oddly shaped
structures, which the user will remove.
In order to evaluate the influence of the user in the standard origami sample, Figure 5.15 displays the
same distributions as discussed in Section 5.2.2 (see Figure 5.9 a - c) in orange, while the blue distributions
were obtained without user filter application. As in the orange distributions the shapes are preserved,
the user did not introduce a bias to the standard sample.
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Figure 5.15: Influence of the user filter. Fluorophore distance distributions of the standard sample with
(orange) and without (blue) applying the user filter. While the user reduces the total number of structures
included, the shape of the distributions remain. Thus, if the user only removes faulty clusters, the result
remains unbiased.

For the evaluation of the cluster, the routine presents a zoom-in on each cluster to the user, while it marks
the cluster in the image of the FOV as well. For the user to filter reasonably, it is important to consult
both images. For a run without the full FOV for consulting, the user approved only 10 instead of 20
three-colour clusters. For the standard sample, Table 5.7 suggests that the number of three-colour clusters
is almost kept after the colour, size and shape filters, but it is more than halved after the user filter. A
share of the dismissed structures might be tPads, however, the placements of the cluster centres did not
represent the underlying structure well. Thus, the user filter was applied correctly and the remaining
structures are the most representative for the tPads at the surface.

Overall, the distributions display comparable properties and find comparable numbers of intact structures,
unless a bias is introduced by ill parameter choice. Hence, the method realistically and reliably displays
the state of the origami on the flow cell surface if it is applied correctly. This includes choosing an
appropriate cluster density as well as filter parameters that account for the origami characteristics.

5.3 Summary

Evaluation of the method. Overall, evaluating DNA origami based on the statistical distributions of
characteristic target distances and angles between multiple distinct fluorophores has reflected the state
of the origami on the flow cell surface in a reliable and true manner. Multicolour labelling has helped
to locate origami as a fluorophore pattern and to create unambiguous target values to characterise the
structural integrity. The fluorophore patterns created were chiral. Thus, the deposition side of the
origami was determined as well, which was a new aspect in super-resolution microscopy-based evaluation
of DNA origami.

A key part of the method is identifying the origami pattern in a noisy environment through cluster
filtering. Of the three clustering parameters and the four filter parameters the routine provides, the
binning pixel size, colour threshold, shape and user filter were varied to study their effect on the result.
When setting the parameters within reasonable boundaries, the chance of including randomly co-localising
fluorophores into the origami count was lowered to a negligible 1 - 2%. So far, the routine required the
user as final filter to identify clusters that pass the other filters but do not represent an origami structure.
This has seemingly left a considerable influence on the resulting fluorophore distribution to the user.
However, if they only remove the obviously faulty clusters, the results will appear unbiased.

For any target distance, the registration error in combining positions from different colour channels
has appeared as the main contributor to the loss in accuracy. While the registration error did not
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interfere with the trueness of the average target value, in introduced an uncertainty of 10 - 15 nm to
a single distance measurement. This value only considers the contribution of the registration error
without the statistical localisation uncertainty of determining the fluorophore positions. The range is
still considered precise[379], but it limits the method in terms of evaluating single distance measurements.
When including the uncertainty of the fluorophore localisation, the overall uncertainty of a distance
measurement was determined in the range of 20 - 30 nm. Thus, the smallest distance of two fluorophores
that can be determined, i. e. the resolution limit of the method with this setup, lies in that range.

Evaluation of the tPad designs. The tPads were found to readily anchor on the flow cell surface.
In line with the yield in AFM, tPads appeared as a fragile origami. The broad fluorophore distance
distributions, which displayed central values off the expected fluorophore distance, suggest tPads rupture,
and that the fluorophore-bearing parts move relative to each other. For the designs I and II, just 4.1%
and 1.0% of the tPads with all three fluorophores displayed all three target distances within three sample
standard deviations around the expected value. In the cluster count, one- and two-colour clusters have
also outnumbered three-colour clusters considerably, and less than a tenth of the structures found were
labelled as desired. While the tPad fragmentation has contributed largely to the latter, the labelling
rate of the origami was questionable as well. The labelling setup for the tPad employed one handle for
attaching the dye and one or three dye molecules per fluorophore position that were present right after
the synthesis. The fluorophore attachment did not seem to be the limiting factor here, but bleaching and
probably the labelling quality of the fluorophore staples were.

That the tPads were fragile has impeded an attempt to improve the labelling through another tPad
design. In the design II, the fluorophore staples carried three dye molecules of the same kind instead of
one to counteract bleaching. In addition, they were incorporated into the tPad body during synthesis
to prevent any detachment. The intensity count of the fluorophore signals tripled indeed as expected.
However, in multiple repeat experiments, the percentage of structures labelled with all fluorophores has
never increased, which was due to the disintegration of the tPads.
The disintegration has also prevented using the features of the design II pattern for further structure
investigation. The triangular pattern with a 90° angle and the cathodes parallel to the outer tPad
edges could have simplified the study of length changes depending on the salt concentration or yield
determinations, for example.

Comparing multicolour SRM to AFM. AFM and the presented multicolour SRM method have
agreed on the state of the investigated origami sample. In the SRM experiments of this work, the yield
of intact tPads was determined as the proportion of three-colour clusters, for which all three target
distances were found within three sample standard deviations around the expected value. This measure
had the advantage that it excluded random co-localisations. As it excluded tPad fragments, it utilised
a tPad subset similar to the one the AFM yield was based on. This allows comparing the qualitative
results. While these results are similar for both methods, further work must be directed towards making
the quantitative results comparable. For the tPad samples, the yield of intact structures in AFM has
exceeded that of the SRM approach by an order of magnitude. On the one hand, this could have reflected
a degradation of the tPads during the SRM experiment. The tPads could have been spoiled, e. g., due
to flushing them into the flow cell, the enhanced roughness of the deposition surface or a difference in
deposition behaviour on the functionalised flow cell surface compared to mica. Furthermore, 2D origami
will stretch out on the atomically flat mica surface used in AFM. In the SRM approach, the origami
was attached to the flow cell surface in four spots via biotin-anti-biotin links. The functionalisation of
the flow cell surface with anti-biotin antibodies introduced a surface roughness of up to 5 nm[383]. A 2D
origami like the tPad could have crumpled here, so a structurally intact origami would have displayed
unexpected fluorophore distances. As there is no comparable effect for the deposition on mica, this might
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have introduced another bias, and might provide an explanation of the low yield. On the other hand,
in the SRM approach, a single value was prone to a registration error in the range of at least ± 10 nm
on average just from the mapping calibration, while in for AFM, this error was ± 4 nm (see Table 3.1).
Thus, SRM was likely to overlook a part of the intact structures in the first place.

Apart from the labelling and mapping biases, the deposition behaviour of origami on the flow cell
surface and on mica will be another point to clarify in future work. It is possible, for example, that the
F127-blocking impeded the deposition of aggregates. In fact, clusters of multiple fluorophores suggesting
aggregates as they were found in AFM images did not occur. Apparently, such clusters were either
flushed out or dissolved.

In general, both methods have their strengths and weaknesses depending on the aim of the analysis. It
is advantageous that AFM displays the origami directly instead of relying on labelling. If the latter is
not reliable, which was the case in the experiments presented, it will quickly limit the significance of the
SRM results.
However, any quantitative evaluation of the sample, such as the yield of intact structures or statistics
on designated size values is more feasible, less time-consuming and less prone to human errors when
inferred with SRM instead of AFM. That is because the contrast in SRM relies on different fluorescent
signals, and thus, is sharper than the height contrast in AFM images. Furthermore, AFM imaging at
this origami-weave depicting resolution is usually more time-consuming than SRM imaging.

Overall, the multicolour method has the chance to be as true and precise as AFM, while outperforming
it regarding quantitative evaluations.
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Chapter 6

Summary and Outlook

6.1 Thesis summary

The overall aim of this thesis was to promote quantitative structure evaluation in DNA origami-based
nanofabrication. Two approaches towards this aim were taken:

(i) introducing semi-automatic particle analysis in high-resolution AFM images based on the
FindFoci[6] plugin of ImageJ[15] to evaluate the structure of novel hybrids from poly(3-tri(ethylene
glycol)thiophene)-b-oligodeoxynucleotide block copolymers and the rectangular 2D origami
pegboard “pad” with focus on the attachment yield and the placement of the BCP

(ii) developing and testing a method that uses super-resolution fluorescence microscopy and the
principles of single-molecule high-resolution co-localisation (SHREC)[219] to evaluate the structural
integrity and the deposition side of surface-deposited DNA origami frames “tPad”.

For both AFM and SRM in the context of DNA origami, these approaches were new, and in the
proof-of-principle experiments, both methods allowed for extracting unbiased quantitative data for the
structures under test. The AFM-based approach was suitable to determine the BCP attachment yield
and the BCP distribution on the pad pegboard on an almost single-molecule level. The multicolour
SRM approach has compiled the distributions of target values characteristic for the underlying tPad
origami as a basis for evaluating the structural integrity and deposition side for a whole sample of several
hundred structures at once.

In this chapter, the results presented in the different chapters will be summarised and discussed. In
the course of this work, new findings regarding the formation of 2D origami and polymer-DNA origami
hybrids have emerged as well. To line out with the aim of this work, these findings will only be reviewed
here, and discussed in the summaries of the respective chapters.
Chapter 3 presents the design and synthesis of the two 2D origami pad and tPad. AFM imaging was used
to evaluate the synthesis yield and the structure formation. For the cavity-bearing tPads, AFM imaging
was also used as the control method for evaluating melting temperature, thermal stability, resilience to
mechanical stress during filtration and stacking behaviour. For both 2D origami, the assembled structures
have matched the design. While the pads have presented themselves as resilient origami template, the
tPads have displayed both a lower synthesis yield and a lower mechanical stability. Therefore, the pads
were used as templates in the hybrid formation discussed in Chapter 4, and the tPads as structure under
test for the SRM-based structure evaluation in Chapter 5.
Chapter 4 presents the three-step assembly of a novel hybrid of the rectangular DNA origami pad and
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1 : 1 diblock copolymers made from a poly(3-tri(ethylene glycol)thiophene) and an oligodeoxynucleotide
(ODN). The first step was the synthesis of a water-soluble, amine-functionalised, regioregular head-to-tail
P3(EO)3T via ex-situ-initiated Kumada catalyst-transfer polycondensation[172]. In the second step,
the polymer block was coupled to ODN blocks via strain-promoted azide-alkyne click chemistry[351].
According to the HPLC-based reaction kinetics study, this step has proceeded with a high yield. As DNA
component, ODNs with the sliding sequences 18T and 10T, or a specific sequence 20N were used. In the
third step, the different block copolymers were attached successfully to three types of pads via sticky-end
ligation. The three pad types featured different patterns of sliding or specific handles complementary to
the ODNs. For all pad types, the hybrid formation resulted in more than 90% of the pads having at
least one BCP attached.
The semi-automatic, quantitative analysis of high-resolution AFM images using the image analysis tool
FindFoci[6] was employed to determine the attachment yield per handle and the positioning of the BCPs
in relation to the underlying handle pattern. The analysis yielded a single block copolymer position with
an uncertainty of 10 - 20%. Investigating a statistically relevant number of 44 to 107 block copolymers
per pad type, and combining single types of positions into events such as occurrence “on a handle“, or
“between two handles” yielded robust positioning results. While each handle was supposed to bind one
BCP, 0.33 objects per handle were found at maximum. Apart from the sequence, the handle pattern
was identified as an influential parameter for the BCP attachment yield. The yield has benefitted from
installing next-neighbour handles at 6 nm distance in the pattern, while steric hindrance wielded by
already attached objects could have possibly impeded the attachment at the same time. Furthermore,
the attached objects tended to interact. Hints have appeared that π-π-stacking interactions have played
a role in that regard.
Chapter 5 presents a novel method based on single-molecule high-resolution co-localisation (SHREC)[219]

super-resolution microscopy that can potentially evaluate the structural integrity, placement, deposition
side and orientation of a bulk sample of surface-bound origami. It extracts this information from
characteristic patterns of spectrally distinguishable fluorophores that the origami is labelled with. Within
the pattern, the fluorophores create target values such as distances and angles. The methods determines
the target values to evaluate them by comparing them to the theoretically expected vales. Chapter 5
presents proof-of-principle experiments that evaluate the structural integrity and the deposition side of the
DNA origami “tPad”. First, the chapter discussed the quality of the mappings of the three colour channels
with Tetraspeck beads as fiducial markers. For origami deposited without a directional preference as it was
used in these studies, the mapping did not introduce a bias. However, it added a registration error in the
range of ± 10 - 15 nm to a fluorophore position. This is still considered precise[379], but appeared as a large
contribution to the uncertainty of the target value determination. The two experiments presented next
have used tPads labelled with three distinguishable fluorophores (red, blue and green) as structures under
test. While the first experiment used a standard, filtered origami solution, the second experiment used
unfiltered tPads with excess fluorophore staples to deliberately create a strong fluorescent background.
In both experiment, the method was able to locate tPads. The yield of tPads with all three fluorophore
distances red - blue, red - green and green - blue within three standard deviations around the expected
value was found to be 4.1% and 1.0%, respectively. The distributions of these target distances as well as
of the target gbr angle θ were found to be broader than the registration uncertainty and origami-related
statistical variations in the target values could account for. These findings have reflected the structural
distortion of the tPad samples and indicated labelling insufficiencies. Furthermore, it was discussed that
the method has reflected the state of the origami on the flow cell truly and robustly against human bias,
when setting the clustering and filter parameters of the Matlab-based data-analysis routine correctly.
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6.2 Discussion and future tasks

The AFM-based approach

The AFM-based approach used one of the most common analysis techniques in DNA nanotechnology
to add to the sparsely investigated field of qualitative investigation of hybrids from DNA and organic
nanomaterial on an almost single-molecule level. It tackled one of AFM’s weak points, which is the time
consuming, subjective, manual image analysis.

Quantitative analysis of the attachment yield and the placement of organic nanoobjects
in DNA-based hybrids. Among the studies on hybrids from DNA origami and organic functional
nanomaterial, the presented work is one of the limited number with in-depth quantitative analyses of the
attachment yield and the object positioning.
A class of hybrids comparable to the investigated polymer-origami hybrids are hybrids from DNA origami
and proteins. Part of the reports on protein-origami hybrids focus on single-molecule investigations, e. g.,
for force measurements[384,385] or to study molecular motors[386]. These do not need to address the overall
hybridisation yield. Studies that discuss proof-of-principle hybrid formation usually provide a yield per
attachment site. This is comparable to the work presented here, but usually, the studies rely on the manual
analysis of few structures. The studies that are most comparable to the presented system, i. e. studies
on the site-specific attachment of synthetic polymers to DNA origami, focus less on the attachment
yield per binding site. For the enzyme-directed PANI synthesis on DNA origami, a structure formation
yield was not discussed[12] at all. Most studies provide the proportion of origami displaying at least one
attached polymer[13,14,328,352]. For the in-situ atom-transfer radical polymerisation of PEGMEMA1 on
distinct points and lines of a rectangular DNA origami, Tokura et al.[328] have quantified the face-down
and face-up deposition of the hybrid structures, but did not quantify the attachment yield. The average
heights of the unbound or bound polymers were usually provided as well. Furthermore, several studies
have quantified further properties of the assembled structure such as their nanomechanical properties
and surface potential using KPFM[13] or changes in the fluorescent behaviour[12,14,352]. Evaluating the
number of polymer molecules per handle, or how well their position corresponds to the template design,
was not focused on. Knudsen et al.[13] discuss the site-specific attachment qualitatively and suggest
that more than one polymer molecule can bind to one origami pegboard, however, they do not attempt
counting the molecules. In a consecutive study including the assembly of a polyfluorene-DNA polymer
on the rectangular origami, Madsen et al.[14] have coarsely classified the polymer binding to a rectangle
using the categories “good” and “mediocre”, but again, they did not discuss the number of polymers per
rectangle. For construction of a molecular electro-optical modulator from a DNA origami frame and
oligomers of poly(phenylenevinylene) and polyaniline[352], the authors claim a yield of 20% for the target
structure, but do not break down the yield for attaching each polymer on its own.
The basic information on the attachment yield per handle and the site-specificity of the attachment is
likely to play a key role when polymers will be used in the current attempts of DNA nanotechnology to
assemble functional structures. Thus, this work has presented a working approach for a relevant future
topic.

While computational routines have been applied before to evaluate bare DNA origami (AFM[139], 3D
structure reconstruction in Cryo-EM[387–389]) and the binding of inorganic nanomaterial to DNA origami
(TEM[80]), this work has applied it for the first time to soft and flexible organic nanomaterial on
DNA origami. Introducing FindFoci[6] has made the image analysis less prone to human bias. Thus
it has ensured that results from multiple experiments are comparable and significant. However, this
semi-automated approach still allows for subjectivity, which needs to be reduced further. A promising

1poly(ethylene glycol) methyl ether methacrylate
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approach would be employing a particle identification routine with quicker and more customised means
to separate the signal of interest from the background, even if the height contrast is not incisive.
Such routines are probably implemented in commercially available software for evaluating industrial
cleanliness. Another approach close to this topic has reported on a potent machine-learning approach
to evaluate cells[390], which could provide another starting point for improving the computational
image analysis. Another weak point AFM has to overcome to secure its spot in qualitative analysis
in DNA nanotechnology is the long imaging times. Here, high-speed AFMs have emerged as a
promising development that does not sacrifice image resolution. As proteins withstand the scanning
conditions[156,368,391], the method might be suitable for the investigation of hybrids of DNA nanostructures
and synthetic polymers as well.

The SRM-based approach

The SHREC-based method presented here is one of the few attempts to use SRM for origami quality
control. When this thesis was prepared, the single report in this field has utilised 3D DNA-PAINT to
structurally characterise DNA polyhedra[120]. In comparison to the AFM-based approach, automation
of the SRM-based approach is more feasible. It can possibly process a larger number of samples as
it quickly images a large number of structures and employs computer-based data analysis. That the
presented approach does not provide a direct image of the whole structure is not a disadvantage as long
as the probed values are fully expressible as a target value in the labelling pattern. Thus, a technique
like this is a promising candidate for becoming a standard analysis method. However, the experimental
protocol including the labelling setup and the mapping need further improvement to achieve a precision
and trueness of the target value determination comparable to AFM and TEM.

Method improvements

Two key improvements to make are decreasing the registration error and improving the labelling.
Decreasing the registration error will increase the precision of the method and make it suitable for
single-molecule investigations as well. Furthermore, additional care must be taken to avoid significant bias
in oriented samples. That is because the trueness of the method as presented here relies on the fact that
the fluorophore distance vectors on origami occur in random relative orientation to the mapping residue
vectors. At large numbers of origami, this leads to a symmetric distribution of the target values around
the true value. In samples of oriented origami, the orientation of the fluorophore distance vectors is fixed.
In order avoid a bias increase in oriented samples, either the sum of all residue vectors in the field of view
has to be zero (which can just occur by chance), or the single vectors must be negligibly small. To reduce
the registration error, the results presented here suggest introducing the fiducial markers to every field
of view with origami instead of determining one mapping function for all fields of view in an experiment.
Instead of Tetraspeck beads, a smaller structure such as another origami can be used as fiducial marker to
not overpower the fluorescence of the structures under test. Furthermore, the literature suggests several
improvements. Pertsinidis et al.[224] found it advantageous to image all fluorophore centroids on the
same detector pixel, and that drift image registration will benefit from real-time closed-loop feedback
loops. Furthermore, they have reported a better calibration of the mapping function with dye molecules
than with beads. This supports the idea to use dye-labelled origami as fiducial markers. To improve
the labelling rate, more than one fluorophore staple per position, DNA PAINT and/or quantum dots
instead of organic dyes could be employed. While bleaching is inevitable2, a DNA PAINT approach does
not suffer from it due to the continuous exchange of the fluorophore at the imaged position. However,
the multiple flushing steps can lead to less robust, prolonged experiments. Incorporating more than

2For example, for PALM the number of fluorophores that bleach before they can contribute to the data is > 30%[199].
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one fluorophore staple into the design introduces the least changes to the presented protocol. It would
probably not lower the trueness or precision of the method either. That is because up to four staples
can be placed to protrude to the same origami side in a radius of about 6 nm, which is currently in the
size range of the precision of a single fluorophore localisation in a registered multicolour image. Using
quantum dots would provide a stable signal, but the labelling protocol has to be carefully engineered to
provide a high yield. For studies on method improvement, using a more resilient origami than the tPad
as structure under test is recommendable. That could be a 2D origami with closed surfaces like the pad,
or a flat 3D origami as it was used, for example, in nanopore studies (reviewed by Bell and Kaiser[392]).

Opportunities for further analyses

Evaluating placement and orientation. In addition to providing the fluorophore distance and the
deposition side distributions, the method is capable of extracting the placement coordinates and the
orientation for all origami in the sample as well. For that purpose, the coordinates of the fluorophores and
the orientations of the fluorophore distance vectors will be evaluated as demonstrated for the fluorophore
distances and the deposition side.

Yield determination and quantitative structure information. The quantitative measure for the
state of the tPads on the flow cell surface used here is the number of tPads labelled with all three
fluorophores that display all fluorophore distances within an expected range. A more general calculation
of the yield would be the ratio of the number of intact tPads and the total number of tPads on the
flow cell surface. The sample datasets here could not provide these values, because the labelling yield3

and the bleaching ratio4 remained unknown. In further experiments, the labelling yield could ideally be
improved until being close to 100%, and taken as a constant. The bleaching ratio could be determined
with PAGE or HPLC. In case of a patterned surface for deposition, a yield could also be calculated based
on the absolute number of places that must be occupied.

With an improved labelling, the ratios of the cluster counts with a certain number of fluorophores, and the
distributions of the target values could be analysed with regard to the origami structure, such as preferred
rupture sites, or bending. Given sufficiently large sample sizes, fitting probability density functions to
the distributions of the target values will aid with identifying structure-specific origami subsets.

Automation, other surfaces and objects under study. The SRM method is probably not limited
to specific substrates like AFM and TEM are. Upon adjustment of the protocol, the method might be
applied, e. g., to origami on silicon wafers, which can be advantageous with regard to future application
in nanoelectronics and nanophotonics. Furthermore, the method is suitable for 2D and 3D origami. For
3D origami, just another fluorophore needs to be introduced.
It is already favourable for automation that a computational cluster analysis allows a fast and feasible
quantification of the sample characteristics. Furthermore, it was demonstrated that properly adjusted
clustering and filter parameters can eliminate non-origami from the analysed data effectively. In order
to make the method completely independent from human bias, the user filter must be abolished. A
moderate origami density on the flow cell surface is advisable in that regard. To further reduce noise,
other or additional filters can be introduced. If this is not sufficient, the user filter might be kept initially
as part of a machine learning processes, and might be abolished once the routine is precise enough.

Although discussed in this context, the method is not limited to origami but is suitable for other structures
in that size range that can be labelled accordingly.

3ratio of labelled structures and total structures; per fluorophore
4ratio of staples with emitting fluorophores in fluorophore staples after treatment like in origami
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The presented approaches have addressed the task of quality control for DNA-based nanostructure
formation. Including the topic of quality control, sources agree that the techniques and protocols currently
available are not sufficient to acquire a full characterisation of any complex DNA structure[2,58,75]. Open
questions can be as fundamental as accurately measuring the concentration of 100% correctly formed
DNA nanostructures[2] or studying origami assembly kinetics at the single molecule level[2], and become
as complex as structurally characterising DNA nanoobjects in vivo[137].

The results of this work shall encourage the development of more potent analytical tools. Furthermore,
this thesis has reported a novel approach to assembling hybrids form conjugated polymers and DNA
origami, which can be used in the assembly of DNA-based nanophotonic and nanoelectronic structures.
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Appendix A

Additional images

Introduction

Figure A.1: Generations of conjugated polymers grouped according to progress in the synthesis procedures
and material properties as suggested by Morin et al.[8]. For each generation, representative examples are
given. Adapted with permission from[8]. Copyright 2016 Royal Society of Chemistry.
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Construction and characterisation of 2D DNA origami

PAGE for investigating the hybridisation of the fluorophore handles and ODNs
of design I tPads

In order to evaluate the hybridisation behaviour of the specific ODNs and handles involved in labelling
design I tPads, the qualitative PA gel displayed in Appendix Figure A.2 was run. Counting from the left,
the lanes 1, 3 and 5 contained just the fluorophore-bearing ODNs and the lanes 2,4 and 6 contained the
tPad staples with the complementary handles. The lanes 7 - 9 contained 1 : 1 mixtures of all fluorophore
ODNs and one handle, respectively. Each type of ssDNA was used at a 5 nM concentration. The mixtures
were kept at room temperature (RT) for one day. The lanes 10 - 12 held the same mixtures kept at 45 ◦C

to test the influence of an elevated temperature on the hybridisation. The concentration of a ssDNA
species in the lanes 1 - 6 is not the same as in the lanes 7 - 12. Hence, the position of the bands are
comparable, while their intensities are not. Among the mixtures in the lanes 7 - 12, the intensities are
comparable as well.
The gel was imaged three times prior to staining using lasers and emission filters to image one fluorophore
at a time. The images are given in Appendix Figure A.2 a to c. Compared to the bare ODNs and staples
in the lanes 1 - 6, new bands occurred in the lanes 7 - 12. For each handle, the new band only appears
in images that picture the fluorophore that was supposed to attach to this handle. Thus, the gel proves
that the hybridisation takes place and proceeds specifically. The band intensities of the RT and the
45 ◦C appear to be the same, indicating that the chosen temperature does not influence the hybridisation.
However, unbound fluorophore ODNs and handles (visualised in the stained gel in Appendix Figure A.2 d)
are visible in all lanes as well. This indicates that the hybridisation does not proceed quantitatively. For
fluorophore-labelled tPads of design I and design II visualised in agarose gels see Appendix Figure A.14.

140



Figure A.2: Hybridisation of fluorophore-bearing ODNs and staples of design I tPads with the
complementary handles at room temperature and 45 ◦C visualised with PA gel. Each of the first six
lanes contains one type of the fluorophore-bearing ODNs or the staples with the handles. The samples
in lane 7 - 12 contain all ODN types, but one handle type each. The gel was imaged prior to staining
to visualise the positions of (a) Alexa Fluor 488, (b) Rhodamine Red, and (c) Alexa Fluor 660. Black
arrows indicate the position of ODN-handle hybrids. As can be seen, each ODN binds its complementary
handle selectively. (d) Image of the stained gel.
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CanDo images of tPads and the pad

Figure A.3: Model images of origami in solution: a) front view and b) view from the top edge of 1)
a non-twist-corrected u-staple tPad, 2) a twist-corrected u-staple tPad (not used in this work), 3) a
non-twist-corrected z-staple tPad and 4) the twist-corrected pad. The images were generated using
CanDo[60,61].
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Hybrids of P3(EO)3T and pads

P3(EO)3T and P3(EO)3T-b-ODN synthesis scheme

Figure A.4: Detailed reaction scheme of the synthesis route of an azide-functionalised P3(EO)3T
(poly(3-tri(ethylene glycol)thiophene); alternative name: poly(3-2,5,8,11-tetraoxadodecane thiophene))
and its coupling to a DBCO-functionalised ODN via strain-promoted azide-alkyne cycloaddition.
(1) P3(EO)3T-b-ODN, (2) azidoacetic NHS ester coupled to (3); (3) amine-functionalised
poly(3-2,5,8,11-tetraoxadodecane thiophene) (amine-P3(EO)3T); (4) Grignard reagent derived
from (5); (5) precursor of the monomer 1-(2-bromo-5-iodothiophen-3-yl)-2,5,8,11-tetraoxadodecane;
(6) (4-amino-2-methylphenyl)nickel(dppe)chloride; (7) N-(4-bromo-3-methylphenyl)-1,1,1-trimethyl-N-
(trimethylsilyl)silanamine. Reproduced with permission from[172]. Copyright 2017 American Chemical
Society.

Pads with double-stranded handles

As discussed for each pad type in Section 4.1, the ability of the handles to hybridise with their
complementary ODNs on the pad was tested. As most of the resulting structural features are delicate,
a quantitative analysis as performed with the hybrids could not be conducted. Appendix Figure A.5
shows type I pads after adding 20N ODN. On the 14 handles of line I2 and the four handles of line I3
there are higher structures than on the pad body or the line I1 with 15A handles, which indicates
staple attachment. Adding 8T ODNs to enhance the 15A handles in I1 did not result in visible
structures. Appendix Figures A.6 and A.7 a and b show type II and type III pads after adding 23T
ODNs. Appendix Figure A.7şhows type III pads after adding 8T ODNs.
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Figure A.5: Type I pads after adding 20N ODNs. Scale bar and height range: a) 400 nm, 0 - 8 nm; b)
50 nm, 0 - 6.5 nm.

Figure A.6: Type II pads after adding 23T ODNs. Scale bar and height range: a) 200 nm, 0 - 8 nm; b)
100 nm, 0 - 6.4 nm; c) 50 nm, 0 - 5 nm.
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Figure A.7: Type III pads after adding a), b) 23T and c) 8T ODNs. Scale bar and height range: a)
300 nm, 0 - 8 nm; b) 50 nm, 0 - 8 nm; c) 50 nm, 0 - 5 nm.
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FindFoci threshold setting

Employing the FindFoci routine, the threshold separating pad and bound objects was set at 140% of the
pad height. The value was determined from the pad height and the handle array height of type III pads
with single-stranded handles as shown in Appendix Figure A.8, and applied for all pad types.

Figure A.8: Pad type III with single-stranded handles. The heights of the bare pad were determined at
appropriate sections of the profiles 1 and 2, while the average height of the handle array was calculated
from the height profiles 3 - 6.

Hybrids of PNIPAAm and pads

In the way a BCP was formed with P3(EO)3T and an oligodeoxynucleotide, any water-soluble polymer
can be used, and the resulting BCP can be placed on DNA origami. A proof of principle was done with
commercially available PNIPAAm, as can be seen in Appendix Figure A.9.
PNIPAAm shows a lower critical solution temperature (LCST) phase transition, forming coils below
32 ◦C, and globules above that temperature. In order to observe it on origami, the sample shown in
Appendix Figure A.9 was investigated with hot stage AFM in an initial experiment. While switching
between 40 ◦C and 15 ◦C two times, the sample was robust to scanning. The bound block copolymers
were visible at the lower temperature, disappeared at the higher temperature and appeared again at the
lower temperature. Probably, the LCST phase transition was observed, however, the experiment has to
be repeated to ensure the result.

Figure A.9: Attachment of PNIPAAm-b-18T to the pad type III.
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Equivalent diameter

The equivalent diameter deq is the diameter of a circle with the same area as the basal area of an object
on a pad in the xy-plane determined with FindFoci. Together with the object height h, it provides an
idea of the 3D shape of the origami-bound objects. Compared to the object heights (Figure 4.6), the
distributions of the equivalent diameter in Appendix Figure A.10 are broader. One influential fact is
probably that the tip-pressures varies amongst the images, which propagates into the variation of the
lateral size to a larger extend than into the height. In addition, errors from the exaggeration of the lateral
sizes in AFM imaging and the threshold setting in FindFoci can probably lead to an overestimation of
the equivalent diameter. For the type I pads with 20N’ handles binding P3(EO)3T-b-20N and type III
pads with 8A handles binding P3(EO)3T-b-10T, the average object height and diameter are very similar,
while for type II pads with 15A handles and type III pads with 8A handles binding P3(EO)3T-b-18T,
deq exceeds h. Apparently, the longer link is more flexible, or susceptible to tip manipulation. Taking
into account the variation introduced by the scanning process and the tip pressure, height and diameter
appear similar, i. e. the objects appear globular-shaped.

Figure A.10: Equivalent diameter of the objects bound to different pad types. The key lists the objects
by ODN of the block copolymer and pad type they are bound to. The x -axis is scaled to reflect the BCP
lengths as it was done in Figure 4.6.
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Multicolour super-resolution microscopy

Matlab routine source code

A Matlab routine performs the steps 10 to 18 (orange in Figure 5.3). The source code is available upon
request from the Diez Group, B CUBE, Technische Universität Dresden, Arnoldstr. 18, 01307 Dresden,
Germany.

Absorption and emission spectra of the Atto dyes

The design II tPads were labelled using the dyes Atto 488, Atto 550 and Atto 647N that can be excited
and detected selectively with appropriate lasers. Their absorption and emission spectra as well as the
excitation lasers used are given in Appendix Figure A.11.

Figure A.11: Absorption and emission spectra for the three dyes Atto 488 (blue), Atto 550 (green) and
Atto 647N (red). The three excitation spectra are overlapping to a small extend only, as are the emission
spectra. This marker set is used in the tPad design II. The wavelengths of the lasers used for excitation
are displayed as well.

Raw data processing

Appendix Figure A.12 displays a screenshot of a marker localisation matrix of one field of view as
required for the cluster identification. The table is the result of tracking the fluorophore positions with
ThunderSTORM[232]. It includes all fluorophore positions in one colour channel in each of the k images
(here named frames) taken per field of view. In addition to the xi- and yi-coordinates, it lists the
uncertainties of the coordinates ui. For the weighted least-squares fitting of the xi- and yi-coordinates,
the uncertainties are calculated based on the Thompson-Larson-Webb-formula[231] (see (1.2)).
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Figure A.12: Screenshot of ThunderSTORM results of the marker localisation.

First mapping calibration

The first mapping calibration was derived from a field of view with 15 Tetraspeck beads.
Appendix Figure A.13 displays the fluorophore distance distributions before and after the mapping as
Figure 5.4 does for the second mapping. Like in the latter case, mapping decreases the width of the
distributions considerably. However, fluorophore distances above 0 nm - which would indicate a perfect
fluorophore registration - remain due to residual error.

Figure A.13: Fluorophore distance distribution for the distances red-blue (rb), green-blue (gb) and
red-green (rg) before (orange) and after (blue) mapping. The locations of the 15 Tetraspeck beads
imaged during the standard origami experiment serve as fiducial marker dataset (first mapping). The
insets state the means and standard deviations of the distribution before (I) and after (II) mapping in
nm.
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Fluorophore-labelled tPads of design I and design II visualised in agarose gels

Figure A.14: Fluorophore-labelled tPads of (a) design I and (b) design II visualised in agarose gels. The
tPads are clearly visible prior to staining through the fluorescent labelling. In all tPad samples, all types
of fluorophores were incorporated. For design I tPads, there was no visible intensity difference between
tPads labelled during or after the synthesis. In the filtered design II tPads, fluorophore staples did not
remain, or remained barely. For the binding specificity of fluorophore-labelled ODNs and handles in
design I tPads see Appendix Figure A.2.
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Appendix B

EGNAS

The specific sequences of the 20N’ handle and the blue, green and red handle (Table 3.2) were generated
using EGNAS[77] (version: 1158 Feb 14:22:34) according to the description provided by Kick et al.[77].
The executable EGNAS file for Microsoft Windows operating systems was downloaded from the online
supporting information[77]. The data input for using EGNAS involves datasets for the forbidden and the
included sequences1, as well as the length of the target sequence, specifications of the GC content, whether
GC ends are demanded or not, and further intra- and interstrand properties. The critons specified in
the forbidden sequences include the homopolymeric runs AAAA, TTTT, GGG, CCC as discussed by
Kick et al.[77] and critons of four bases derived from the sequence of the staple that will be extended
with the target sequence. The list of included sequences contains the M13mp18 scaffold sequence and
the sequences of all staples of the origami. Table B.1 lists the forbidden sequences and other program
specifications for each of the four handles. For the 20N’ handle, only one sequence could be generated.
That is because, initially, it was supposed to be attached to 20 tPad staples, which has enlarged the list
of forbidden critons considerably. For the blue, green and red handle, ten sets of ten sequences each were
generated, of which one was chosen randomly for each handle.

1According to Kick et al.[77], a dataset of neighbouring sequences can be provided as well, but was not considered in
this work.
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Table B.1: EGNAS input and forbidden sequences to generate the 20N’ handle for BCP attachment and
the blue, green and red handles for the fluorophore attachment.

EGNAS input handle
20N’ blue green red

Sequence length 20 bases 20 bases 20 bases 20 bases
Length of basic sequences (criton length) 8 bases 8 bases 8 bases 8 bases
GC content from 9 till 11 bases 11 till 11 bases 11 till 11 bases 11 till 11 bases
Forbidden sliding length 8 bases 8 bases 8 bases 8 bases
Demand on GC ends none none none none
Forbidden stem length of hairpin structures 2 base pairs 2 base pairs 2 base pairs 2 base pairs
Maximum number of sequences to be generated per set 10 10 10 10
Maximum number of sets to be generated 10 10 10 10

Forbidden subsequences AAAA CAGC TTAG CCAT AAAA AAAA AAAA
TTTT GCAG TTTA TACT TTTT TTTT TTTT
GGG TGCA AGGA TTAC GGG GGG GGG
CCC AGCT CAGG ATTA CCC CCC CCC
TCGT GAGC TCAG AATT ACGG ATGT AAAT
CTCG CGAG ATCA GAAT GACG TATG AAAA
GCTC TCGA AATC GGAA AGAC TTAT CAAA
TGCT TTCG TAAT CGGA TAGA TTTA ACAA
GTGC CTTC ATAA GCGG ATAG CTTT AACA
TGTG CCTT GATA GGCG GATA TCTT AAAC
CTGT CCCT TGAT TGGC TGAT GTCT CAAA
ACTG ACCC ATGA ATGG CTGA CGTC TCAA
CACT AACC AATG TATG CCTG CCGT GTCA
ACAC AAAC AAAT ATAT GCCT TCCG GGTC
AACA AAAA AAAA GGAA CGCC TTCC CGGT
AAAC GAAA GTTA TGGA TCGC ATTC ACGG
AAAA TTAT CGTT TTGG ATCG TATT TACG
CGGC GTTA CCGT CTTG CATC TTAT TTAC
GCGG TGTT TCCG TCTT CCAT CTTT ATTA
AGCG ATGT ATCC TTCT GCCA ACTT CATT
TAGC GATG TATC CTTC GGCC AACT CCAT
GTAG TGAT TTAT TCTT GGGC AAAC CCCA
TGTA TTGA TTTA ATCT TGGG TAAA TCCC
TTGT GTTG TTTT TATC GTGG ATAA ATCC
TTTG AGTT GTTT TTAT AGTG AATA TATC
CTTT CAGT TGTT CTTA CAGT TAAT GTAT
TCTT ACAG CTGT ACTT CCAG CTAA CGTA
CTCT AACA TCTG GTCG ACCA GCTA ACGT
ACTC CAAC GTTT AGTC GACC TGCT CACG
GACT AGGA TGTT AAGT CGAC CTGC GCAC
CGCG CAGG CTGT CAAG TCGA GCTG TGCA
ACGC TCAG ACTG GCAA CTCG TGCT ATGC
TACG CTCA TACT CGCA CCTC GTGC GATG
TTAC TCTC GTAC TCGC ACCT GGTG AGAT
GTTA CTCT GGTA TTCG CACC CGGT CAGA
CGTT ACTC AGGT ATTC GCAC ACGG GCAG
ACGT TACT CAGG GATT GGCA TACG GGCA
TACG ATAC TCAG TGAT CGGC TTAC TGGC
CTAC TATA CTCA ATGA ACGG ATTA CTGG
GCTA TTAT GCTC AATG TACG GATT ACTG
TGCT GTTA TGCT TCTT TTAC TGAT AACT
TTGC CGTT AGTC TTCT ATTA TTGA CAAC
ATTG AGAA TAGT TTTC GATT CTTG TCAA
TGTG CAGA GTAG GTTT CGAT TCTT GTCA
GTGT CCAG GGTA CGTT ACGA GTCT CGTC
TGTG GCCA AGGT CCGT AACG AGTC ACGC
TTGT GGCC GAGG TCCG TAAC CAGT AACG
GTTG TGGC GGAG TTCC CTAA ACAG CAAC
AGTT TTGG AGGA ATTC TCTA TACA ACAA
AAGT ATTG AAGG GATT
GAAG TATT TAAG AGAT
CGAA GTAT CTAA AAGA
GCGA GGTA TCTA TAAG
AGCG AGGT TTCT TTAT
TAGC TAGG ACTA ATTA
ATAG TGTA TACT TATT
AGGA TTGT ATAC TTAT
CAGG TTTG GATA GTTA
ACAG GTTT TGAT TGTT
CACA TGTT ATGA ATGT
ACAC ATGT AATG TATG
CACA TATG AAAT CTAT
ACAC ATAT TAAA GCTA
CACA GATA TTAA TGCT
GCAC AGAT ATTA TTGC
AGCA TAGA CATT ATTG

152



Appendix C

DNA sequences

In the following, all DNA sequence are given in the usual 5’ - 3’ direction.

tPads

Sequences of the tPad body. The following body staples constitute the tPad bodies for studying
the edge staple designs, the AuNP attachment and the multicolour super-resolution microscopy tPad
designs I and II. TM is the staple melting temperature. If for one of the tPad types, staples need to be
replaced by the application-specific staples given in the following tables, this is noted in the last four
columns of this table as follows.
Edge staples: z-staples and staples of the three attachments sites in the tPad cavity (holder) are indicated.
The z-staples can be left out to yield non-stacking tPads, or be replaced by u-staples. The holder staples
can be replaced to anchor, e. g., a three-arm strut.
AuNP: these staples are replaced by staples for AuNP attachment with same number.
Design I: staples yield fluorophore-bearing tPads according to design I.
Design II: staples yield fluorophore-bearing tPads according to design II.

No. Sequence TM [ ◦C]
edge

staples
AuNP Design I Design II

1 CCGTCTATCAGGCGATGGCCCACTGGTCGAGG 87 AF488: 1 DI
2 GAACGTGGACTCCAACGTCAAAGGCCTAAAGG 82
3 GTTCCAGTTTGGAACAAGAGTCCAGGGAAAGC 81
4 CAAAAGAATAGCCCGAGATAGGGTGGAAGAAA 78
5 TGGTTCCGAAATCGGCAAAATCCCTTATAAAT 76
6 TTGCCCCAGCAGGCGAAAATCCTGTTGCGTTG 83
7 TGAGAGAGTTGCAGCAAGCGGTCCGGAAACCT 83
8 GCAACAGCTGATTGCCCTTCACCGCGGCCAAC 86
9 TTTTTCTTTTCACCAGTTGGGCGC 72 z
10 TGCCGTAATCGTTAGAATCAGAGCTTAGACAG 78 left out Atto 488: 10 bII
11 GAGCCCCCTTGCTTTGACGAGCACAGTGTTTT 82 AuNP
12 CGGCGAACCTTAATGCGCCGCTACAAAGAGTC 83 AuNP
13 GCGAAAGGTCACGCTGCGCGTAACGTAGCAAT 83 AuNP
14 AATGAGTGTAAAGTGTAAAGCCTGCTGGCAAG 78
15 CGCTCACTCACAATTCCACACAACTTCGCTAT 80 AuNP
16 GTCGTGCCTAGCTGTTTCCTGTGTGTGCTGCA 83 AuNP
17 GCGCGGGGGGGTACCGAGCTCGAAGGGTTTTC 89 AuNP biotin: 17b Atto 647N: 17 DII
18 CAGGGTGGGCATGCCTGCAGGTCGGGCCAGTG 90 z
19 AACAGGAGAAATCAAGTTTTTTGGACGTGAACCATCACCC 82 z

additional: 19 DI
20 TGCTTTCCAGCACTAAATCGGAACGCGAAAAA 78
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No. Sequence TM [ ◦C]
edge

staples
AuNP Design I Design II

21 TACTATGGGATTTAGAGCTTGACGCTATTAAA 75
22 CCGCCGCGGTGGCGAGAAAGGAAGTGAGTGTT 86
23 TGTAGCGGAGCGGGCGCTAGGGCGGGGTGCCT 91
24 CGGAAGCAAGCTAACTCACATTAATTTGATGG 77
25 TATCCGCTGCCCGCTTTCCAGTCGACGCTGGT 86
26 CATGGTCAAGCTGCATTAATGAATCCTGGCCC 81
27 GGATCCCCAGAGGCGGTTTGCGTATGAGACGG 86 left out
28 GAACGGTACGCTCAATCGTCTGAAACACGACC 82 biotin: 28 bII
29 TATAATCAGAAAAACGCTCATGGAAACAGAGA 75
30 TGTCCATCCAGAACAATATTACCGTAAGAATA 75
31 ACTTCTTTGAACTCAAACTATCGGTGGCTATT 76
32 GGAAGGGCGCCATTCAGGCTGCGCACTTGCCT 87
33 TACGCCAGTCTGGTGCCGGAAACCTTCCTGTA 83
34 AGGCGATTGATCGCACTCCAGCCATGAGCGAG 85 biotin: 34b
35 CCAGTCACTGAGGGGACGACGACAGGAACAAA 83 biotin: 35 bII

additional: 35 DI
36 CCAAGCTTATGGGCGCATCGTAACGGTCACGT 83 z
37 TTTACATTGCCGATTAAAGGGATTGGGAGCTA 77 z
38 CATTTTGACGCCAGAATCCTGAGAGTATAACG 78 AuNP biotin: 38b biotin: 38 bII
39 TGCAACAGGTGAGGCCACCGAGTAAGGGCGCG 87 biotin: 39 bII
40 GTAATATCACGCAAATTAACCGTTCACCACAC 77
41 GAGTAGAAGATTAGTAATAACATCAACTGTTG 73 AuNP
42 CGCCATTCGATCGGTGCGGGCCTCATACGAGC 87
43 GCACCGCTCTGGCGAAAGGGGGATGAAATTGT 83
44 CTCAGGAAAAGTTGGGTAACGCCATTCGTAAT 78
45 TGCCAGTTGACGTTGTAAAACGACACTCTAGA 78 left out biotin: 45 bII
46 AGTAATAAAGGAGCACTAACAACTTGAGGATT 75 biotin: 46b
47 TAGAACCCAGGAATTGAGGAAGGTATTCGACA 78
48 CGTGGCACATATCTGGTCAGTTGG 76
49 AGTCTTTATTGCTGAACCTCAAATATCAAACC 75
50 CATCGCCATAAAACAGAGGTGAGGAATCTAAA 77
51 GCCAGCTTTAATTCGCGTCTGGCCAACCACCA 83
52 TAACAACCCATTTTTTAACCAATAATCGTAAA 71
53 CGGCGGATAAAATTCGCATTAAATCCGGTTGA 78 biotin: 53b fehlt
54 TGGTGTAGAATATTTAAATTGTAAGAAGATTG 71 z
55 AGAGCCGTGGCAGATTCACCAGTCATGGATTA 81 z
56 ATATCTTTAAGGGACATTCTGGCCAATACCTA 76 AuNP 56 DII
57 CAGTTGAATTCTGACCTGAAAGCGCCAGCCAT 81
58 CTCAATCAAGACAATATTTTTGAACCTTGCTG 75
59 GCATCACCATGCGCGAACTGATAGCCCTAAAA 81
60 GCAGAAGATTAAAAATACCGAACGAGGCAAAG 77
61 GGAACGCCATCAAAAATCATCAACATTAAATGGCTTTCCG 81
62 AATCAGCTCGTCGGATTCTCCGTGGTATCGGC 83
63 ATTTTGTTTGACCGTAATGGGATACGTGCATC 77 AF 660: 63 DI 63 DII
64 TAGAAGTAAAGAAACCACCAGAAGGATGATGG 77
65 ACTCGTATAAGTTTGAGTAACATTGTTTGGAT 73
66 GAGAGCCAGCAGCAACAACAGTGCCACGCT holder
67 ACTAGCATGAATCGATGAACGGTATGAGAAAG 77
68 TAATCAGAGGTCATTGCCTGAGAGAATATGAT 76
69 TATAAGCAAGCTATTTTTGAGAGATAATGCCG 75 z
70 TTATCATCCAATAGATAATACATTAATAGATT 68 z
71 GCGGAACATTAGACTTTACAAACATATCTAAA 73 AuNP
72 AATTTTAATAAATCCTTTGCCCGACAAATCAA 72
73 ATTAACACCGCCTGATGAAACGGTCAGT holder
74 AAACAAGAGTCAATCATATGTACCTTTTGTTA 72
75 GGCTATCAAAAGCCCCAAAAACAGACGTTAAT 77
76 CAATTCATAATTGCGTAGATTTTCTACCTTTT 72
77 TATACTTCAAAATTATTTGCACGTTCGCCTGA 75
78 GCCGGAGATAAAGATTCAAAAGGGCTCAGAGC 81
79 ATTCAACCATTTTAAATGCAATGCAAACATTA 71 79 bII
80 GAGAGGGTCGCAAGGATAAAAATTGAAGCCTT 78 z
81 CGTCAGATATATTCCTGATTATCAGAGCGGAA 77 z
82 AATAAAGACAATATAATCCTGATTATCATTTT 68 AuNP
83 ACCATATCTGAATAATGGAAGGGTACGTTATT 75
84 TGTGTAGGCAGTCAAATCACCATCTCTGGAGC 81
85 CCTCATATGTTCTAGCTGATAAATTCTACAAA 73
86 ACATCGGGTGATGAAACAAACATCCATTTGAA 76
87 TTGCTTTGTTATTCATTTCAATTACATAAATC 69
88 ATAAAGCTAATTAAGCAATAAAGCCATTAGAT 71
89 TGACCCTGTAAATCATACAGGCAATGTTTAGC 77
90 TATTTCAAATTCTACTAATAGTAGTGAAAAGG 71 z
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No. Sequence TM [ ◦C]
edge

staples
AuNP Design I Design II

91 AAAATTAAGAATATACAGTAACAGAGGTTTAA 69 z
92 AAAGAAGAAGAAACAATAACGGATAAAACAGA 72 AuNP
93 GAGGCGAAAATACCAAGTTACAAATAGAACCT 76
94 ATTAGCAAAAATCGGTTGTACCAACTGAGTAA 75
95 ACATCCAATAATACTTTTGCGGGATTTAGAAC 75
96 TTACCTTTAACATAGCGATAGCTTTTTATCAA 72
97 AATATATGCTATTAATTAATTTTCTTTTAACC 67
98 ACATTTCGGTAGATTTAGTTTGACTGATAAGA 73
99 TATATTTTATATAACAGTTGATTCGCTTAATT 68
100 TGGCATCAAACTAAAGTACGGTGTCATGTTTT 76 z
101 ACGCTGAGTTACATTTAACAATTTAAGAAAAC 72 z
102 TCCTTGAATTTAATGGAAACAGTACCTGAGCA 76 AuNP
103 AATCGTCGTGAGTGAATAACCTTGATCGCGCA 80
104 GCGAACGACAAATGGTCAATAACCGGCAAAGA 80
105 TTCATTCCCATTTGGGGCGCGAGCTAGCATTA 81
106 AATCATAGACCGACCGTGTGATAACATAATTA 75
107 TCCGGCTTCATCTTCTGACCTAAATATGCGTT 78
108 CTATATGTAAATGCTGGAAAACTTTTTCAAAT 71
109 CAGGATTAGAGAGTACGCAAACTCCAACAGGT holder
110 GGTCATTTTAATTCGAGCTTCAAACCTCAAAT 75
111 GCTGAATAAGGAAGCCCGAAAGACAATGACCA 80
112 AAATATGCGAAGCAAAGCGGATTGCTGACTAT 77 z
113 TTAAATAAAAGAGTCAATAGTGAAAGATTAAG 69 z
114 TTTGAAATGTCTGAGAGACTACCTCCTTAGAA 76 AuNP
115 GTTAATTTAGGTTGGGTTATATAACTTCTGTA 72
116 AAGACAAAGAACGCGAATGCAAATCCAATCGC holder
117 GCGAACCAGACCGGAACTTTAATTGCTCCTTT 80
118 TCGCGTTTTTGCGGATGGCTTAGACCAATTCT 80
119 AGATTAAGTAATGCTGTAGCTCAACTGGAAGT 76
120 CTAGAAAAGCCAACATGTAATTTAATATAAAG 71
121 ATACAAATGGGCTTAATTGAGAATTGTCCAGA 75
122 GCTTTAAAATATTCATTGAATCCCAGAGCAAC 75
123 TAAATCAAGGATAGCGTCCAATACACGACGAT 77
124 TATAGTCAGCCAGAGGGGGTAATATTGCAAAA 77 z
125 CATTTTCGGAATAAACACCGGAATATAAGGCG 77 z
126 TTAACAACAGCCTGTTTAGTATCATTTAATGG 73 AuNP
127 CAACAGTATCTTACCAGTATAAAGATATTTTA 71
128 CGTCATAACAGTTCAGAAAACGAGTTCAAATA 75
129 TTTAGACTAAATCAGGTCTTTACCCATCAAAA 73
130 TACCGACAAGAAAAATAATATCCCATAATCGG 75
131 CGACGACACCTGTTTATCAACAATACGGGTAT 78
132 ACTATCATATTACGAGGCATAGTAATTATACC 73
133 AAAAACCATCAACTAATGCAGATACTACGTTA 73
134 GAAGTTTTGATTCATCAGTTGAGATTATTACA 72 z
135 TTACGAGCAGCCAGTAATAAGAGAGGCAGAGG 81 z
136 CCTGAACAAAAGGTAAAGTAATTCCGCCATAT 76 AuNP
137 AGAACGCGATAAACAACATGTTCACCAACGCT 78
138 CAAAAGGAAACCCTCGTTTACCAGTGCGGAAT 80
139 TACCACATAAATAGCGAGAGGCTTGTAAAATG 76
140 CTGTCTTTCAATAGCAAGCAAATCCGCGAGGC 81
141 TAAACCAATTTATTTTCATCGTAGGGGAGGTT 75
142 AGTCAGGATTTTAAGAACTGGCTCGGATATTC 77
143 ATAAAACGCAACTTTAATCATTGTCTGCTCAT 73
144 GGTAGAAAAGTAGTAAATTGGGCTGAGAAACA 76 z
145 AAGGCTTAATGTAGAAACCAATCAATCCTAAT 73 z
146 ACCGCGCCCCTTATCATTCCAAGAAGATAAGT 80 AuNP
147 AAGCCGTTGTACCGCACTCATCGAGCTAATGC 82
148 TTATGCGACGTTGGGAAGAAAAATCATAACGC 77
149 TTTAATTTAACTAACGGAACAACATTTAGGAA 71
150 GTTTTAGCAACGAGCGTCTTTCCACATATTAT 76
151 TTGAAGCCGCTACAATTTTATCCTATTTTTTG 73
152 ATTACCCAAATCTTGACAAGAACCAAATCCGC 77
153 TCAGTGAAGGCGCATAGGCTGGCTGAACGAGG 85
154 CCAGAACGTGAAAGAGGACAGATGCCGAACTGACCAACTT 85 z
155 TTTGCCAGTCCGGTATTCTAAGAAAGATATAG 76 z
156 CCAACGCTGAACCTCCCGACTTGCGAATCATT 82 AuNP 156 DII
157 TGCACCCATTAAATCAAGATTAGTGAACAAGC 76
158 TCAAGAGTAATCAACGTAACAAAGGAATTACC 75
159 ACAGACCATAAGGCTTGCCCTGACTGAGATGG 82
160 TTATCCCATACCGAAGCCCTTTTTCCAGAAGG 80
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No. Sequence TM [ ◦C]
edge

staples
AuNP Design I Design II

161 TTTAACGTAGCAAGAAACAATGAAGGAATACC 75
162 AGCCTTTACAGAGAGACCCACAAGAATTGAGTTCCTTATT 81
163 TTAGACGGAGGGTAATTGAGCGCTAAATACAT 77
164 CAAGCGCGATCTTTGACCCCCAGCCCCTGAAC 86
165 ATCATCGCCGAAAGAGGCAAAAGAGTTAAAGG 78
166 GACCTGCTCGTAATGCCACTACGACAGCAGCG 85
167 CGCAGACGCATGAGGAAGTTTCCA 76
168 TAAGCAGATTACAAAATAAACAGCGAGCCTAA 75 z
169 AGCTATCTATCCAAATAAGAAACGGAATCTTA 73 AuNP 169 DII
170 ATAATAAGCAAAAATGAAAATAGCTGCTATTT 69
171 AGAGATAAATAACATAAAAACAGGGAAGCGCA 75
172 AAAGTCAGGAGAATTAACTGAACAGATTATAC 73
173 AAACACTCAAACAAAGTACAACGGAGATTTGT 75
174 ACCTAAAACTGATAAATTGTGTCG 67
175 GTAAAATACCATGTTACTTAGCCGGACCTTCA 77
176 AAAGACTTTTTGTCAATCATAAGGGAAAACGGTGT 76 z
177 AAACCGAGAGGTAAATATTGACGGACCGACTT 78 Atto 550: 177 DII
178 CAAAAGAAAAAGGGCGACATTCAACAAAATCA 75
179 ACGCAGTAAAAATTCATATGGTTTAGGCCGGA 77
180 ACATAAAGACGGAATAAGTTTATTAGCAGCAC 75 RR: 180 DI
181 TTCGGTCGCATCGCCCACGCATAAGAAACGCA 83 biotin: 181 bII
182 CCGCTTTTATACCGATAGTTGCGCTAAAGGAA 78
183 AAAGACAGTTGCTTTCGAGGTGAATGAAAATC 76 biotin: 183b
184 CATTAAAGTAGCCGAACAAAGTTAAAGAAAAG 73 z
185 GGGAGGGAGAAACGCAATAATAACATAGCAAT 77 AuNP
186 CAAAGACACTGGCATGATTAAGACTAAGCCCA 78
187 ATCAATAGTGTTAGCAAACGTAGAAATATCAG 73
188 AAGACACCGTGGCAACATATAAAACCGATATA 76
189 ACAACAACCTGAGGCTTGCAGGGAATACACTA 80
190 ACAGCTTGGCGGGATCGTCACCCTAGGCACCA 86
191 GTATCGGTTTATCAGCCATCGGAACGAGGGTATTAAACGG 84
192 TAATTGCAACGGCTACAGAGGCTTTGAGGACT 80 z
193 GAGCCATTACCGGAACCGCCTCCCAGAGCCAC 87 biotin: 193b biotin 193: bII
194 CCAGTAGCTCATAATCAAAATCACCACCACCA 78
195 AACGTCACTCATAGCCCCCTTATTGGTTGAGG 81
196 CGTAATCAAGACTGTAGCGCGTTTTTCACAAA 77 left out
197 GGAGTGAGTAAACAACTTTCAACAGTTTGCCT 77
198 TTGCGAATTTAGTAAATGAATTTTAAACTACA 69
199 TCCAAAAAAACGATCTAAAGTTTTCCCTCATAGTTAGCGT 79 z
200 AAAGGCTCCAAAAGGAGCCTT 69 z
201 GCCACCCTGTGAATTATCACCGTCAAATTATT 77 z
202 GAGCCACCTGGGAATTAGAGCCAGCCGATTGA 83 biotin : 202b biotin: 202 bII
203 CCATCTTTACCATTACCATTAGCAACCAGCGC 80
204 ATTTTCGGCAATGAAACCATCGATTTGTCACA 76

additional: 204 DI
205 TTAGCGTCGTAGCGACAGAATCAAGTTTCAGC 80
206 GATTTTGCAATAGAAAGGAACAACCGACAATG 76
207 TCCAGACGAATAATTTTTTCACGTTTTCTTAA 72 biotin: 207b
208 CACCCTCAAGTGCCCGTATAAACAATTCTGAA 78 biotin: 208b
209 GAGCCGCCTAAGTTTTAACGGGGTACTCCTCA 82
210 CAGGTCAGTGGCTTTTGATGATACTTTTGCTC 78
211 CAAATAAATCTGAATTTACCGTTCGAGAGGGTTGATATAA 78 211 DI 211 DII
212 AACACTGAGCCCAATAGGAACCCAAATGGAAA 78
213 ACGCCTGTAGAGCCACCACCCTCACCACCCTC 87 biotin: 213b
214 CCCCTGCCCAGAACCGCCACCCTCTCAGAGCC 90 z
215 TGAGTAACGAGCCGCCACCAGAACCGGAACCA 85 215 DII
216 ACTGGTAAGCCAGCATTGACAGGAAGCGTTTG 81
217 GTCATACAACGATTGGCCTTGATATCATCGGC 80

218 GCGCAGTCTCCTCATTAAAGCCAGTGTACCGT 82
219 GATAGCAAGTTTCGTCACCAGTACCTGTATGG 80
220 CCGCCACCCTCAGCATTCCACAGACAGGTCGTCTT 87 z
221 TATTTCGGAACCTATTGTTAATGC 67 z
222 ACATGAAAGTATTAAGAGGCTGAGCAGTGCCT 78
223 AGAGAAGGATTAGGATTAGCGGGGAGGAGTGT 81
224 AGTACCAGGCGGATAAGTGCCGTCCAGTAAGC 83
225 GTATAGCCCGGAATAGGTGTATCA 72 225 DII
226 CCGTACTCAGGAGGTTTAGTACCGTTTTCAGG 81
227 AGAACCGCCACCCTCAGAA 70
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u-staples. The following staples can replace the z-staples to yield u-staple tPads.

No. Sequence

9 TTTTTCTTTTCACCAGTTGGGCGCCAGGGTGG
10 AAATCAAGTTTTTTGGACGTGAACCATCACCC
27 GCATGCCTGCAGGTCGGGCCAGTGCCAAGCTT
28 GCCGATTAAAGGGATTGGGAGCTAAACAGGAG
45 ATGGGCGCATCGTAACGGTCACGTTGGTGTAG
46 GGCAGATTCACCAGTCATGGATTATTTACATT
63 AATATTTAAATTGTAAGAAGATTGTATAAGCA
64 CAATAGATAATACATTAATAGATTAGAGCCGT
75 AGCTATTTTTGAGAGATAATGCCGGAGAGGGT
76 ATATTCCTGATTATCAGAGCGGAATTATCATC
85 CGCAAGGATAAAAATTGAAGCCTTTATTTCAA
86 GAATATACAGTAACAGAGGTTTAACGTCAGAT
95 ATTCTACTAATAGTAGTGAAAAGGTGGCATCA
96 TTACATTTAACAATTTAAGAAAACAAAATTAA
105 AACTAAAGTACGGTGTCATGTTTTAAATATGC
106 AAGAGTCAATAGTGAAAGATTAAGACGCTGAG
119 GAAGCAAAGCGGATTGCTGACTATTATAGTCA
120 GAATAAACACCGGAATATAAGGCGTTAAATAA
129 GCCAGAGGGGGTAATATTGCAAAAGAAGTTTT
130 AGCCAGTAATAAGAGAGGCAGAGGCATTTTCG
139 GATTCATCAGTTGAGATTATTACAGGTAGAAA
140 ATGTAGAAACCAATCAATCCTAATTTACGAGC
149 AGTAGTAAATTGGGCTGAGAAACACCAGAACG
150 TCCGGTATTCTAAGAAAGATATAGAAGGCTTA
additional: 159u TGAAAGAGGACAGATGCCGAACTGACCAACTT
160 TTACAAAATAAACAGCGAGCCTAATTTGCCAG
177 TAGCCGAACAAAGTTAAAGAAAAGTAAGCAGA
additional 193u GTGAATTATCACCGTCAAATTATTCATTAAAG
208 CAGAACCGCCACCCTCTCAGAGCCGCCACCCT
221 TATTTCGGAACCTATTGTTAATGCCCCCTGCC

AuNP staples. The following staples replace the basic staples for AuNP attachment.

No. Sequence

11 GAGCCCCCTTGCTTTGACGAGCACAGTGTTTTGACAAAGCCGACCACCAAAG
12 CGGCGAACCTTAATGCGCCGCTACAAAGAGTCGACAAAGCCGACCACCAAAG
13 GCGAAAGGTCACGCTGCGCGTAACGTAGCAATGACAAAGCCGACCACCAAAG
15 CGCTCACTCACAATTCCACACAACTTCGCTATGACAAAGCCGACCACCAAAG
16 GTCGTGCCTAGCTGTTTCCTGTGTGTGCTGCAGACAAAGCCGACCACCAAAG
17 GCGCGGGGGGGTACCGAGCTCGAAGGGTTTTCGACAAAGCCGACCACCAAAG
41 GAGTAGAAGATTAGTAATAACATCAACTGTTGGACAAAGCCGACCACCAAAG
38 CATTTTGACGCCAGAATCCTGAGAGTATAACGGACAAAGCCGACCACCAAAG
56 ATATCTTTAAGGGACATTCTGGCCAATACCTAGACAAAGCCGACCACCAAAG
71 GCGGAACATTAGACTTTACAAACATATCTAAAGACAAAGCCGACCACCAAAG
82 AATAAAGACAATATAATCCTGATTATCATTTTGACAAAGCCGACCACCAAAG
92 AAAGAAGAAGAAACAATAACGGATAAAACAGAGACAAAGCCGACCACCAAAG
102 TCCTTGAATTTAATGGAAACAGTACCTGAGCAGACAAAGCCGACCACCAAAG
114 TTTGAAATGTCTGAGAGACTACCTCCTTAGAAGACAAAGCCGACCACCAAAG
126 TTAACAACAGCCTGTTTAGTATCATTTAATGGGACAAAGCCGACCACCAAAG
136 CCTGAACAAAAGGTAAAGTAATTCCGCCATATGACAAAGCCGACCACCAAAG
146 ACCGCGCCCCTTATCATTCCAAGAAGATAAGTGACAAAGCCGACCACCAAAG
156 CCAACGCTGAACCTCCCGACTTGCGAATCATTGACAAAGCCGACCACCAAAG
169 AGCTATCTATCCAAATAAGAAACGGAATCTTAGACAAAGCCGACCACCAAAG
185 GGGAGGGAGAAACGCAATAATAACATAGCAATGACAAAGCCGACCACCAAAG

The ODNs bound to the AuNP are thiol-20N: 5’-HS-CTTTGGTGGTCGGCTTTGTC-3’.
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Fluorophore tPad design I. The following staples and fluorophore-labelled ODNs are specific of the
design I tPad. Modifications are [BIO]: biotin, and the dyes AF488: Alexa Fluor 488, RR: Rhodamine
Red, AF660: Alexa Fluor 660. The biotin staples include an ATTATTATT spacer. In the handle-bearing
staples, the handle sequence is separated from the body staple sequence by an additional T base.

Name Sequence

AF488: 1 DI CCGTCTATCAGGCGATGGCCCACTGGTCGAGGTGCCGTAATCGTTAGATGACTGCTGGATGACTACTGG
AF 660: 63 DI ATTTTGTTTGACCGTAATGGGATACGTGCATCTGCCAGTTGACGTTGTTGTGTAGTCCGTGTGTGTTGC
RR: 180 DI ACATAAAGACGGAATAAGTTTATTAGCAGCACCGTAATCAAGACTGTATCGCACACTCTCCACAACTAC
19 DI ATCAGAGCTTAGACAGGAACGGTACGCTCAATCGTCTGAAACACGACC
35 DI AAAACGACACTCTAGAGGATCCCCAGAGGCGGTTTGCGTATGAGACGG
204DI GCGCGTTTTTCACAAACAAATAAATCTGAATT
211 DI TACCGTTCGAGAGGGTTGATATAA

AF488 ODN [AF488]CCAGTAGTCATCCAGCAGTC
AF 660 ODN [AF660]GCAACACACACGGACTACAC
RR ODN [RR]GTAGTTGTGGAGAGTGTGCG

17b [BIO]ATTATTATTAGCGCGGGGGGGTACCGAGCTCGAAGGGTTTTC
34b [BIO]ATTATTATTAAGGCGATTGATCGCACTCCAGCCATGAGCGAG
38b [BIO]ATTATTATTACATTTTGACGCCAGAATCCTGAGAGTATAACG
46b [BIO]ATTATTATTAAGTAATAAAGGAGCACTAACAACTTGAGGATT
53b [BIO]ATTATTATTACGGCGGATAAAATTCGCATTAAATCCGGTTGA
183b [BIO]ATTATTATTAAAAGACAGTTGCTTTCGAGGTGAATGAAAATC
193b [BIO]ATTATTATTAGAGCCATTACCGGAACCGCCTCCCAGAGCCAC
202b [BIO]ATTATTATTAGAGCCACCTGGGAATTAGAGCCAGCCGATTGA
207b [BIO]ATTATTATTATCCAGACGAATAATTTTTTCACGTTTTCTTAA
208b [BIO]ATTATTATTACACCCTCAAGTGCCCGTATAAACAATTCTGAA
213b [BIO]ATTATTATTAACGCCTGTAGAGCCACCACCCTCACCACCCTC

Fluorophore tPad design II. The following staples are specific of the design II tPad. Modifications
are [BIOTEG]: biotin with triethylene glycol spacer, and the dyes Atto 488, Atto 550, Atto 647N. In
the dye-bearing staples, the dyes are separated from each other and from the body staple sequence by a
TCT spacer (purine bases avoided).

Name Sequence

Atto550: 175 AAACCGAGAGGTAAATATTGACGGACCGACTTGAGCCATCT[ATTO550]TCT[ATTO550]TCT[ATTO550]
63 DII ATTTTGTTTGACCGTAATGGGATACGTGCATCTGCCAGTTTGAGGGGAC
215 DII TGAGTAACGAGCCGCCACCAGAACCGGAACCAGAGCCACCACCGGAACC
Atto647N: 17 GCGCGGGGGGGTACCGAGCTCGAAGGGTTTTCCCAGTCTCT[ATTO647N]TCT[ATTO647N]TCT[ATTO647N]
Atto488: 10 TGCCGTAATCGTTAGAATCAGAGCTTAGACAGGAACGGTCT[ATTO488]TCT[ATTO488]TCT[ATTO488]
56 DII ATATCTTTAAGGGACATTCTGGCCAATACCTACATTTTGACGCTCAATC

193 bII TTTGGGAATTAGAGCCAGCCGATTGATTCTTCTTCTT[BIOTEG]
38 bII GTCTGAAACACGACCAGTAATAAAGGAGCACTAACAACTTGAGGATTTTCTTCTTCTT[BIOTEG]
39 bII TGCAACAGGTGAGGCCACCGAGTAAGGGCGCGTTCTTCTTCTT[BIOTEG]
35 bII ACGACGTTGTAAAACGACACTCTAGATTCTTCTTCTT[BIOTEG]
202 bII GCCTCCCAGAGCCACCACCCTCAAGTGCCCGTATAAACAATTCTGAATTCTTCTTCTT[BIOTEG]
28 b II TACGCCAGAATCCTGAGAGTATAACGTTCTTCTTCTT[BIOTEG]
45 bII GACGACAGGAACAAACGGCGGATAAAATTCGCATTAAATCCGGTTGATTCTTCTTCTT[BIOTEG]
181 bII TTCGGTCGCATCGCCCACGCATAAGAAACGCATTCTTCTTCTT[BIOTEG]
79 bII ATTCAACCATTTTAAATGCAATGCAAACATTATTCTTCTTCTT[BIOTEG]
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Pads

Sequences of the pad body. In the following, the pad body staples are given. In order to prepare
pads with handles according to the pad types I - III, the staples marked in the last column need to be
replaced by staples specific of that pad type, which are given in the following tables.

No. Sequence replaced in type

1 CCAACGTCTCGTGCCAGCTGCATTCGAGCCGG
2 TAAGAGGAACGACGATAAAAACCAACGAGAAA
3 TAAAGCATAATCAACAGTTGAAAGACCTACCA III
4 CCCTAAAAATTCGACAACTCGTATTTGCGGAA III
5 ATCGAGAACAAGCAAGGTTTAACGTCAAAAATCCTGAACA
6 AAATATATACATTTAACAATTTCATTCAATTA
7 AATCTTACTTTTAGCGAACCTCCC
8 CATTACCCAAGGGAACCGAACTGACATAACCG
9 GTAGATTTTCAGGTTTAACGTTATTTGCACGTAAAACAGA
10 CCTGTTTACAAGAAAAATAATA
11 AAAAGAAACCCACAAGAATTGAGTTAAACAGC
12 ACCAATGATCAGAGCCACCACCCTTTAACGGG
13 TCGCACTCCAGCCAGCTAACTCACATTAGGTCATAAGAAT II
14 TTGGCCTTTCACCGTCACCGACTATTCATA
15 GATTTTTTCCGTTTTTATTTTCAT
16 ATTCAGTGTAGCCGGAACGAGGCGCAGGGAGT
17 AAGAGAATATAAAGTACCGAGTAATTTAGGCAGAGGCATT
18 CCGTAACAAAGCGCAGTCTCTGAATCAGACGA III
19 GATTAGTTGCTATTTTTGAAGCCTTAAATCAA
20 CACCAGAAGTGTCGAAATCCGCGACACCCTCA
21 AGGTAAATGAGTAACATTATCATTTAAATCCT
22 GACTTGCGGGAGGTTTGCACCCAGCTACAATTTAAGAAAA I; II
23 TAAGTTGGGTAACGCCCCTGCAGGTCGACTCTCCTTCACC
24 TCCCATCCTAATTTACCGGAATCATAATTACTACTTTTTC
25 ACCGCCACCTTGAGTAACAGTGCCCTCAGAAC III
26 CAAATCAGATATAGAATTTGCCAGTTACAAAATAAGCCCA
27 ATATATGTTGTAAATGCTGATGCATACAAATT
28 ATAAACACGAGCATGTAGAAACCA
29 GTTAATAAAATCCTGAGAAAACCTGCACCGTG II
30 GAAGGTTAAGAGCCAGCAGCAAATGGCAGATT II; III
31 TAAGAACGCGAGGCGCAACGCTAACGAGCGATAGCAAT
32 TCATATTAGGCGAATTATTCATTTTGAATT
33 TAGACGGGCAGCGCCAAAGACAAACATTAAAG I; II
34 ATTTGGGGGCCATCAAAAATAATT
35 GTCGAGAGGAAACATGAAAGTATTTTCATAAT
36 CGCAAGACTTAATGGAAACAGTACTTACAAAA
37 AGGAAGGGCGCGTAACCACCACACTTACCGCC
38 GCTGTAGGCATCTGCCAGTTTG
39 CAATACTGTAAGAATACGTGGCACCGAACG III
40 CCATTCAGGCTGCGCATTCCACACAACATAAATGAATC
41 AGCTTGCTACAACCATCGCCCACGCCAACTTT
42 GGCCAACTCCACTATTAAAGAACAAGTTTT
43 TCTGTCCAGACGACGATTGAGAATCGCCATATGAGACTAC I; II
44 CCGCCTCACAGAATCAAGTTTGATGATTAA
45 GGCATTTTCGGTCATAGCCCC
46 GCCAACATCAAAAGGTAAAGTAAT
47 ACCGAGGAAACACCAGAAGGAA
48 CACCAGTCAATATCCAGAACAATACCGCCGCG I; II; III
49 GATTAGCGGGGTTTTGTCAAGAGAAGGATTAG
50 TTGGGAATGGAGGTTGAGGCAGGTTTACCGT
51 CATATTATCGCGCCCAATAGCAAG
52 CTTATTAGCGTTTGCCATCTTAAGAGGCT
53 ACCTTTTAAAGAACGCGAGAAAAGAAAAAG
54 TGAGACGCCCTTATAAATCAAATTAGAGCT
55 GTCAGAAGTTGCAAAAGAAGTTTTAGCTGCTC
56 TCCAGTAACAAGCCCAATAGGAAAGTAAATG III
57 CTGGCGAAAGGGGGACCGAGCTCGAATTCGTTCACCAG
58 TTGACCCCGATTTTAAGAACTGAACTAATG
59 ATGTTACTAATAAGGCTTGCCCTGAAATAGCG
60 TTGGGGTAATCAGAGCGGGAGCCGTTGTAG
61 CAATGACATTCGAGGTGAATTTCTTAAACAGCTTG
62 TGCGTTGCATTACAGGTAGAAAGAAAATCTAC II
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No. Sequence replaced in type

63 AGGCCGATGAACCATCACCCAAATCGTGGACT
64 CAGATACAACTCCAACAGGTCAAATATAAT
65 ATACATTTAGCAGAAGATAAAACACTTCTGAC III
66 AAAATACGCGTCTTTCCAGACGTTCCCATGTA III
67 TAACAGTCAAACGGCGGATTGA
68 CAAAATCAGTAGCGCGTTTTCATCGCAATAAT
69 CAAAAGGGGTCGCTGAGGCTTGCAGACGGT I; II
70 AACAAGAGGCGCGGGGAGAGGCGGTTGTTATC
71 TGGTTTAAAACGGAGATTTGTATCGAGGGTAG
72 CAACATTAAATGTGAGTTTGACCATTAGATACCTATTATA
73 AGTTTTGTTAATGCCACTACGAAGAAAACGAA I; II; III
74 TATTTTTGCATCACGCAAATTAACTAAACAGG III
75 ACCTTATGCCAGCGATTATACCAACTAAAGAC
76 CATCAATATGCTTTGAATACCAAGATAAATCA
77 GGCTTAACAATAAACAACATGT
78 TTTTTCATTGTATGGGATTTTGCTTCATTTTC III
79 TACTAATAGTAGTAGCATTATAGGAACCGCGAGCTGAAAAGGTAATGCTTT
80 GGCAAAATGGCAACAGCTGATTGCAGAGGATC I; II
81 AGAGGCAAAGGACGTTGGGAAGAATTCATCAG I; II
82 TACAAACACATCGCCATTAAAAATACAGACAA III
83 ACAACATTGCTCACTGCCCGCTTTTGCCTAAT
84 ATCAAGAGACAGATGAACGGTGTATGCGCCGA
85 CATTGACATAGAGCCAGCAAAATCGAATAAGT
86 TAACTATAGAGTGAATAACCTTGCAACGGATT
87 GAAAGAGGTAATCTTGACAAGAACTGGATAGC
88 AATTAATTTTTAGTTAATTTCATCAAATAAGA
89 CAATCATAAATCAACGTAACAAGCCAGAGG II
90 CGGAAGCAATAACGCCAAAAGGAATGTGAATT
91 GCAGCGAATAAAGGAATTGCGAATGGTTTAGT III
92 ATAGGTGTGCCCCCTGCCTATTTCCACCGGAA
93 GTCATAGCTTCGCTATTACGCCAG
94 CATAGGCTGGCAATATTCATTG
95 CAGTTAATATCACCGTACTCAGGAAATAATTT
96 AACAACTATATTAACACCGCCTGCAAAGGGAC III
97 AAGTCAGATCACAATCAATAGAAATGAGCCAT
98 TACGCCAGAACGAACTAACCAGGGTCTATGGA
99 GTTGCTTTAAAGGGAGCCCCCGATAGAATAGC
100 TGCCTGAGCAACAGAGATAGAACCGAGGTGAG III
101 CGTAGGAATCATTACTTATCCCAATCCAAAATATCAG
102 CACGCTGTCTAAAATATCTTTAGATTATAC III
103 GCGGTCAGATAGATTAGAGCCGTCTGGCAATT III
104 CCTTTTACTAATGGAAGGGTTAGAGAATTGAG I; II
105 CGCTCACAAACTGTTGGGAAGGGC
106 ATATATTCAGCCTTTAATTGTATCTAAGTGCC
107 ATACCGATAGTCAGACCAGGCG
108 CAAAAATCAGTAAAATGTTTAGACCGGATATT
109 CAACGGCTTTTCAGCGGAGTGAGACCTCAGAA III
110 CCACCAGCCATTAGCAAGGCCGCAACATAT
111 GAGTACCTTAGGAATACCACATTCGCTCATTA
112 CAAGAACGGGTATTAAACAGAGAGAATAACATAAGCGCAT I; II
113 AGGGGACGACGACAGTTAGAGCTTAATTGCTGGGATTAGA
114 TCAGCTAATGCAGAACTATAAAGCCAACGCTCGGGTTATA
115 TGCTGGTACACGACCAGTAATAAACAGTGC III
116 CAGTAGCGCCTCAGAGCCGCCACCCGTATAAA
117 AATTTTCGAGGAAGTTTCCATTACTCATCT III
118 TAAAGGCCTGAAAATCTCCAAAAAAGCCCGGA
119 AGGGATAGGCGTCATACATGGCTTGCCGCCAG III
120 AACCACCGAGGATTTAGAAGTAAATTATCA III
121 CTGGTGCCGGAAACCAAGTGTAAAGCCTGGGGCCAGTCGG
122 TAAAGTACCACGTTGGTGTAGATG
123 TCGCGCAGCCTGATTATCAGATGAAATAGATA
124 TTCTGAAATCGGGAGAAACAATTTCTGTAA
125 GAACAACAGACAGCATCGGAACATCGCCTG III
126 TTGGGCGCGGGTTGAGTGTTGTTCACTAAATC
127 CAAAGAAAAAAGAAGATGATGAAAGAAAACAA
128 GAGACTCCCTCAGTACCAGGCGGAGGTTTATC
129 CGCCACCCAACCATCGATAGCAGCAGCAAACG
130 TGCCCCAGCAGGCGAAAATCCTGAGAGAGTTGCAGCAAGC
131 CCGAGATACAGGGTGGTTTTTCTTTAATCATG
132 CCGCCACCGTACTGGTAATAAGTTCAGAGCCG III
133 CTTAATGCGAAAGCCGGCGAACGTCCGAAATC II
134 TTGCCCGACTGTAGCATTCCGCGATAATGCAC III
135 TCCTTGAAAAAATCATAGGTCTGATTAACAAC
136 TATCAAAATCAGATGAATATACAGCCTTAGAA
137 AACGGAATATAGCCGAACAAAGTT
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No. Sequence replaced in type

138 GATCGGTGCGGGCCTCTGTTTCCTGTGTGAAATTTGCGTA
139 TTTCACGTGCTTTTGCGGGATCGTCCTGCTCC
140 CTACATTTTGACGCTCAAT III
141 AAAAGTTTATTGACGGAAATTATTAGGGCGAC II
142 TTTTTATACTCATAGTTAGCGTAAGTACAAAC II; III
143 CTTACCAGGCGCCTGTTTATCAAC
144 AATGGTCGTAGCCAGCTTTCAT
145 CTCGTTAGCGAGGTGCCGTAAAGCCAGTTTGG
146 TAAATTTAGATTGAGGGAGATCAACAAACGGA
147 TTCAACAGACAGAGGCTTTGAGGAGCGCGAAA III
148 GAGTCAATAGTGAATTTATCAACATAGCGATAGCTTAGAT
149 TTATTTTGGGGTAATTGAGCGCTATAAGAAAC
150 CAGCCTTTACCAAGTACCGCACTC
151 AATCCCCCTCAGGCATCAATTC
152 CAATATCTGGTCAGTTGGCACACCTTGCTGAACCTCAAAT
153 TTGAGATTTTAATTGCTCCTTTTGATTTTTGC I; II
154 GTCCAATACAGAAAACGAGAATGAATATTTTC
155 TGGTTTACAGAATTAACTGAACACGAAAATAG
156 CATAGTAATTCGAGCTTCAAAGCGTATGCAAC
157 CGTCTGAACAACAGGAAAAACGCTCATG
158 AATAGATAAGTCCTGAAGTATCATATGCGTTAAATCCAAT
159 GTAAGCAGACCCAAAAGAACTGGCCCTTTAGC II
160 CAAAGTACTTTCAACTTTAATCATTTACGAGG
161 TACAACGCACGTTATTAATCCTCATAAATTTT II; III
162 GGGTAATAGGTCTTTACCCTGAATTTCGCA I; II
163 CACTACGTTAAAGGGATTTTAGACAGTAAAAG
164 ATTCAACCATGGTTTGAAACAGGGAAAAATAC II
165 AGCTATCATTACGCAGTATGTTACCGTAAT
166 AAGCATAAGGCAAAGCGCCATTCG
167 GAAACCTGAAAGGGCGAAAAACCGCGATGGCC
168 ATTATTCTGGTTGATATAAGTATAAAGGCTC II
169 GGATGGCTATCGGCCTCAGGAAGA
170 ATCAATAATCGGCTGTTGATAAATAAGGCGTTTTCTGACC
171 TAGAAAATAGCAAGAAACAATGAATCTTTCCA
172 AAACAGTTCTGCGGAATCGTCATATGACCTTC
173 CACCATTAAACCACCACCAGAGCCTTGATGAT
174 CGTTTTAAGAGCAACACTATCATAGCTTGAGA
175 GGAACCCTGACGAGCACGTATAACACATCACT
176 AGCCATTGATGGATTATTTACATTGAAAAATC III
177 GTCAGACTCCGGAACCAGAGCCACGGAACCT I; II
178 GTCAGTGCCCTCAGAACCGCCACATAGAAAG III
179 ATTCTGGCTAGAAGAACTCAAACTGTACTATG III
180 TACCAGTCAAGAATACACTAAAACAAACGGGT
181 AGAGATAACGCAAAGACACCACGACCAGTAG
182 CGACCGTGCTTTCCTTATCATTC
183 ACAGGAGTCTCAGAGCCACCACCCAAACAACT III
184 GAGCCTAAGGCTTATCCGGTATTC
185 ATAAATTCGAGTAGTAAATTGGACCCTCGT
186 CTGAAAGCTCTTTGATTAGTAATAGTGCTTTC III
187 GTGAATTAGATATTCACAAACAAATTAAAGCC I; II
188 CCTGAGCACCACCAGAAGGAGCGGTTAGACTT
189 ATAATAAGACATACATAAAGGTGGGAAACGTC
190 CTTTTTAACTATTAATTAATTTTCTAACAGTA II
191 GGATTCTCCGTGGGAATGATTCCCAATTCTGCAAAAAGAT
192 GGCGCATCGTAACCGTCTCAACATGTTTTAAAAACCAGAC
193 CGCGTCTGGCCTTCCTAATAACCTGTTTAGCTCCATAAAT
194 GACTCCTTTTACCGAAGCCCTTTTTTATCCTG
195 ATCGTCGCCTCCGGCTTAGGTTAACAGTAG
196 GAGTGAGCTTTCCGGCACCGCTT
197 CCGTAATGGGATAGGTGGTGTCTGGAAGTTTCAAATATCG
198 TGACGGGGCCGCTACAGGGCGCATCGGCCT
199 AGAATGGACTGAGTTTCGTCACCACGATCTAA I; II; III
200 TCACGCTGAAGAAAGCGAAAGGAGCGGG
201 GCGCTGGCAAGTGTAGCGG III
202 TTACCAGAGCCCGAAAGACTTCATTCCATA
203 CCCGGGTATGTGCTGCAAGGCGAT
204 AGACAGCCATCAGTGAGGCCACCGAGGAACGG III
205 AGAGGCTTCAAAGCGGATTGCATCGAACGAGT
206 GCCAGTGCCAAGCTTGCATGAGGGTTTTCCCAGTCACGAC
207 GCCTGGCCCTGTTTGATGGTGGTTGGCGAGAA
208 CGCCTGATTAATCCTGATTGTTTGGGAGCACT
209 AGATTTAGCGAGTAACAACCCGTC
210 AGTCTGTCAATGGCTATTAGTCTTACTGATAG III
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Replacement staples of type I pads.

Line I1
No. Sequence

104 CCTTTTACTAATGGAAGGGTTAGAGAATTGAGTTTTTTTTTTTTTTT
43 TCTGTCCAGACGACGATTGAGAATCGCCATATGAGACTACTTTTTTTTTTTTTTT
80 GGCAAAATGGCAACAGCTGATTGCAGAGGATCTTTTTTTTTTTTTTT
48 CACCAGTCAATATCCAGAACAATACCGCCGCGTTTTTTTTTTTTTTT

Line I2
No. Sequence

112 CAAGAACGGGTATTAAACAGAGAGAATAACATAAGCGCATGACAAAGCCGACCACCAAAG
187 GTGAATTAGATATTCACAAACAAATTAAAGCCGACAAAGCCGACCACCAAAG
33 TAGACGGGCAGCGCCAAAGACAAACATTAAAGGACAAAGCCGACCACCAAAG
153 TTGAGATTTTAATTGCTCCTTTTGATTTTTGCGACAAAGCCGACCACCAAAG
81 AGAGGCAAAGGACGTTGGGAAGAATTCATCAGGACAAAGCCGACCACCAAAG
73 AGTTTTGTTAATGCCACTACGAAGAAAACGAAGACAAAGCCGACCACCAAAG
199 AGAATGGACTGAGTTTCGTCACCACGATCTAAGACAAAGCCGACCACCAAAG
29 GTTAATAAAATCCTGAGAAAACCTGCACCGTGGACAAAGCCGACCACCAAAG
164 ATTCAACCATGGTTTGAAACAGGGAAAAATACGACAAAGCCGACCACCAAAG
62 TGCGTTGCATTACAGGTAGAAAGAAAATCTACGACAAAGCCGACCACCAAAG
161 TACAACGCACGTTATTAATCCTCATAAATTTTGACAAAGCCGACCACCAAAG
142 TTTTTATACTCATAGTTAGCGTAAGTACAAACGACAAAGCCGACCACCAAAG
13 TCGCACTCCAGCCAGCTAACTCACATTAGGTCATAAGAATGACAAAGCCGACCACCAAAG
141 AAAAGTTTATTGACGGAAATTATTAGGGCGACGACAAAGCCGACCACCAAAG

Line I3
No. Sequence

22 GACTTGCGGGAGGTTTGCACCCAGCTACAATTTAAGAAAAGACAAAGCCGACCACCAAAG
162 GGGTAATAGGTCTTTACCCTGAATTTCGCAGACAAAGCCGACCACCAAAG
177 GTCAGACTCCGGAACCAGAGCCACGGAACCTGACAAAGCCGACCACCAAAG
69 CAAAAGGGGTCGCTGAGGCTTGCAGACGGTGACAAAGCCGACCACCAAAG

Replacement staples of type II pads.

Line II1
No. Sequence

104 CCTTTTACTAATGGAAGGGTTAGAGAATTGAGAAAAAAAAAAAAAAA
43 TCTGTCCAGACGACGATTGAGAATCGCCATATGAGACTACAAAAAAAAAAAAAAA
133 CTTAATGCGAAAGCCGGCGAACGTCCGAAATCAAAAAAAAAAAAAAA
190 CTTTTTAACTATTAATTAATTTTCTAACAGTAAAAAAAAAAAAAAAA
80 GGCAAAATGGCAACAGCTGATTGCAGAGGATCAAAAAAAAAAAAAAA
48 CACCAGTCAATATCCAGAACAATACCGCCGCGAAAAAAAAAAAAAAA
30 GAAGGTTAAGAGCCAGCAGCAAATGGCAGATTAAAAAAAAAAAAAAA

Line II2
No. Sequence

112 CAAGAACGGGTATTAAACAGAGAGAATAACATAAGCGCATAAAAAAAAAAAAAAA
187 GTGAATTAGATATTCACAAACAAATTAAAGCCAAAAAAAAAAAAAAA
33 TAGACGGGCAGCGCCAAAGACAAACATTAAAGAAAAAAAAAAAAAAA
153 TTGAGATTTTAATTGCTCCTTTTGATTTTTGCAAAAAAAAAAAAAAA
81 AGAGGCAAAGGACGTTGGGAAGAATTCATCAGAAAAAAAAAAAAAAA
73 AGTTTTGTTAATGCCACTACGAAGAAAACGAAAAAAAAAAAAAAAAA
199 AGAATGGACTGAGTTTCGTCACCACGATCTAAAAAAAAAAAAAAAAA

162



Line II3
No. Sequence

89 CAATCATAAATCAACGTAACAAGCCAGAGGAAAAAAAAAAAAAAA
22 GACTTGCGGGAGGTTTGCACCCAGCTACAATTTAAGAAAAAAAAAAAAAAAAAAA
162 GGGTAATAGGTCTTTACCCTGAATTTCGCAAAAAAAAAAAAAAAA
159 GTAAGCAGACCCAAAAGAACTGGCCCTTTAGCAAAAAAAAAAAAAAA
177 GTCAGACTCCGGAACCAGAGCCACGGAACCTAAAAAAAAAAAAAAA
168 ATTATTCTGGTTGATATAAGTATAAAGGCTCAAAAAAAAAAAAAAA
69 CAAAAGGGGTCGCTGAGGCTTGCAGACGGTAAAAAAAAAAAAAAA

Replacement staples of type III pads.

No. Sequence

140 CTACATTTTGACGCTCAATAAAAAAAA
100 TGCCTGAGCAACAGAGATAGAACCGAGGTGAGAAAAAAAA
39 CAATACTGTAAGAATACGTGGCACCGAACGAAAAAAAA
210 AGTCTGTCAATGGCTATTAGTCTTACTGATAGAAAAAAAA
142 TTTTTATACTCATAGTTAGCGTAAGTACAAACAAAAAAAA
66 AAAATACGCGTCTTTCCAGACGTTCCCATGTAAAAAAAAA
78 TTTTTCATTGTATGGGATTTTGCTTCATTTTCAAAAAAAA
109 CAACGGCTTTTCAGCGGAGTGAGACCTCAGAAAAAAAAAA
91 GCAGCGAATAAAGGAATTGCGAATGGTTTAGTAAAAAAAA
176 AGCCATTGATGGATTATTTACATTGAAAAATCAAAAAAAA
115 TGCTGGTACACGACCAGTAATAAACAGTGCAAAAAAAA
96 AACAACTATATTAACACCGCCTGCAAAGGGACAAAAAAAA
65 ATACATTTAGCAGAAGATAAAACACTTCTGACAAAAAAAA
82 TACAAACACATCGCCATTAAAAATACAGACAAAAAAAAAA
134 TTGCCCGACTGTAGCATTCCGCGATAATGCACAAAAAAAA
199 AGAATGGACTGAGTTTCGTCACCACGATCTAAAAAAAAAA
56 TCCAGTAACAAGCCCAATAGGAAAGTAAATGAAAAAAAA
183 ACAGGAGTCTCAGAGCCACCACCCAAACAACTAAAAAAAA
178 GTCAGTGCCCTCAGAACCGCCACATAGAAAGAAAAAAAA
30 GAAGGTTAAGAGCCAGCAGCAAATGGCAGATTAAAAAAAA
179 ATTCTGGCTAGAAGAACTCAAACTGTACTATGAAAAAAAA
186 CTGAAAGCTCTTTGATTAGTAATAGTGCTTTCAAAAAAAA
74 TATTTTTGCATCACGCAAATTAACTAAACAGGAAAAAAAA
204 AGACAGCCATCAGTGAGGCCACCGAGGAACGGAAAAAAAA
73 AGTTTTGTTAATGCCACTACGAAGAAAACGAAAAAAAAAA
117 AATTTTCGAGGAAGTTTCCATTACTCATCTAAAAAAAA
147 TTCAACAGACAGAGGCTTTGAGGAGCGCGAAAAAAAAAAA
125 GAACAACAGACAGCATCGGAACATCGCCTGAAAAAAAA
48 CACCAGTCAATATCCAGAACAATACCGCCGCGAAAAAAAA
103 GCGGTCAGATAGATTAGAGCCGTCTGGCAATTAAAAAAAA
120 AACCACCGAGGATTTAGAAGTAAATTATCAAAAAAAAA
4 CCCTAAAAATTCGACAACTCGTATTTGCGGAAAAAAAAAA
161 TACAACGCACGTTATTAATCCTCATAAATTTTAAAAAAAA
18 CCGTAACAAAGCGCAGTCTCTGAATCAGACGAAAAAAAAA
119 AGGGATAGGCGTCATACATGGCTTGCCGCCAGAAAAAAAA
132 CCGCCACCGTACTGGTAATAAGTTCAGAGCCGAAAAAAAA
25 ACCGCCACCTTGAGTAACAGTGCCCTCAGAACAAAAAAAA
3 TAAAGCATAATCAACAGTTGAAAGACCTACCAAAAAAAAA
102 CACGCTGTCTAAAATATCTTTAGATTATACAAAAAAAA
201 GCGCTGGCAAGTGTAGCGGAAAAAAAA
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M13mp18

AATGCTACTACTATTAGTAGAATTGATGCCACCTTTTCAGCTCGCGCCCCAAATGAAAATATAGCTAAACAGGTTATTGACCATTTGCGAAATGTATCTA
ATGGTCAAACTAAATCTACTCGTTCGCAGAATTGGGAATCAACTGTTATATGGAATGAAACTTCCAGACACCGTACTTTAGTTGCATATTTAAAACATGT
TGAGCTACAGCATTATATTCAGCAATTAAGCTCTAAGCCATCCGCAAAAATGACCTCTTATCAAAAGGAGCAATTAAAGGTACTCTCTAATCCTGACCTG
TTGGAGTTTGCTTCCGGTCTGGTTCGCTTTGAAGCTCGAATTAAAACGCGATATTTGAAGTCTTTCGGGCTTCCTCTTAATCTTTTTGATGCAATCCGCT
TTGCTTCTGACTATAATAGTCAGGGTAAAGACCTGATTTTTGATTTATGGTCATTCTCGTTTTCTGAACTGTTTAAAGCATTTGAGGGGGATTCAATGAA
TATTTATGACGATTCCGCAGTATTGGACGCTATCCAGTCTAAACATTTTACTATTACCCCCTCTGGCAAAACTTCTTTTGCAAAAGCCTCTCGCTATTTT
GGTTTTTATCGTCGTCTGGTAAACGAGGGTTATGATAGTGTTGCTCTTACTATGCCTCGTAATTCCTTTTGGCGTTATGTATCTGCATTAGTTGAATGTG
GTATTCCTAAATCTCAACTGATGAATCTTTCTACCTGTAATAATGTTGTTCCGTTAGTTCGTTTTATTAACGTAGATTTTTCTTCCCAACGTCCTGACTG
GTATAATGAGCCAGTTCTTAAAATCGCATAAGGTAATTCACAATGATTAAAGTTGAAATTAAACCATCTCAAGCCCAATTTACTACTCGTTCTGGTGTTT
CTCGTCAGGGCAAGCCTTATTCACTGAATGAGCAGCTTTGTTACGTTGATTTGGGTAATGAATATCCGGTTCTTGTCAAGATTACTCTTGATGAAGGTCA
GCCAGCCTATGCGCCTGGTCTGTACACCGTTCATCTGTCCTCTTTCAAAGTTGGTCAGTTCGGTTCCCTTATGATTGACCGTCTGCGCCTCGTTCCGGCT
AAGTAACATGGAGCAGGTCGCGGATTTCGACACAATTTATCAGGCGATGATACAAATCTCCGTTGTACTTTGTTTCGCGCTTGGTATAATCGCTGGGGGT
CAAAGATGAGTGTTTTAGTGTATTCTTTTGCCTCTTTCGTTTTAGGTTGGTGCCTTCGTAGTGGCATTACGTATTTTACCCGTTTAATGGAAACTTCCTC
ATGAAAAAGTCTTTAGTCCTCAAAGCCTCTGTAGCCGTTGCTACCCTCGTTCCGATGCTGTCTTTCGCTGCTGAGGGTGACGATCCCGCAAAAGCGGCCT
TTAACTCCCTGCAAGCCTCAGCGACCGAATATATCGGTTATGCGTGGGCGATGGTTGTTGTCATTGTCGGCGCAACTATCGGTATCAAGCTGTTTAAGAA
ATTCACCTCGAAAGCAAGCTGATAAACCGATACAATTAAAGGCTCCTTTTGGAGCCTTTTTTTTGGAGATTTTCAACGTGAAAAAATTATTATTCGCAAT
TCCTTTAGTTGTTCCTTTCTATTCTCACTCCGCTGAAACTGTTGAAAGTTGTTTAGCAAAATCCCATACAGAAAATTCATTTACTAACGTCTGGAAAGAC
GACAAAACTTTAGATCGTTACGCTAACTATGAGGGCTGTCTGTGGAATGCTACAGGCGTTGTAGTTTGTACTGGTGACGAAACTCAGTGTTACGGTACAT
GGGTTCCTATTGGGCTTGCTATCCCTGAAAATGAGGGTGGTGGCTCTGAGGGTGGCGGTTCTGAGGGTGGCGGTTCTGAGGGTGGCGGTACTAAACCTCC
TGAGTACGGTGATACACCTATTCCGGGCTATACTTATATCAACCCTCTCGACGGCACTTATCCGCCTGGTACTGAGCAAAACCCCGCTAATCCTAATCCT
TCTCTTGAGGAGTCTCAGCCTCTTAATACTTTCATGTTTCAGAATAATAGGTTCCGAAATAGGCAGGGGGCATTAACTGTTTATACGGGCACTGTTACTC
AAGGCACTGACCCCGTTAAAACTTATTACCAGTACACTCCTGTATCATCAAAAGCCATGTATGACGCTTACTGGAACGGTAAATTCAGAGACTGCGCTTT
CCATTCTGGCTTTAATGAGGATTTATTTGTTTGTGAATATCAAGGCCAATCGTCTGACCTGCCTCAACCTCCTGTCAATGCTGGCGGCGGCTCTGGTGGT
GGTTCTGGTGGCGGCTCTGAGGGTGGTGGCTCTGAGGGTGGCGGTTCTGAGGGTGGCGGCTCTGAGGGAGGCGGTTCCGGTGGTGGCTCTGGTTCCGGTG
ATTTTGATTATGAAAAGATGGCAAACGCTAATAAGGGGGCTATGACCGAAAATGCCGATGAAAACGCGCTACAGTCTGACGCTAAAGGCAAACTTGATTC
TGTCGCTACTGATTACGGTGCTGCTATCGATGGTTTCATTGGTGACGTTTCCGGCCTTGCTAATGGTAATGGTGCTACTGGTGATTTTGCTGGCTCTAAT
TCCCAAATGGCTCAAGTCGGTGACGGTGATAATTCACCTTTAATGAATAATTTCCGTCAATATTTACCTTCCCTCCCTCAATCGGTTGAATGTCGCCCTT
TTGTCTTTGGCGCTGGTAAACCATATGAATTTTCTATTGATTGTGACAAAATAAACTTATTCCGTGGTGTCTTTGCGTTTCTTTTATATGTTGCCACCTT
TATGTATGTATTTTCTACGTTTGCTAACATACTGCGTAATAAGGAGTCTTAATCATGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGTT
TCCTTCTGGTAACTTTGTTCGGCTATCTGCTTACTTTTCTTAAAAAGGGCTTCGGTAAGATAGCTATTGCTATTTCATTGTTTCTTGCTCTTATTATTGG
GCTTAACTCAATTCTTGTGGGTTATCTCTCTGATATTAGCGCTCAATTACCCTCTGACTTTGTTCAGGGTGTTCAGTTAATTCTCCCGTCTAATGCGCTT
CCCTGTTTTTATGTTATTCTCTCTGTAAAGGCTGCTATTTTCATTTTTGACGTTAAACAAAAAATCGTTTCTTATTTGGATTGGGATAAATAATATGGCT
GTTTATTTTGTAACTGGCAAATTAGGCTCTGGAAAGACGCTCGTTAGCGTTGGTAAGATTCAGGATAAAATTGTAGCTGGGTGCAAAATAGCAACTAATC
TTGATTTAAGGCTTCAAAACCTCCCGCAAGTCGGGAGGTTCGCTAAAACGCCTCGCGTTCTTAGAATACCGGATAAGCCTTCTATATCTGATTTGCTTGC
TATTGGGCGCGGTAATGATTCCTACGATGAAAATAAAAACGGCTTGCTTGTTCTCGATGAGTGCGGTACTTGGTTTAATACCCGTTCTTGGAATGATAAG
GAAAGACAGCCGATTATTGATTGGTTTCTACATGCTCGTAAATTAGGATGGGATATTATTTTTCTTGTTCAGGACTTATCTATTGTTGATAAACAGGCGC
GTTCTGCATTAGCTGAACATGTTGTTTATTGTCGTCGTCTGGACAGAATTACTTTACCTTTTGTCGGTACTTTATATTCTCTTATTACTGGCTCGAAAAT
GCCTCTGCCTAAATTACATGTTGGCGTTGTTAAATATGGCGATTCTCAATTAAGCCCTACTGTTGAGCGTTGGCTTTATACTGGTAAGAATTTGTATAAC
GCATATGATACTAAACAGGCTTTTTCTAGTAATTATGATTCCGGTGTTTATTCTTATTTAACGCCTTATTTATCACACGGTCGGTATTTCAAACCATTAA
ATTTAGGTCAGAAGATGAAATTAACTAAAATATATTTGAAAAAGTTTTCTCGCGTTCTTTGTCTTGCGATTGGATTTGCATCAGCATTTACATATAGTTA
TATAACCCAACCTAAGCCGGAGGTTAAAAAGGTAGTCTCTCAGACCTATGATTTTGATAAATTCACTATTGACTCTTCTCAGCGTCTTAATCTAAGCTAT
CGCTATGTTTTCAAGGATTCTAAGGGAAAATTAATTAATAGCGACGATTTACAGAAGCAAGGTTATTCACTCACATATATTGATTTATGTACTGTTTCCA
TTAAAAAAGGTAATTCAAATGAAATTGTTAAATGTAATTAATTTTGTTTTCTTGATGTTTGTTTCATCATCTTCTTTTGCTCAGGTAATTGAAATGAATA
ATTCGCCTCTGCGCGATTTTGTAACTTGGTATTCAAAGCAATCAGGCGAATCCGTTATTGTTTCTCCCGATGTAAAAGGTACTGTTACTGTATATTCATC
TGACGTTAAACCTGAAAATCTACGCAATTTCTTTATTTCTGTTTTACGTGCAAATAATTTTGATATGGTAGGTTCTAACCCTTCCATTATTCAGAAGTAT
AATCCAAACAATCAGGATTATATTGATGAATTGCCATCATCTGATAATCAGGAATATGATGATAATTCCGCTCCTTCTGGTGGTTTCTTTGTTCCGCAAA
ATGATAATGTTACTCAAACTTTTAAAATTAATAACGTTCGGGCAAAGGATTTAATACGAGTTGTCGAATTGTTTGTAAAGTCTAATACTTCTAAATCCTC
AAATGTATTATCTATTGACGGCTCTAATCTATTAGTTGTTAGTGCTCCTAAAGATATTTTAGATAACCTTCCTCAATTCCTTTCAACTGTTGATTTGCCA
ACTGACCAGATATTGATTGAGGGTTTGATATTTGAGGTTCAGCAAGGTGATGCTTTAGATTTTTCATTTGCTGCTGGCTCTCAGCGTGGCACTGTTGCAG
GCGGTGTTAATACTGACCGCCTCACCTCTGTTTTATCTTCTGCTGGTGGTTCGTTCGGTATTTTTAATGGCGATGTTTTAGGGCTATCAGTTCGCGCATT
AAAGACTAATAGCCATTCAAAAATATTGTCTGTGCCACGTATTCTTACGCTTTCAGGTCAGAAGGGTTCTATCTCTGTTGGCCAGAATGTCCCTTTTATT
ACTGGTCGTGTGACTGGTGAATCTGCCAATGTAAATAATCCATTTCAGACGATTGAGCGTCAAAATGTAGGTATTTCCATGAGCGTTTTTCCTGTTGCAA
TGGCTGGCGGTAATATTGTTCTGGATATTACCAGCAAGGCCGATAGTTTGAGTTCTTCTACTCAGGCAAGTGATGTTATTACTAATCAAAGAAGTATTGC
TACAACGGTTAATTTGCGTGATGGACAGACTCTTTTACTCGGTGGCCTCACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACCGTTCCTGTCTAAA
ATCCCTTTAATCGGCCTCCTGTTTAGCTCCCGCTCTGATTCTAACGAGGAAAGCACGTTATACGTGCTCGTCAAAGCAACCATAGTACGCGCCCTGTAGC
GGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTC
TCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGA
TTTGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAA
ACTGGAACAACACTCAACCCTATCTCGGGCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGAACCACCATCAAACAGGATTTTCGCCTGCTGGG
GCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCACCCTG
GCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAAC
GCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTC
ACACAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGCTTGGCACTGGCCGTCG
TTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCG
CACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCTTTGCCTGGTTTCCGGCACCAGAAGCGGTGCCGGAAAGCTGGCTGGAGTGC
GATCTTCCTGAGGCCGATACTGTCGTCGTCCCCTCAAACTGGCAGATGCACGGTTACGATGCGCCCATCTACACCAACGTGACCTATCCCATTACGGTCA
ATCCGCCGTTTGTTCCCACGGAGAATCCGACGGGTTGTTACTCGCTCACATTTAATGTTGATGAAAGCTGGCTACAGGAAGGCCAGACGCGAATTATTTT
TGATGGCGTTCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAATGCGAATTTTAACAAAATATTAACGTTTACAATTTAAATATTTGCTTATA
CAATCTTCCTGTTTTTGGGGCTTTTCTGATTATCAACCGGGGTACATATGATTGACATGCTAGTTTTACGATTACCGTTCATCGATTCTCTTGTTTGCTC
CAGACTCTCAGGCAATGACCTGATAGCCTTTGTAGATCTCTCAAAAATAGCTACCCTCTCCGGCATTAATTTATCAGCTAGAACGGTTGAATATCATATT
GATGGTGATTTGACTGTCTCCGGCCTTTCTCACCCTTTTGAATCTTTACCTACACATTACTCAGGCATTGCATTTAAAATATATGAGGGTTCTAAAAATT
TTTATCCTTGCGTTGAAATAAAGGCTTCTCCCGCAAAAGTATTACAGGGTCATAATGTTTTTGGTACAACCGATTTAGCTTTATGCTCTGAGGCTTTATT
GCTTAATTTTGCTAATTCTTTGCCTTGCCTGTATGATTTATTGGATGTT
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Appendix D

List of abbreviations

A Adenine
a.u. Arbitrary unit
AFM Atomic force microscopy
APS Ammonium persulfate
AuNP, AuNR Gold nanoparticle, gold nanorod
b Base
BCP Block copolymer
bp Base pair
C Cytosine
CP Conjugated polymer
cryo-EM cryogenic electron microscopy
Da Dalton
DBCO Dibenzocyclooctyne
DDS Dichloro-dimethyl silane
DNA Deoxyribonucleic acid
ds Double-stranded
EDTA Ethylenediaminetetraacetic acid
EGNAS Exhaustive Generation of Nucleic Acid Sequences software
FRET Förster resonance energy transfer
fps frames per second
G Guanine
HPLC High-pressure liquid chromatography
HPSF High-purity salt free purification
HS-AFM High-speed AFM
KCTP Kumada catalyst-transfer polycondensation
LCST Lower critical solution temperature
MWCO Molecular weight cut-off
NA Numerical aperture
nt Nucleotide
NP Nanoparticle
ODN Oligodeoxynucleotide
P3(EO)3T-b-ODN poly(3-tri(ethylene glycol)thiophene)-block-oligodeoxynucleotide
PAGE Polyacrylamide gel electrophoresis
PAINT Point accumulation for imaging in nanoscale topography
PALM Photoactivated localisation microscopy
PNIPAAm Poly(N -isopropylacrylamide)
PSF Point spread function
QD Quantum dot
rcf Relative centrifugal force
RP-HPLC Reversed-phase HPLC
rpm Rounds per minute
SERS Surface-enhanced Raman scattering
SHREC Single-molecule high-resolution co-localisation
SIM Structured illumination microscopy
SMLM Single-molecule localisation microscopy
SPAAC Strain-promoted azide-alkyne cycloaddition
SRM super-resolution microscopy
ssDNA single-stranded DNA
STED Stimulated emission depletion
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STORM Stochastic optical reconstruction microscopy
T Thymine
TAE Trizma-acetic acid-EDTA buffer
TE Trizma-EDTA buffer
TEAA Triethylammonium acetate buffer
TEM Transmission electron microscopy
TEMED N,N,N’,N’ -tetramethylethane-1,2-diamine
TIRF Total internal reflection fluorescence
UV/VIS Ultraviolet-visible
2D, 3D two-dimensional, three-dimensional
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