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Abstract

The present work is concerned with applications of DNA origami nanostructures and can be divided
into three main parts. In the first part the experiments performed in this work will be put into a
larger context of DNA origami as a tool for nanotechnology. The fundamentals of the DNA origami
technique as well as atomic force microscopy and high-speed atomic force microscopy (HS-AFM)
needed to get a proper understanding of the results of this work will be covered.
The second part may be divided into two parts as well. The first of which is concerned with the struc-
tural stability of DNA origami structures in low Mg2+ buffer solutions and after long-term storage of
the staple strands used for assembly. Both are relevant aspects for drug-delivery and drug-discovery
applications as well. It is further shown that DNA origami remain stable in selected low Mg2+ buffers
and that even after storage of the staple strands for several months DNA origami may be assembled
with high yield. The second half of the main part devoted to the application of DNA origami for
single-molecule studies which may aid fragment-based drug discovery and how screening exper-
iments can be speed up using HS-AFM. The results show that precise geometric arrangement of
functional molecules on DNA origami simultaneous investigation of different protein-ligand binding
systems is possible and that under certain conditions HS-AFM can be used to allow high-throughput
screening.
At last, the results obtained within this work will be summarized and an outlook about possible future
research will be given.
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Zusammenfassung

Die vorliegende Arbeit befasst sich mit Anwendungen von DNA-Origami-Nanostrukturen und kann
in drei Hauptteile unterteilt werden. Im ersten Teil werden die in dieser Arbeit durchgeführten Ex-
perimente in den Kontext von DNA-Origami als Werkzeug für die Nanotechnologie gestellt. Zu-
dem werden die Grundlagen zur DNA-Origami-Technik sowie (Hochgeschwindigkeits-)Rasterkraft-
mikroskopie (HS-AFM), die zum Verständnis dieser Arbeit benötigt werden, vermittelt.
Der zweite Teil kann auch in zwei Abschnitte gegliedert werden. Der erste befasst sich mit der
strukturellen Stabilität von DNA-Origami-Strukturen in Pufferlösungen mit niedrigem Mg2+-Gehalt
und nach Langzeitlagerung der für die Assemblierung verwendeten Heftstränge. Beides sind rel-
evante Aspekte für Anwendungen für Wirkstofftransport und -entdeckung. Es wird gezeigt, dass
DNA-Origami in ausgewählten Puffern mit niedrigem Mg2+-Gehalt stabil bleiben und dass DNA-
Origami auch nach mehrmonatiger Lagerung der Heftstränge mit hoher Ausbeute assembliert wer-
den können. Die zweite Hälfte des Hauptteils widmet sich der Anwendung von DNA-Origami
für Einzelmolekülstudien, die der fragmentbasierten Wirkstoffentdeckung dienen können, und wie
Screening-Experimente mit HS-AFM beschleunigt werden können. Die Ergebnisse zeigen, dass
eine genaue geometrische Anordnung funktioneller Moleküle auf DNA-Origami möglich ist, um ver-
schiedene Protein-Liganden-Bindungssysteme gleichzeitig zu untersuchen, und dass HS-AFM unter
bestimmten Bedingungen für ein Hochdurchsatz-Screening verwendet werden kann.
Abschließend werden die Ergebnisse dieser Arbeit zusammengefasst und ein Ausblick auf mögliche
zukünftige Forschungen gegeben.
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Abbreviations

HS-AFM High-Speed Atomic Force Microscope

AFM Atomic Force Microscope

SAv streptavidin

Bt biotin

iBt iminobiotin

dBt desthiobiotin

SEM scanning electron microscope

EDTA ethylenediaminetetraacetic acid

TAE tris-acetate-EDTA

AGE Agarose Gel Electrophoresis

TAMRA tetramethylrhodamine

FAM fluorescein amidite

Cy5.5 cyanine 5.5

IgG immunoglobulin g
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Chapter 1
Introduction



4 CHAPTER 1. INTRODUCTION

In the field of nanotechnology, Seemann laid the theoretical foundations for the nanoscale construc-
tion method of using DNA as a material [1]. Only after that, DNA was transformed into more complex
forms and lattice systems, so that these structures with a size of 10 to 20 nm received a lot of attention
and interest in DNA nanotechnology, but still left a lot of room for improvement and paved the way
for our current DNA origami systems [2–13].
Interesting applications of DNA origami in the context of nanotechnology are the development of
DNA machines [14, 15], spatial organization of nanoparticles and proteins [16–20], plasmonic nanos-
tructures [21], and platforms for structural biology [22]. After Rothemund demonstrated hybridiza-
tion of a given single stranded DNA (ssDNA scaffold) with specially designed oligonucleotides,
to fold almost arbitrary shapes by self-assembly [23] the number of studied systems drastically in-
creased. When folded correctly, the resulting DNA origami structures can serve as the basic frame-
work for the production of materials on the nanometer scale with a yield of almost 100%. This
process of one-pot synthesis for the production of DNA origami has been used to produce various
two- and three-dimensional arrangements [24–33].
A significant part of this work is concerned with applications of DNA origami which may be classified
as biomedical research. Here the use of DNA origami systems is gaining particular reputation in the
fields of drug discovery and drug delivery. Considering drug delivery applications there are basically
two different approaches. In the first approach DNA origami are directly used as a delivery system by
loading them with pharmaceutics which may be released under specified conditions [34, 35]. DNA
origami drug delivery systems targeted at tumorous environments have been successfully demon-
strated, e.g. by Zhang et al. [36] and Li et al. [37]. An example system in which DNA origami serve
as templates for size controlled growth of liposomes which may then be loaded with pharmaceutics
has been demonstrated by Yang et al. [38] in 2016. As applications in both, drug discovery and
drug delivery, rely on the structural stability of the DNA origami, this work additionally focuses on
a systematic study of the stability of different DNA origami in different buffer solutions and after
long-term cry-storage of the constituents.
Another important field in biomedical research that has attracted a lot of interest is concerned with
so-called fragment-based drug discovery [39]. As Erlanson et al. [39] point out, in contrast to former
approaches used in drug discovery, it is far more easy to optimize the interaction of small molecules,
so-called fragments, with a desired target molecule. Essentially fragment-based drug discovery con-
sists of two major steps: finding fragments and converting fragments into so-called Hits and Leads. In
order to narrow down the number of potential hits for a given binding site of a protein, several compu-
tational and reverse engineering techniques have been elaborated over the years [40–45]. The actual
fragment identification is then typically performed using direct binding assays at high concentra-
tions [46], mass spectrometry methods [47], crystallography-based approaches [48], or NMR-based
screening [49]. Promising fragments are then typically extended or linked using the target as a tem-
plate for the synthesis [50, 51]. Due to the possibility to functionalize DNA origami with nanometer
control over the exact position of the functional entities [12, 52, 53], DNA origami may help in both,
fragment identification and Lead design. The high spatial addressability allows to quantitatively study
the affinity of several functional groups to a given target protein, or, as will be shown in chapter 5.1,
even different binding systems at once on a single DNA origami.
Binding affinities are determined by atomic force microscopy imaging. Fast screening is highly
desirable for drug discovery applications. However, considering high-speed atomic force microscopy
to speed up data acquisition, the rapidly scanning tip may significantly disturb the systems under
investigation. Therefore, this work additionally studies tip effects in high-speed AFM measurements
of protein-ligand binding reactions on DNA origami substrates.
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2.1 Controlled assembly of 2D and 3D DNA origami systems

DNA origami structures, as first presented by Rothemund [23], offer a variety of applications in the
field of nanotechnology [54–56] and basic research at the level of single-molecule studies [52, 57–
60]. By hybridization with specially designed oligonucleotide chains, a given single-stranded DNA
(ssDNA) can be self-assembled into almost any shape [23]. When properly folded, the resulting DNA
origami structures can serve as a backbone for making materials on the nanometer scale. Likewise,
the targeted modification of the oligonucleotides used for the folding can be used for a spatially
selective functionalization on the nanometer scale, too [12, 21, 58–61]. These properties make DNA
origami excellent substrates for single-molecule studies of biochemical reactions and processes.
By using DNA origami, it is possible to realize in nanotechnology the production of complex and
almost any shapes with high yield. The preparation is carried out with a ssDNA as a scaffold. For
this purpose, specially synthesized oligonucleotides (staple strands) of about 40 bases each are added.
Each staple strand binds several times with different sequence sections of the ssDNA. By hybridiza-
tion of the staple strand at two sites on the DNA backbone, the single strand is pulled together at this
point. Utilizing Watson-Crick base pairing, ensembles of staple strands tuned to a particular ssDNA
can be designed to fold into two- or three-dimensional structures by hybridization with the staple
strands in a self-assembly process. The shape of the resulting DNA origami is basically encoded
in the sequences of the individual oligonucleotides. In order to obtain a stoichiometric yield in the
folding, a large excess of staple strands compared to the scaffold strand is used [23, 58].

Figure 2.1: Overview of the first DNA origami created by Rothemund, (a) square, (b) rectangle, (c) star, (d)
smiley, (e) triangle with rectangular domains, (f) sharp triangle with trapezoidal domains [23]. Reprinted by
permission from Springer Nature: Nature: nature Folding DNA to create nanoscale shapes and patterns, Paul
W. K. Rothemund, (2006).

In 2006, Rothemund published his work on the production of DNA origami containing the single
stranded DNA M13mp18 from a 7249 nucleotide viral genome [23]. The DNA origami shown in
Figure 2.1 were prepared with a 100-fold excess of 200–250 oligonucleotides to ensure binding and
thus controlled folding at the defined sites. Since the sequences of the DNA strand as well as those of
the staple strands are known, oligonucleotides can be specifically modified for example with biotin
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(Bt) [12] or fluorescent substances [61] and incorporated in the self-assembly of the DNA strand
to obtain functionalized origami. In this way not only more complex structures can be made from
several DNA origami, but also functionalized sites can be visualized by inserted markers [23].
Another interesting construction of DNA origami occurs with wireframe DNA origami. The folding
of polygonal 3D DNA origami structures is demonstrated in the work of Benson et al. with designs
which differ from the traditional DNA origami structures [62]. Here, a more open helical conforma-
tion is used. Only one helix per edge is used. This means that the meshes at the edges are replaced
by single DNA double strands so that the scaffold strand crosses these edges once.

Figure 2.2: 3D-DNA origami: a) schematic representation of the 3D networks. Columns from left to right
showing a ball, a nicked torus, a rod and a helix with pentagonal cross-section, a waving stickman, a bottle
and a version of the Stanford Bunny. b) schematic representation of the front side of the DNA design with
single DNA strands (staple strands in blue and scaffold in green). c)–e) dry transmission electron microscopy
(except ball and bunny, e) and f)) of the structures with c) 250 nm×250 nm size, d) and e) 100 nm×100 nm
(exception of the pentagonal bar at 200 nm×100 nm). e) and f) the ball and bunny are imaged using cryo-
electron microscopy (gold particles for alignment) scale bars are 50 nm [62]. Reprinted by permission from
Springer Nature: Nature: nature DNA rendering of polyhedral meshes at the nanoscale, Erik Benson et al.,
(2015).

In this case, the network must be chosen so that the polygonal framework gets a corresponding
rigidity. Each edge is represented by a double helix, which also allows larger structures but requires as
little DNA as possible. Depending on the construct, some meshes may require two helices. Figure 2.2
shows some of these three-dimensional polygonal structures, such as the Stanford bunny. These
structures have flexibility and the cavity structure allows generation of various reticulated 3D DNA
origami designs.

2.2 Arrangement of functional groups via spatial addressability of DNA origami

Three years after the publication of Rothemund, Kuzyk et al. demonstrated in 2009 the use of the
prepared DNA origami as substrates for protein assembly with streptavidin (SAv) as a marker for
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Atomic Force Microscope (AFM) imaging [12]. The authors mention two methods for preparing the
DNA origami and protein attachment to the modified oligonucleotides.

Figure 2.3: Schematic of two processes to prepare DNA origami with attached proteins. a) a two-step process
for the production of functionalized DNA origami with subsequent protein attachment, b) a one-step manufac-
turing process, simultaneous assembly of DNA and proteins to protein-bound origami [12]

Figure 2.3 a) shows how a ssDNA with modified and unmodified staple strands is first hybridized
to a functionalized origami using a temperature program. In a second step, proteins that bind with
the modifications are added. Figure 2.3 b) depicts a faster procedure. Here, the desired proteins are
first bound in solution to the modified staple strands. Subsequently, this solution is combined with
the ssDNA which forms the framework of the origami and the unmodified staple strands. For the
obtained solution, a temperature program similar to that in a) is used to assemble the DNA origami
with the desired modifications and proteins at the previously defined points. In contrast to a), there is
no need for a subsequent step for the binding of the proteins to the modifications [12]. The advantage
of the one-step process is that the same ligands can be used for the attachment of the proteins to
the modified oligonucleotides. This allows e.g. also incorporation of different proteins that require
the same ligands for optimal binding, for example SAv and avidin. A disadvantage is the limited
temperature stability of the proteins. While the temperature program for the two-stage process is
started at approximately 90◦C, the single-stage process requires considerably lower temperatures of
the order of 70◦C so that the proteins used do not denature. This usually leads to lower assembly
yields.
Early studies of the binding of biomolecules are based on a targeted structuring of a substrate on
which the binding is then investigated using AFM. Thus, Mazzola and Fodor [63] biotinylated a
lithographically generated surface array and subsequently investigated the binding of SAv to the
biotinylated surface. However, the exact nature of a single bond can not be tested on such systems,
since the control over binding chemistry between Bt and SAv can not be guaranteed. In this method
both monodentate bonds and bidentate bonds are formed, whose binding affinity can not be consid-
ered separately and thus the affinities can not be determined [64]. In contrast, the oligonucleotides,
which serve as staple strands for the creation of DNA origami structures, can be equipped relatively
simply with individual biomolecules such as Bt or its derivatives (Figure 2.4) [12, 65]. As each
staple strand can be localized only at a single point in the finished origami because of its unique
sequence, one can use the origami structures relatively well for observing binding processes at the
level of single molecules [57].
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Figure 2.4: Structural representation of Bt and its derivatives with the corresponding dissociation constant
to SAv with 10−14 mol/l for Bt [66], with 10−11 mol/l for desthiobiotin (dBt) [67] and with 10−5 mol/l for
iminobiotin (iBt) [68].

For example, modified rectangular DNA origami can be used to perform aptamer protein binding
distance measurements at the single-molecule level. For this purpose, thrombin was used, which
binds from previous investigation, aptamers with a distance of 5.3 nm from each other. The DNA
origami was modified with two different protein-binding aptamers, as shown in Figure 2.5 a). In
this case, Figure 2.5 a) and b) show the variation of the distances of the aptamers to each other in
green and blue markings. These aptamers each bind to opposite positions of the thrombin (about 4
nm in diameter). At distances significantly different from 5.8 nm, hardly any thrombin binding at the
aptamer positions could be observed. The protein binds to heteroaptamers, but not at the positions of
20.7 nm distance as shown in the zooms in Figure 2.5 c) and d) [69].

Figure 2.5: Schematic illustration of modified DNA origami rectangles two sorts of modifications. The green
markers show aptamer apt-A and the blue markers show apt-B. Scheme a) and b) investigated the positional
effects. The positions of apt-A and apt-B were changed. AFM images of the schematically represented origami
are shown in c) and d), the size of the zooms is 150 x150 nm2 [69]. Reprinted by permission from Springer Na-
ture: Nature: nature nanotechnology Self-assembled DNA nanostructures for distance-dependent multivalent
ligand–protein binding, Sherri Rinker et al., (2008).



12 CHAPTER 2. DNA ORIGAMI

In the work of Voigt et al. [59] two-dimensional origami with a size of 100×70 nm2 were prepared
from the viral genome M13mp18 and more than 200 synthesized oligonucleotides. The origami were
functionalized at 12 specific positions with Bt-modified oligonucleotides and immobilized on a mica
substrate. In order to make the modified sites clearly visible in the AFM, SAv was used as a marker
for the specific sites. Since SAv binds strongly to Bt and is large enough to be easily detected in
the nanometer range, it is well suited for this process. Investigation of 80 fully assembled origami
revealed an SAv-Bt binding probability of 84%.
The modified oligonucleotides on the origami were prepared with three different linker groups A, B
and C, which then connect corresponding Bt modifications to the origami surface as depicted in Fig-
ure 2.6 a). Four of these linkers (type A) consist of the Bt modification with a non-cleavable oligonu-
cleotide strand. Four additional linkers (type B) have a cleavable disulfide bridge in the oligonu-
cleotide strand. The last four linkers (type C) each have an electron-rich 1,2bis(alkylthio)ethene
sequence. In Figure 2.6 b) it is shown graphically how the respective linker types are attacked by
different groups to selectively destroy the defined bonds.

Figure 2.6: Schematic illustration of a DNA origami with selectively removable modifications. a) Illus-
trated linker A (modified oligonucleotide), linker B (cleavable disulfide bridge) and linker C (cleavable
1,2bis(alkylthio)ethene electron-rich sequence), b) schematic representation of the linker Bt-SAv interaction
on a DNA origami, c) AFM image: on the left side in the untreated state with SAv, in the middle after cleavage
of the disulfide bridges and on the right side a picture after the photochemical cleavage of the electron-rich se-
quence [59]. Reprinted by permission from Springer Nature: Nature: nature nanotechnology Single-molecule
chemical reactions on DNA origami, Niels V. Voigt et al, (2010).

Using SAv as a marker, these reactions could be tracked in the AFM, as shown in Figure 2.6 c). First,
all functionalized positions on the origami are visible. After incubation with 1,4-dithiothreitol (DTT)
for 6 h, the disulfide bridges of linker B were chemically broken. The AFM images in the middle of
Figure 2.6 shows ”I” - formation on the DNA origami. In the second step, the sample is incubated
with eosin and irradiated with white light for 60 min. After irradiation, the AFM images of the
sample show only the type A linker in ”Y” formations on the origami. The authors have thus shown
that the exact position of the reactive functional groups on the DNA origami can be determined as a
substrate, and each reaction step can be monitored with AFM images [59]. With this method a variety
of functional groups can be introduced into an origami system and further reactions can be carried
out on the origami substrates. The programmability of such biological systems opens up a variety
of applications in various fields of research, such as structural biology [53], molecular sensing [70]
and nanotechnology in general [56]. In 2012, Wong et al. [65] also explored the programmability of
reversible processes for the assembly of functionalized groups on origami substrates. In this work,
Bt and dBt-SAv modified staple strands were used on origami substrates. Using electrophoresis
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(Electrophoretic Mobility Shift Assay EMSA), the behavior of Bt- and dBt-modified DNA strands
was first investigated with SAv (see Figure 2.7). The Bt and dBt staple strands were incubated in
solution with SAv for 2 h each. The solutions were then added overnight with Bt (5 nM). After each
process step, samples were taken and analyzed by EMSA. Thus, the altered molecular weight of the
staple strands could be examined after each process step (see Figure 2.7 b)). Lanes (1) and (2) show
the Bt and dBt DNA strands with a relatively small molecular weight. In the next step, these modified
strands were incubated with SAv, which manifests itself in an increased molecular weight as seen in
lanes (3) and (4). With the addition of free Bt, the weight of the Bt-SAv modified strand increased
slightly (lane (5)) while the dBt-SAv strand decreased in weight because the affinity of SAv to Bt
is much higher than the affinity for dBt. As a result, Bt displaces the already bound dBt-modified
oligonucleotide strand [65].

Figure 2.7: Illustration of an EMSA experiment to demonstrate successful binding of SAv to DNA strands
modified with Bt derivates. a) Shows the modifications of the DNA strand as well as the reactions of the
assembly of the Bt-SAv strand and the reassembly of the dBt-SAv strand with free Bt. b) recorded EMSA of
Bt and dBt with SAv [65]. Reprinted with permission from N. Y. Wong et al, Nano-Encrypted Morse Code:
A Versatile Approach to Programmable an Reversible Nanoscale Assembly and Disassembly, J. Am. Chem.
Soc. 135. Copyright 2013 American Chemical society.

After studying the behavior, the authors used a 100×70 nm2 DNA origami [23] to generate the
reversible behavior of the dBt nano-morse code on the origami.

Figure 2.8: Illustration of a switchable protein pattern on a DNA origami. Design of the nano-morse symbols
and the origami surface a) and b), AFM images of the functionalized origami surface c) in the ground state
bound with SAv, d) obtained the Morse symbol ”NANO” after Bt addition [65]. Reprinted with permission
from N. Y. Wong et al, Nano-Encrypted Morse Code: A Versatile Approach to Programmable an Reversible
Nanoscale Assembly and Disassembly, J. Am. Chem. Soc. 135. Copyright 2013 American Chemical society.

For the origami rectangle, 9 dBt and 15 Bt modified strands were applied at defined positions.
By addition of SAv, all functionalized sites were first occupied, see Figure 2.8 a) and c). After
displacement of the SAv from the dBt sites by free Bt, the morse codes on the AFM images of the
origami are ”NANO” in Figure 2.8 b), d). Since this is a reversible process, in the next step the



14 CHAPTER 2. DNA ORIGAMI

free dBt modifications could be bound with SAv and then separated again with Bt. The binding
probability of SAv on the modified origami was 90% for the origami shown in Figure 2.8 c). The
binding probability of Bt to SAv was 95%, whereas that of dBt to SAv was only 86%. After
incubation with Bt, on 8 well-preserved origami at the desired positions for the Morse code ”NANO”
an occupancy rate of 96% could be determined.

Figure 2.9: Schematic illustration of the formation of individual Bt-SAv bonds at different positions on the
DNA origami. a) AFM images of Bt-SAv binding from 0–180 min incubation time on the DNA origami
at room temperature. The colored circles show the correspondingly formed Bt-SAv positions. b) shows the
binding efficiency between Bt and SAv of the 7 positions on the DNA origami over time. c) Scheme of the
binding efficiency on the triangular DNA origami, red has a high detection efficiency, green a low detection
efficiency [71]. Reprinted with permission from P. Zhang et al, Quantitative Measurement of Spatial Effects
of DNA Origami on Molecular Binding Reactions Detected using Atomic Force Microscopy, ACS applied
materials & interfaces 11(24). Copyright 2019 American Chemical society.

The arrangement of the modified positions on the DNA origami is not unimportant, as shown in the
work of Zhang et al. [71]. The nonuniform spatial organization of the DNA helices at the vertices,
rims, corners, and the surface of the DNA origami leads to altered local environments on the struc-
ture. The effect of the local positions was tested by different Bt-modified positions on the triangular
structure by attachment of the modified positions with SAv. The modified origami were immobilized
on mica and measured in a liquid cell with AFM. The time-dependent measurements were started by
initiating the SAv solution (see Figure 2.9). It was found that the binding efficiency differs depending
on the position on the DNA origami structure for SAv-Bt binding. Also, digoxin-modified positions
on the rectangular DNA origami were probed with the antigen antibody immunoglobulin g (IgG) and
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led to the same conclusion. Thus, the dynamic processes were shown on different positions of the
DNA origami in real time and in situ at low concentrations with AFM (Figure 2.9 a)). As a result,
minor differences on the DNA origami vertex, rims, corner, and the surface can be quantitatively
evaluated.
Although the AFM tip may have an influence on the system (see chapter 5.2), the results depicted
in Figure 2.9 show a clear dependency of the binding efficiency on the exact position on the DNA
origami surface.
In addition to the selected examples listed above, many other examples of the structural nature and
fields of application of DNA origami systems can be found in the literature. The production of various
DNA origami systems from 2D and 3D structures [23, 24, 29], wireframe [62], twisted and curved
shapes [30, 72] as well as the software for the creation of these structures [29, 62, 73, 74], continues
to evolve. Increasing the scale of production to achieve a mass-marketable product [75] or improving
the long-term stability of DNA origami systems to extend application capability is also increasing
research in these areas. These enhancements will also improve the existing applications. For example,
in lithography [76], plasmonics [77], biosensing [78], drug delivery [79, 80], nanophotonics [81],
nanorobotics [34, 82, 83] and many more.

2.3 Structural stability of DNA origami nanostructures

The structural diversity of the DNA origami is very far-reaching and provides a gigantic toolbox
that grows day by day in its functions and possibilities. In the field of biophysical, biochemical
materials science and biomedicine as well, the stability and flexibility of the used DNA origami plays
an increasingly important role in the application [84]. In general, the DNA origami protocols are
based on the tris-acetate-EDTA (TAE)-buffer solutions with magnesium chloride in the millimolar
concentration range. These high levels of magnesium may interfere with investigations of enzyme
activity and fluorescence emission. However, it has been commonly assumed that for DNA origami
manufacturing and ensuring structural integrity, these ion concentrations are needed to suppress the
electrostatic repulsion of the negatively charged backbone of the DNA double helices and stabilize
the DNA Holliday junctions during assembly of the DNA origami [85].
In order to extend the boundaries of the use of DNA origami, several studies have been carried out on
the stability and denaturation of DNA origami structures. DNA origami can be transferred into low
magnesium buffer solutions without causing any structural damage. Also, the stability in other media
is also dependent on the structural state of the DNA origami. In chapter 4.1, these phenomena are
discussed in more detail. The stability of DNA origami depends on several factors, some of which are
the choice of lattice types of the origami system, the compactness and the associated charge density,
the resulting structure-dependent flexibility and the strain of the corresponding curvature [84].
In the work of Wang et al. [86], the stability of DNA origami nanotubes was investigated in buffers
used for the crystallization of proteins (Figure 2.10 a)). Assembled DNA origami remained stable
in catalase buffer, but a self-assembly of the DNA origami could not take place in these buffers.
They tested the effects of cations, pH, protein precipitants and various buffering agents on their DNA
origami system [86]. The obtained results show that DNA origami can be successfully transferred
into Mg2+ containing 200 mM Na+. Also, the origami remained stable in Tris-, HEPES-, PEPES-,
and MES-buffers as well as in buffers containing various precipitating agents such as alcohols, poly-
mers and NaCl up to concentrations of 3M at pH value range of 5–10. In biopysics, the study of
protein folding behavior is increasingly being supported by use of single-molecule experiments with
fluorescence techniques [87]. Therefore, it is important to examine the integrity of the DNA origami
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used as a substrate for this single-molecule study of proteins [84]. Urea or guanidinium chloride
(GdmCl) are often used as denaturants in high concentrations [88]. In 2016 Ramakrishnan et al. used
two-dimensional triangular DNA origami to study stability using these denaturants. Their finding
was that the DNA origami remained largely intact for at least 24 h in 6 M urea and 6 M GdmCl at
room temperature [89].

Figure 2.10: DNA origami systems which retain their structural integrity under biochemical and biophysical
conditions. In a) the DNA origami nanotubes are shown in the crystallization buffers for lysozyme (a), thau-
matin (b), serum albumin (c) and catalase (d) [86]. b) schematically depicts how DNA nanostructures can be
connected using proximal thymidines for cross-linking. At the top left, the structure of two thymine modified
structures in the ground state is shown. Bottom left cyclobutane-pyrimidine-dimer (CPD) bond after UVB
irradiation. On the top right is schematically shown a 6HB DNA origami with different possibilities of the
thymidine modified strands as single strand (1), at half-crossover (2), at full-crossover (3) and thymidine loops
(4) before UVB irradiation [90]. Reprinted from Gerling et al., Sequence-programmable covalent bonding of
designed DNA assemblies. In: Science advances 4(8) (2018), DOI: 10.1126/sciadv.aau1157, CC BY-NC 4.0.
At the bottom right, the CPD bonds are shown in red after UVB irradiation. c) shows DNA origami sheets at
60◦C on the left without 8-MOP based photocrosslinking and on the right with crosslinking [91]. Reprinted
with permission from A. Rajendran et al, Photo-cross-linking-assisted thermal stability of DNA origami struc-
tures and its application for higher-temperature self-assembly, J. Am. Chem. Soc. 133(37). Copyright 2011
American Chemical society.

Several approaches have been taken to enhance the stability of DNA origami towards environmental
conditions which usually destabilize the assembled origami. For example, covalent cross-linking of
DNA origami from 8-methoxypsoralen (8-MOP) with UVA irradiation (Figure 2.10 c)) can increase
the melting temperature [91] as well as generate cyclobutane-pyrimidine-dimer (CPD) bonds between
two thymidine modified staple strands with UVB irradiation to increase the structural stability of the
DNA nanostructure (Figure 2.10 b)) [90]. These CPD-supported multilayer DNA origami objects
can remain stable at 90◦C and provide higher structural resistance in cryo-electron microscopy (cryo-
EM). Depending on the irradiation dose, the UVB and UVC irradiation of DNA origami leads to



2.3 Structural stability of DNA origami nanostructures 17

the degradation of the DNA origami. In contrast, for UVA irradiation the DNA origami show no
characteristic damage even at a dose of 200 kJ/m2 [92].

Figure 2.11: a) shows the scheme of DNA origami and doxorubicin origami delivery system assembly. Af-
ter incubation with doxorubicin, the drug-loaded DNA nanostructure delivery systems were administered to
regular human breast adenocarcinoma cancer cells (reg-MCF7) as well as doxorubicin-resistant (res-MCF7)
cells, and the effects were analyzed. b) shows AFM images of triangular and tubular DNA origami before and
after doxorubicin intercalation. c) shows the cytotoxicity of doxorubicin-loaded DNA origami on both cell
sublines. Panel (i) bright field microscopy images, panel (ii) shows fluorescence image of SytoX Green stained
res-MCF7 cells whereas panel (iii) shows fluorescence of doxorubicin. Image scale bars are 20 µm. From top
to bottom the images indicate the uptake of free doxorubicin, doxorubicin bound to a DNA tube, doxorubicin
bound DNA origami triangles and dsM13 bound doxorubicin. Doxorubicin-loaded DNA origami structures are
more effective at killing doxorubicin-resistant (res-MCF7) cells than free doxorubicin and doxorubincin-loaded
dsDNA [93]. Reprinted with permission from Q. Jiang et al, DNA origami as a carrier for circumvention of
drug resistance, J. Am. Chem. Soc. 134(32). Copyright 2012 American Chemical society.

In contrast to other nanoparticle based drug delivery systems, DNA origami nanostructures are com-
pletely biocompatible and are fixed by their structural specification in shape and size. The address-
ability on the DNA origami surface can also be precisely defined by functionalization with modified
staple strands at defined positions and individual molecules attached to the DNA nanostructures.
Furthermore, by intercalation of the incorporated molecules in the DNA origami structure or with
loading of an active substance by DNA conjugation [84] the origami can also be used as a transport
system. The intercalation of doxorubicin loaded DNA origami triangles and tubes into tumor cells
has been extensively studied in literature. An example for an in vitro study by Jiang et al. can be
found in [93] (see Figure 2.11). The successful application of a similar system in vivo in living
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mice has been performed, e.g. by Zhang et al. [36]. However, the use of DNA origami in cellular
environments is difficult. The structural integrity suffers from the environmental conditions. Work-
ing in vitro one has decent control over the environmental conditions, however, origami are exposed
to the cell and tissue cultures. Aiming for in vivo applications one has to consider additional as-
pects such as the physiological cation concentrations, the pH ranges and their possible variations in
the different compartments of a cell. The degradation of DNA in the cells plays a major role here.
Zhang et al. [94] and Samejima et al. [95] have considered with the degradation of genomic tissue
homeostasis DNA in living organisms. The degradation of DNA occurs through the participation of
different nucleases in the cell nucleus, in the cytoplasm and in the extracellular space [84]. Examina-
tion of some nucleases revealed that DNase I and T7 endonuclease I degrade DNA origami for 18-,
24-, and 32-helix bundles [96]. In general, DNA origami are more resistant to DNase I (abundance
in blood and plasma) than the normally formed double-stranded DNA, but how much the resistance
increases depends on the assembled DNA origami structure. The more densely packed and compact
the DNA structures are, the longer these structures hold the degradation of DNase I [84]. For the
stability of DNA origami, the enzymes in in vivo research are still a major issue that will continue
to be worked on. Further investigations were carried out on the effects of DNA origami at low mag-
nesium concentrations and in the presence of nucleases in tissue culture media [97]. Depending on
the DNA origami system, they may or may not remain stable in Fetal Bovine Serum (FBS). The
6HB origami remained stable for several hours in 10% FBS heat-inactivated containing nuclease [97]
and wireframe-based DNA origami in phosphate buffered saline (PBS) and in Dulbecco’s Modified
Eagle Media (DMEM) are stable in combination with FBS [62, 98]. Multilayer origami structures
in DMEM with FBS show a stable state [99], whereas, box-shaped 3D DNA origami nanostructures
are completely unstable in the presence of FBS [100]. Stability of DNA origami in extracellular and
intracellular environments is not the only limiting factor for drug delivery systems. The success of
these drug delivery systems also depends on how well the DNA origami can be transfected into the
cell to reach the desired location in the cell. Structures that can not be internalized are degraded by
DNase I in the extracellular domain. However, if a transfection of the structures into the cell has
worked, they could encounter the lysosomal enzymes from which they can also be degraded [84].
Therefore, DNA origami nanotube studies have been conducted on stability and distribution in breast
cancer cells, remaining intact in the lysosomes for up to 24 h [101]. In order to increase the stability of
DNA nanostructures in these areas, the structures were coated with virus capsid proteins [102], virus-
mimicking lipid bilayers [103], encapsulated systems with bovine serum albumin (BSA), protein-
polymer and protein-dendron conjugates [104–107], cationic polymers such as polyethylene gly-
col (PEG)-oligolysines and PEG-polylysines, chitosan, polyethyleneimine (PEI), and PEG-poly (2-
dimethylaminoethyl methacrylate (PEG-PDMAEMA) copolymers [99, 108–111]. These coatings
not only protect the DNA nanostructure but also the encapsulated drug and are more resistant to
degradation by DNase I [99, 103, 106, 107, 111] and low-salt conditions [84, 99, 106, 108, 111].
Next to drug delivery, another field of application which requires stability of the assembled origami
is material sciences. In this field the demand for novel substrates is growing, so that the use of
DNA origami nanostructures increases more and more. They are used as matrices and lithographic
masks especially in inorganic materials [112–119] but also in biological [120–123] and organic mate-
rials [124–127] transfer the nanostructured form [84]. In some works, the shape of the DNA origami
template is taken directly, but the structural stability is not so important. However, in multi-step trans-
fer systems, where the structure is, for example, metalized and etched [118], the structural integrity
of the DNA origami plays a major role. Any coating of DNA origami nanostructures can change
shape and size, and depending on how complex the systems are, impurities can creep into the system
that could potentially damage the DNA origami structure. Interestingly, despite the stability problems
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mentioned above, DNA origami systems turned out to be incredibly robust against a number of harsh
treatments, e.g. mica adsorbed DNA origami can be exposed to air for 45 minutes at a temperature
of 150◦C without structural damage and degrade only at 250◦C [128]. Further chemical and physi-
cal conditions have been investigated in the work of Kim et al. [129]. The adsorbed DNA origami
retained their structure in air and under argon atmosphere for 10 min at 200◦C. Upon exposure of
the DNA origami to the organic solvents hexane, ethanol and toluene for up to 24 hours, the DNA
origami remained stable. The use of deionized water on SiO2-adsorbed DNA origami structures re-
sulted in the desorption and damage of DNA origami. Using NaCl solution, a similar effect on DNA
origami was seen as with deionized water, but with higher salt deposits on the sample. Upon exposure
to alkaline and acidic aqueous solutions, the DNA origami were shown to maintain their structural
integrity in the range of pH 4 to pH 11.
Due to the oxidative effect with UV/ozone, the DNA origami lasted 5 minutes until they lost their
original shape. Thus, a high stability of DNA origami for lithographic applications and other material
science areas is given.
Normally high magnesium concentrations of 0.1-0.5 M are used on SiO2 surfaces to immobilize
DNA origami [119, 130–132]. With the high salt concentrations, salt residues can remain, which
could disturb the subsequent further processing of the surface. In order to reduce salt concentrations
on surfaces, Linko et al.’s work by spray application used lower concentrated but homogeneously
distributed DNA origami on the sample surface with pure water as the medium to be applied so that
the final concentration of magnesium is in the µM range. After applying DNA origami with 3 bar and
a salt-free medium, the DNA origami remained intact [133]. This finding is somewhat contradictory
to the earlier findings that low Mg concentrations cause structural damage to the DNA origami. A
part of this work is aimed at resolving this contradiction.





Chapter 3
Atomic Force Microscopy and High-Speed
Atomic Force Microscopy
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3.1 Atomic Force Microscope

The AFM was introduced in 1986 by Binnig, Quate, and Gerber [134]. The AFM is a very flexible
measuring instrument and is well suited for single-molecule investigations since on the one hand
biomolecules with a size of ∼5-10 nm can be well resolved, and on the other hand measurements in
solution are possible [135].

Figure 3.1: Schematic of the measurement technique of an AFM.

In general, the AFM measures the forces between a cantilever tip and the sample surface. These
may be Pauli repulsion, chemical, electrostatic, magnetic, and van der Waals forces. Scanning the
sample, the forces are registered by deflections of the cantilever by means of a laser beam, which
is reflected by the cantilever onto a position sensitive photodetector, i.e. a quadrant photodetector
(see Figure 3.1). The signals from the photodetector can be analyzed to obtain topological informa-
tion about the sample from vertical deflection of the laser beam. Further more the lateral deflection
provides information about the torque acting on the cantilever.
There are different modes for creating AFM images, each of which outputs different information
about the sample surface. Figure 3.2 shows a diagram of the force exerted on the cantilever tip as a
function of the distance to the sample surface. In addition, the figure shows the three most commonly
used working modes of AFMs. In contact mode, repulsive forces act on the cantilever tip. This is the
case when there is contact with the sample surface. In non-contact mode, mainly attractive forces act
and in intermittent contact mode or tapping mode both attractive and repulsive forces.
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Figure 3.2: Schematic curve of the force between the AFM tip and the sample indicating the regions of the
most commonly used AFM modes.

In contact mode, one of the first methods of AF-Microscopy, the cantilever tip is located on the
sample surface during the entire measuring time. This mode reveals most accurate information about
the surface topography. Due to the permanent contact between tip and sample, this mode primarily
gives a map of the repulsive forces and no information about attractive forces. In the simplest version,
without a feedback loop, the sample is scanned with a constant z position of the cantilever and the
cantilever deflection is recorded as a function of the x and y coordinates.
In general, the contact mode is used for hard and relatively flat sample surfaces. However, this method
has some disadvantages. The most obvious disadvantage is that both, the cantilever and sample, are
easily damaged when scanning across edges on the sample surface. Adhesive or frictional forces can
also wear the tip or degrade the topographical image. Since the forces occurring in this mode are
relatively large, depending on the nature and hardness of the sample, either the sample itself or the
cantilever tip can be damaged during the recording. For soft, elastic and easily destructible samples,
the methods Intermittent-Contact or Non-Contact-Mode are much better suited than the Contact-
Mode.
In the intermittent contact mode, the cantilever is excited to a vibration with a frequency close to
its own resonance frequency. The tip oscillates close to the surface of the sample. The oscillation
amplitude determines how close the tip approaches the sample surface. Due to the limited direct
contact with the sample, this working mode is also well suited for the examination of soft, elastic
and adhesive samples. When scanning the sample, the oscillation amplitude and/or the phase of the
oscillation of the tip may change due to varying interactions with the sample surface. A change
in the oscillation amplitude results primarily directly from the changed topography, a change in the
phase primarily from altered material properties of the sample. If measurements are made in air in
this working mode, additional aspects must be considered in addition to the interactions between
the sample and the cantilever tip. Unless it is a highly hydrophobic sample, a thin film of water
will be deposited on the sample from the humidity. If the cantilever tip breaks through the surface
of the film, attractive capillary forces are created. In the event that the restoring force due to the
deformation of the cantilever is not large enough to compensate for these forces, the sample is scanned
unintentionally in a kind of contact mode. For this reason, the spring constants for cantilevers for
measurements in air are usually several orders of magnitude greater than for cantilevers designed for
measurements in contact mode or measurements in intermittent contact mode in liquid.
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The non-contact mode is very similar to the intermittent contact mode. Again, the cantilever is excited
to a vibration near its resonance frequency, but with a much smaller amplitude than the intermittent
contact mode. In this working mode, the long-range forces, van der Waals and electrostatic forces
between the atoms in the cantilever and on the sample surface are recorded. The occurring forces
cause a detectable shift in the frequency of the oscillating cantilever. Because the cantilever tip does
not come into direct contact with the sample surface, the surface region with which the cantilever tip
effectively interacts is minimized. Thus, this working mode has the potential of a particularly high
resolution. However, measurements in air, similar to the intermittent contact mode, have the problem
of a water film on the parts of the sample surface which are not highly hydrophobic. It may happen
that the thickness of the liquid film exceeds the range of the investigated forces. In combination with
the small oscillation amplitude, this can in practice lead to a significantly reduced surface resolution.
All three working modes can be operated with and without feedback loop. The only difference is
that without the feedback loop, the respective measurement signal, in contact mode the bending of
the cantilever, is recorded in a location-dependent manner and subsequently converted into a height
profile. When using a feedback loop, the signal level is kept constant by continuously adjusting the
z-position of the cantilever. Recording the corrections to the z-position of the cantilever, one directly
obtains the respective height profile.
The tip-sample interaction manifests in different ways. Considering the model of a simple harmonic
oscillator, an applied external force may lead to a change of amplitude, phase, and resonance fre-
quency. Assuming a sinusoidal cantilever motion, the time resolved signal for the vertical deflection
S(t) in units of V may be written as

S(t) = A(t)sin(ω0t +ϕ(t)) (3.1)

where A(t) denotes a time-dependent amplitude, ω0 the angular frequency of the cantilever motion,
and ϕ(t) a time-dependent phase shift. This signal can be multiplied by a dimensionless reference
signal R(t), which is typically synchronized with the cantilever excitation. The reference signal may
be expressed as

R(t) = 2sin(ω0t +φ) (3.2)

where φ denotes an adjustable phase shift of the reference signal. The multiplied signal M(t) =
S(t)R(t) is then of the form

M(t) = A(t) [cos(ϕ(t)−φ)− cos(2ω0t +ϕ(t)+φ)] (3.3)

and has the physical unit V. Applying a low pass filter and adjusting the phase φ of the reference
signal yields a slowly varying signal M̃(t) of the form

M̃(t)∼ A(t)cos(∆ϕ(t)) (3.4)

where the phase difference ∆ϕ(t) is caused by the tip-sample interaction. This phase signal is
typically used to visualize material contrasts.

A thing that should be noted is that the recorded image is always a convolution of the actual sample
topography and the shape of the cantilever tip. To this end, the wear and contamination of the tip can
worsen the resolution during a measurement. In principle, the resolution of the images gets better,
the sharper the tip is.
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3.2 Suitable substrate surfaces for AFM imaging

For a good AFM or High-Speed Atomic Force Microscope (HS-AFM) image, a correspondingly
good substrate surface is required. The requirement for such a substrate surface is a flat or atomically
smooth surface. For the dynamic measurement of proteins, the substrate surface should not bind
strongly to the system under investigation, so as not to interfere with possible reaction mechanisms.
Mica surfaces are often used for the measurement of biological systems, but also planar lipid bilayer
(PLB) surfaces and surfaces of biotin-containing PLB were used for dynamic AFM imaging [136].

3.2.1 Mica surface

Mica, in its natural form muscovite or its synthetic form the fluorophlogopite, is very often used
as a substrate for AFM recordings because of its atomically smooth surface over a larger area and
its low cost. It has a net negative charge (hydrophilic) and by adding appropriate monovalent or
divalent ions and/or adjusting the pH value, the adsorption of DNA and proteins on mica can be
actively controlled [136]. By changing the divalent cation concentration of Ni2+ and Mg2+ [137]
or increased addition of Na+ [138], the formation of DNA origami can be controlled in a way that
allows two-dimensional lattice formation on the mica surface. Likewise, the affinity of proteins for
monovalent cations such as Li+, Na+, and K+ on mica is affected [139].

3.2.2 Planar lipid bilayer (PLB) surface

With liposomes, planar lipid bilayer surfaces can be assembled on mica [140]. The PLB surfaces can
be attached by attaching biotin or nickel-nitrilotriacetic acid (Ni-NTA) to the head groups for specific
immobilization. Neutral charged PLB surfaces can protect against nonspecific protein deposition on
a sample surface. Electrostatic immobilization with PLB surfaces can be created by charged head
groups of the lipids, thus a charge density or polarity on a surface can be more easily varied than with
commercial mica surfaces [136].

3.2.3 Langmuir-Blodgett-film and -Schaefer-film of an organic mono- and Multilayer

The Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) methods are commonly used techniques
for deposition of defined organic mono- and multilayers. In the following a comprising description
of these methods will be given. A more detailed description may be found, e.g. in [141]. First, a
Langmuir film is produced in which a solution of amphiphilic organic molecules is distributed on the
surface of a liquid. After evaporation of the solvent, the compression process begins using a mobile
barrier which compresses the organic molecules at the air-liquid interface. During compression,
the surface pressure of the process allows isothermal monitoring of phase formation and transitions.
After the formation of a stable monolayer at the air-liquid interface, the resulting Langmuir film can
be transferred onto a substrate. The so-called LB-film may, in principle, be formed in three different
ways. Two of which typically result in a monolayer. Either the substrate is initially in air and then
immersed through the film, or it is initially located in the sub-phase and then emerged. The last way
combines a number of immersion/emersion cycles and results in the deposition of defined multilayers
on the given substrate. Different functionalizations of the surface of the substrate can result from the
deposition during immersion and/or surfacing. The SL-film is formed quite similarly by bringing
the substrate in horizontal position into contact with the liquid surface and removing it from the
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liquid surface. These methods are used to form controllable organic mono- up to multilayers on
substrates which can be functionalized in various ways, such as conductive, semiconductive films to
monomolecular layers between two electrodes.

3.3 High-Speed Atomic Force Microscope (HS-AFM)

By now, HS-AFM has become an established method for investigation of biological and molecular
processes which take place on sub-second time scales. The following sections cover the central
developments towards HS-AFM measurements following two publications of Ando et al. [136, 142].
Especially for specific details on the electronics of the feedback loop and the respective theoretical
background, the reader is referred to these two publications and references cited therein.
With a conventional AFM, the dynamic tracking of biological processes, in the second range or less,
is not possible. The development of the HS-AFM enables observation of the dynamics of molecules,
as well as larger systems, to better understand their structural change and interaction with other
molecules over time. At imaging rates in the range of a few frames/s, ideally up to a few hundred
lines/s (which corresponds to approximately 30 frames/s), it is much easier to track the dynamic
interactions of purified proteins on substrates under physiological conditions. Once the molecules
are bound in a form, such as on substrate, their interaction with each other is inhibited and they may
be investigated on a single molecule level. At the same time this implies that the forces available for
interactions are weak. These protein-protein interaction forces lie in the range of 1 pN to 100 pN. A
high sensitivity of the AFM tip which is maintained during the measurement is important in order to
allow imaging at interaction forces between tip and sample on the order of 1 pN and below. However,
it should be noted that the mechanical quantity that can affect the sample is not the force itself but
is a force pulse as far as the intermittent contact mode is concerned. Here the product of the force
and time over which this force acts is considered. Ando et al. also point out that if the tip is acting at
high speed in the intermittent contact mode, the time of the force action is short and thus has a large
peak force (>20 pN) and that would not significantly affect the sample. In Chapter 5.2, tip effects
in intermittent contact mode are examined more closely and a system for quantifying these effects in
HS-AFM measurements is presented.

3.3.1 Feedback bandwidth

When using the HS-AFM, it is helpful to understand basic assumptions about how each component
affects scan speed and imaging rate. In a previous work a theoretical consideration of the dependence
of the feedback bandwidth was shown for the intermittent mode [143], as well as the effect of the
dynamic tip-sample interaction [144]. But for a practical consideration that is not enough. At first,
the image acquisition time and the feedback bandwidth shall be examined more closely. It is assumed
that if an image is taken in a time period T over a scan range of W×W nm2 with N scan lines, then the
velocity Vs in the x-direction is Vs = 2WN/T . Assuming that the sample, in Figure 3.3 a), is sinusoidal
and has a periodicity of λ, the scan velocity Vs requires a feedback operation with a frequency of
f = Vs/λ to maintain the tip to sample distance. This estimate applies strictly to a sample with a
periodic surface structure, as shown in Figure 3.3 b).
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Figure 3.3: Examples for perfectly sinusoidal surfaces in 1D and 2D: In a) the sinusoidal representation of a
sample surface is simulated in the x-direction, b) shows an ideal periodic surface structure with a sinusoidal
shape in the x- and y-direction of λ = 10 nm and an area of 50×50 nm.

The feedback bandwidth fB should be greater than or equal to the frequency f . This condition may
be expressed as in equation 3.5. From this relation it becomes clear, that the required feedback
bandwidth is inversely proportional to the desired imaging time T ;

fB ≥
2WN
λT

(3.5)

In the following, the required feedback bandwidth is estimated for the sample topography depicted
in Figure 3.3 b). In this case, W=50 nm, T =30 ms and the scan line N=100. The scan velocity is thus
0.33 mm/s and with a periodicity of 10 nm, the feedback bandwidth needed to achieve the desired
velocity is fB=33.33 kHz. It should be noted that the maximum achievable scan velocity, for a given
feedback bandwidth, depends on the maximum spatial frequency in the sample topography. A more
precise expression for the maximum achievable scan velocity, taking into account surface elasticity
and damping of the cantilever in the surrounding medium, is given by [145]

Vs ∼
λ

2

√
kc +S

m
− D2

2m2 (3.6)

where S is the surface elasticity and D describes the damping in the surrounding medium. kc and m
describe the spring constant and the effective mass of the cantilever respectively.

Figure 3.4: Schematic representation of parachuting [136].

The feedback bandwidth depends on several factors. In intermittent contact mode, the main delays
in the AFM are the read time of the cantilever oscillation amplitude τd and its response time τc, the
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z-scanner response time τs, the parachuting time τp and the integral time τI of the error signals in
the feedback controller. Parachuting here means that the cantilever tip separates from the surface in
a strongly inclined area on the sample and then takes a certain amount of time until the tip returns
onto the sample surface (see Figure 3.4). The time required to measure the amplitude of a cantilever
that is oscillating at its resonance frequency is at least 1/(2 fc). An approximation for the feedback
bandwidth depending on the cantilever and z-scanner parameters is given by

fB =
απ fc fs

8(π fs +2 fsQc +2Qs fc +2π fs fc(τp + τI +δ))
(3.7)

where fs is the z-scanner resonant frequency and the quality factor for cantilever is Qc and for z-
scanner Qs. Other time delays are referred to as δ and α is considered a factor for the phase com-
pensation effect associated with the proportional-integral-derivative (PID) feedback controller or the
respective additional phase compensator. Depending on the sample to be imaged and its phase delay,
the highest possible imaging rate can be estimated in an AFM setup for intermittent contact mode.
Parachuting will be explained in more detail at a later stage.

3.3.2 Adjusting elements for HS-AFM

3.3.2.1 HS-AFM Tips

Now, some elements that are important for optimizing the HS-AFM system are considered. When
looking at the cantilever, the related feedback delays are the amplitude detection time and the re-
sponse time of the cantilever. These delays are inversely proportional to the resonance frequency and
decrease as the fc increases. Thus, cantilevers with high resonance frequencies are desirable. For
a rectangular cantilever with the corresponding dimensions of thickness d, width w and length L,
the resonant frequency fc and the spring constant kc can be expressed as follows in equation (3.8)
and (3.9). In these equations, the Young’s modulus E and the density q are material-specific quanti-
ties.

fc = 0.56
d
L2

√
E

12q
(3.8)

kc =
wd3

4L3 E (3.9)

Slim cantilevers not only have a high imaging rate, but at a given spring constant, the resonant fre-
quency increases with decreasing cantilever mass. A point which has to be taken into account as well,
is thermal noise. The thermal energy of the Brownian vibration is described by the RMS amplified
spectral density nzB with equation (3.10) [146].

nzB =

√√√√ 2kBT
π fckcQc

1[
1− ( f

fc
)2
]2

+
[

f
fcQc

]2 (3.10)

where kB is the Boltzmann constant, T is the absolute temperature and Qc is the quality factor of the
cantilever. The total RMS vibration amplitude zB which is induced by the heat energy is obtained by
integrating nzB over the entire frequency range yielding the expression in equation (3.11).

zB =

√
kBT
kc

(3.11)
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The total thermal noise for oscillation along the z-direction depends only on the spring constant

and the temperature and is given by the term
√

kBT
kc

. Due to the much higher spring constant for
oscillation in the lateral direction, the thermal noise signal for lateral oscillations should be negligible
at common room temperatures. Therefore, a cantilever with a higher resonant frequency suffers less
noise. The imaging frequency range in the intermittent contact mode is approximately the imaging
bandwidth (where the maximum frequency is the feedback frequency) centered on this resonance
frequency. Also, shorter cantilevers have higher optical beam deflection (OBD) detection sensitivity.
Similarly, a high resonance frequency and a small spring constant cause a large ( fc/kc) ratio and thus
the cantilever has a high sensitivity with respect to the force gradient (k) exerted between the tip and
the sample. The cantilever resonance frequency was shifted by the force gradient by -0.5 k fc/kc.
Therefore, small cantilevers with large fc/kc are suitable for phase contrast imaging.

Cantilevers used for HS-AFM are small in size and therefore have a very high resonance frequency.
AFMs with a sufficient small laser spot and corresponding electronics, which work with high res-
onant frequencies of up to 5 MHz, can use these ultra-short cantilevers (USC). These ultra-short
cantilevers (see Figure 3.5 a)) vibrate in the MHz range and are very sharp and wear-resistant. They
are rectangular, made of a quartz-like material, and except for the tip, the cantilevers are gold-plated
on both sides to optimize the reflectivity for the laser beam. To preserve the wear resistance of the
tips, they are made of High Density Carbon (HDC) and Diamond Like Carbon (DLC) material. The
height of the tip is 2.5 microns and the radius of curvature is less than 10 nm. All presented AFM
tips have a silicon carrier chip with the dimensions of 1.6 mm×3.4 mm×0.3 mm. In order to avoid
contact between the carrier chip and the sample, the corners have been lowered and grooves have
been made on the back of the cantilevers to maintain the matched laser beam without major impact
on the measurement.

Figure 3.5: USC Cantilever used for HS-AFM. a) shows scanning electron microscope (SEM) images of
a USC cantilever from NanoWorld AG, i) shows a zoom of the tip and in the inset ii) is again shown an
enlargement of the actual tip of the USC cantilever, b) shows the parameters of different USC cantilevers
suitable for HS-AFM measurement in liquid or air [147]. The SEM images in a) were kindly provided by
NanoWorld AG. All image rights remain at NanoWorld AG.

These cantilevers can be divided into two categories, one for the basic dynamic application in air and
the other for basic liquid application. The USC cantilevers for measurements in liquid in Figure 3.5
have a resonance frequency of 1500 to 300 kHz and a force constant of 0.6 to 0.15 N/m. The USC
cantilevers designed for measurements in air have a slightly higher resonance frequency and start at
1200 kHz and go up to 5000 kHz. Accordingly, the force constants cover a range from from 3 N/m
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to 30 N/m. The cantilever USC-F0.3-k0.3 was used for the HS-AFM measurements in this work.

3.3.2.2 The optical beam deflection detector OBD

For a small cantilever, a tailored optical beam deflection detector, as the one developed by Schäffer
et al. [148], is also required. The reflected laser beam from the cantilever is collected and collimated
with the same lens as the incident laser beam focused on the cantilever. In the work of Ando et
al. [142] it was also described that exactly this method is used, with a few changes. They do not use
single lenses but a Nikon lens. The incident and reflected laser beam is separated with a λ/4 plate
and a polarization beam splitter. Figure 3.6 shows the inverse optical microscope described in their
HS-AFMs.

Figure 3.6: A schematic of the OBD detection system. From the laser diode, light falls on the polarization
beam splitter and becomes linearly polarized. At the dichroic mirror, the light is mirrored and guided to the
λ/4 plate and is circularly polarized. The objective lens focuses the light and guides it to the cantilever. The
circularly polarized light reflected by the cantilever thereby reverses its direction of rotation and is collected by
the objective, guided to the λ/4 plate and converted back into linear polarized light. By changing the direction
of rotation, the linearly polarized light is perpendicular to the incident polarization at the polarization beam
splitter. Thus, the light is not transmitted but is reflected onto the split PIN photodiode [142].

To further suppress noise originating from the optics, the laser diode is modulated using an RF power
modulator. In addition, a 4-segment Si PIN photodiode with 3 pF and 40 MHz and a corresponding
fast amplifier/signal conditioner with about 20 MHz is used.

3.3.2.3 Counterbalance of the HS-AFM piezoelectric actuators

For HS-AFM measurement, the mechanical components may create unwanted vibrations and are
the hardest to optimize for high-speed scanning. Optimizing high-speed scanners requires certain
conditions. Firstly, high resonance frequencies are needed to allow fast scanning (see equations 3.5
and 3.7). Additionally, the possible number of resonance peaks in a narrow frequency range should
be kept as small as possible, ideally only one resonance peak. Ideally, the x, y, and z piezo electronics
should be independently controllable with as little cross-talk as possible. Next to high scanning rates,
it is desirable to maintain a reasonably large scanning area. As already mentioned, the quality factor
of the cantilever should be kept small to suppress thermal noise (see equation 3.10).
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Figure 3.7: Different setups to minimize undesired vibrations cause by the piezoelectric actuators: The piezo-
electric actuators (green), and the holders are in blue a) Shows two actuators are attached to the base (blue),
b) Two sides of the actuator are held in place with a clip, c) the actuator is held at the corners of a plane
perpendicular to the displacement direction, d) the actuator is glued at the edge parallel to the displacement
direction [142]

In order to minimize the vibrations originating from the piezo electric actuators, they need a good
counterbalance. The rapid shifts in one of the piezoelectric actuators cause a force pulse on the
base and the surrounding framework. This in turn leads to unwanted vibrations of the actuator itself
through the connection of actuator and base.
There are various approaches to avoid such unwanted vibrations. Figure 3.7 illustrates four of these
approaches. In Figure 3.7 a) an approach in which two actuators are mounted on opposite sides of
the base so that the vibrations caused by one actuator are canceled by the other actuator is illustrated.
Below the resonance frequency of the actuators, the counterbalance works well, otherwise the com-
pensation of the momentum forces is insufficient [142], since the phase of the oscillation changes
strongly around the resonance frequency. This has the consequence that even small differences in the
mechanical properties of the two actuators lead to insufficient compensation of the vibrations.
Another actuator (Figure 3.7 b)) has a structure in which the actual actuator is held by two set pieces
arranged along the direction of displacement. Yet another possibility is to connect the actuator to
the base via the edges of corners that are perpendicular to the direction of displacement. In the last
variant presented (Figure 3.7 d)), the actuator is glued to an annular base along the direction of
displacement.

3.3.2.4 Adjusting the PID controller for HS-AFM

A critical aspect when performing measurements on biological samples, is the force exerted on the
system under investigation. This force can be divided into a static and a dynamic part. At this point it
is sufficient to note that both parts grow with a decreasing amplitude setpoint. Thus, when biological
samples are investigated, the amplitude setpoint is typically chosen as close to 1 as possible in order
to prevent damage of the sample. This poses a problem for conventional PID controllers which
use a static set of gain parameters. When the scanning AFM tip encounters a downhill region on
the sample surface, a static set of gain parameters easily leads to the AFM tip loosing the surface
when high amplitude setpoints are used. Depending on the exact gain parameters, it takes a certain
time (τp) until the tip gets back in contact with the surface. During this period, the AFM cannot
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provide any useful information about the sample topology. This phenomenon is commonly called
parachuting and is schematically depicted in Figure 3.4. According to [136], the condition, under
which no parachuting occurs may be expressed as

A0 (1− r)−h0 sin
(

θ

2

)
> 0 (3.12)

where A0 denotes the free oscillation amplitude and r the normalized amplitude setpoint, h0 denotes
the height amplitude of the assumed sinusoidal surface, and θ denotes the phase delay between the
cantilever oscillation and the cantilever excitation signal. This relation, however, poses a severe
limitation to the feedback frequency of the system. Ando et al. give a concrete example where
A0 = h0/5 and r = 0.9. Using these values, relation (3.12) restricts the phase delay θ to values
below 2.3◦. The achievable maximum feedback frequency is then given as f < 0.05 fB. In contrast,
using realistic parameter values from actual imaging experiments on functioning proteins, keeping
the maximum force exerted to the sample in uphill regions below a value of 100 pN, the feedback
frequency is limited to f < 0.46 fB. To this end, the limit imposed by parachuting is far more severe
than the limit imposed by the maximum allowed force.
The parachuting problem may be leveraged by using dynamic PID controllers which use changes in
the oscillation amplitude of the cantilever to detect whether a flat or an inclined region of the sample
is scanned. For uphill regions, the oscillation amplitude gets smaller whereas in downhill regions it
gets larger. The dynamic PID may be achieved by feeding the actual PID with a false error signal
by adding a term (A(t)−Alower/upper) to the actual error signal [142]. Here A denotes the detected
oscillation amplitude and Alower and Aupper denote acceptable lower and upper bounds respectively.
The adjusted error signal leads to a quicker feedback of the PID in both, uphill and downhill regions
of the sample.

3.3.3 Comparison between AFM and HS-AFM

Figure 3.8: Schematic layout of the HS-AFM and AFM. The benchmarks listed in Table 3.1 show the differ-
ences between conventional and HS-AFMs.
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The differences between AFM and HS-AFM are found in the components of the systems, as well as
the use of appropriate cantilevers. Figure 3.8 shows the schematic structure of an AFM and Table 3.1
compares some of the key data between AFM and HS-AFM.

Table 3.1: Comparison of the AFM against HS-AFM with some key data of the systems and used cantilever
tips.

AFM HS-AFM
cantilever resonance (in air)
contact 13–67 kHz
tapping 75–3200 kHz 1.2–5 MHz
piezo tubes
z 1 kHz [149] > 50 kHz [150]
x, y 200–1,200 Hz [149] > 1kHz [150]
data aquisition 0–21 Hz a) 1–150 Hz b)

controller loop rate 50–500 Hz [149] ∼MHzc)

a) Used settings on the JPK NanoWizard 2
b) Used settings on the JPK NanoWizard Ultra Speed 1
c) Estimated order of magnitude





Chapter 4
Structural stability of DNA origami

The results presented in section 4.1 have also been published in [151], those presented in section 4.2
have been published in [152]
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DNA origami nanostructures are widely employed in various areas of fundamental and applied re-
search. Due to the tremendous success of the DNA origami technique in the academic field, consider-
able efforts currently aim at the translation of this technology from a laboratory setting to real-world
applications, such as nanoelectronics, drug delivery, and biosensing. While many of these real-world
applications rely on an intact DNA origami shape, they often also subject the DNA origami nanos-
tructures to rather harsh and potentially damaging environmental and processing conditions. Fur-
thermore, in the context of DNA origami mass production, the long-term storage of DNA origami
nanostructures or their pre-assembled components also becomes an issue of high relevance, espe-
cially regarding the possible negative effects on DNA origami structural integrity.
Thus, the following section will cover considerations and experiments regarding the stability of dif-
ferent DNA origami structures in different low Mg2+ buffer solutions. Furthermore, considering the
problem of long-term storage, the stability of DNA origami assembled with staple strands which have
been stored for time periods ranging up to 44 months in case of triangle DNA origami and 56 months
in case of 6HBs, is investigated.

4.1 On the Stability of DNA Origami Nanostructures in Low-Magnesium Buffers

4.1.1 Introduction

The DNA origami technique [23, 29] has become a widely used method for the fabrication of com-
plex, yet well-defined nanostructures [153, 154] with applications in biophysics [155, 156], molecular
biology [53, 157], and drug and enzyme delivery [158, 159]. Since many of these applications rely
on intact DNA nanostructures, the investigation of DNA origami stability under application-specific
conditions has become a major research focus [86, 89, 97, 101, 129, 133, 160–163]. Biomedical
applications in particular are often incompatible with the comparatively high (10 - 20 mM) Mg2+

concentrations required for DNA origami assembly. On the other hand, low Mg2+ concentration
(≤ 1 mM) has been identified as one of the two most critical parameters that reduce DNA origami
stability in cell culture media [97]. Consequently, many approaches have been reported for protecting
DNA origami nanostructures against destabilizing conditions and in particular low Mg2+ concentra-
tions [103, 106–111]. All the more surprising was the discovery that DNA origami are stable in water
for several weeks [133]. In these experiments, the Mg2+-containing assembly buffer was exchanged
against water via spin filtering, resulting in Mg2+ concentrations of a few µM. Although not com-
pletely Mg2+-free, many applications may benefit from intact DNA origami nanostructures under
such low-Mg2+ conditions. However, other studies observed DNA origami denaturation in buffers
containing low Mg2+ concentrations [97, 108, 111, 160, 163]. These discrepancies could have vari-
ous origins, such as differences in the buffer exchange methods, buffer conditions, and DNA origami
designs. In this work, therefore the stability of three DNA origami nanostructures in a selection of
low-Mg2+ buffers is investigated using the spin filtering-based buffer exchange approach established
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by Linko et al. [133] which is described in more detail in section 4.1.4.2. It is found that the com-
position of the buffer plays a critical role in DNA origami stability, while different DNA origami
nanostructures show different buffer dependencies.

4.1.2 Results and Discussion

At first an attempt is made to reproduce the results of Linko et al. for the three DNA origami nanos-
tructures investigated in this work, i.e., the Rothemund triangle [23], a 24-helix bundle (24HB) [21],
and a six-helix bundle (6HB) [164]. The DNA origami were assembled using Mg2+ concentrations of
10 mM for triangles and 6HBs, and 14 mM for 24HBs as described in section 4.1.4.1. After folding,
spin filtering and washing with water were used to purify the structures from excess staple strands.

Figure 4.1: AFM images of triangular DNA origami before a) and after spin filtering 1 x tris-acetate-EDTA
(TAE) with 10 mM MgCl2 b). No significant differences in DNA origami damage are observed. Image sizes
and height scales are 1.5×1.5 µm2 and 2.0 nm, respectively.

Figure 4.2: AGE results of DNA origami triangles a) and 6HBs b) before (0) and after buffer exchange into
1 x TAE + 10 mM MgCl2 (0*), 1 x TAE with pH 8 (1), 1 x TAE with pH 9 (2), 10 mM Tris with pH 8
(3), and 10 mM Tris with pH 9 (4). The M13mp18 scaffold (s) is used as a control (7249-nucleotides). The
positions of the monomer bands are indicated by the white arrows. DNA origami stability and denaturation
as observed in the gel images are indicated by 3 and 7, respectively. DNA origami before (0) and after (0*)
spin filtering with folding buffer (1 x TAE with 10 mM MgCl2) do not show significant differences in DNA
origami stability (agree with the results shown in Figure 4.1). For triangles, 1 x TAE with pH 8 (1) and 1 x TAE
with pH 9 (2) denature DNA origami samples (denaturation is more pronounced at pH 9 as EDTA chelation
efficiency increases with pH). However, triangles remain intact in Tris buffers at both pH levels. In case of
6HB no significant effect of buffer pH on DNA origami stability is observed. The AGE measurements have
been performed at the Department for Bioproducts and Biosystems of Aalto Unitversity (Finland)[151].
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Spin filtering itself, i.e., without buffer exchange, has no significant effect on DNA origami stability
(see Figures 4.1 and 4.2). Repeated application of filtering/washing cycles results in a continuous
decrease in the Mg2+ concentration. The filtered DNA origami were immobilized on mica after each
cycle and evaluated by AFM. Image acquisition has been performed as described in section 4.1.4.3.
As can be seen in Figure 4.3 d), all three DNA origami nanostructures are stable even after three
filtering/washing cycles, corresponding to a Mg2+ concentration < 1 µM (see Table 4.1). Closer
inspection of the AFM images in Figure 4.3 d), however, reveals some defect triangular DNA origami
at such low Mg2+ concentrations. This indicates that a minimum Mg2+ concentration in the low-µM
range is required to ensure DNA origami stability. Because of their less distinctive shapes, similar
defects are harder to identify in the helix bundles. For further experiments two filtering/washing
cycles for buffer exchange have been used, resulting in residual Mg2+ concentrations of around 10
µM, see Table 4.1.

Figure 4.3: AFM images of DNA origami triangles, 24HBs, and 6HBs in 1 x TAE containing 10 mM MgCl2
for different numbers of filtering/washing cycles. a) and after applying one b), two c), and three d) filter-
ing/washing cycles with pure water. Image sizes are 1.5×1.5 µm2 and height scales 2.0 nm (triangles), 4.0 nm
(24HBs), and 2.7 nm (6HBs), respectively. Insets show representative zooms of individual DNA origami. The
arrows in d) indicate defective DNA origami triangles.

Figure 4.4 shows AFM images of all three DNA origami nanostructures after exchanging the Mg2+-
containing 1 x TAE assembly buffer against eight different Mg2+-free buffers. Exchange against pure
1 x TAE (condition 1) results clearly in the disintegration of the DNA origami triangles and 24HBs.
This drastically decreased stability of the DNA origami triangles and 24HBs in TAE compared to
water may be explained by the presence of 1 mM ethylenediaminetetraacetic acid (EDTA) in the
TAE buffer, which will chelate all the remaining Mg2+ ions bound to the phosphate groups in the
DNA backbone. Repulsive electrostatic interactions between neighboring helices then induce DNA
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origami disintegration. In order to test this hypothesis, DNA origami have transferred into EDTA-
free 10 mM Tris buffer and indeed stable DNA origami triangles and 24HBs (Figure 4.4, condition
2) have been observed, thus confirming the damaging effect of EDTA. Surprisingly, EDTA does not
seem to affect the stability of the 6HBs which show no visible signs of damage in neither buffer
(Figure 4.4 c), conditions 1 and 2). This observation is in agreement with previous experiments of
Hahn et al., who found the DNA origami 6HBs significantly more stable in low-Mg2+ tissue culture
medium than other 3D DNA origami [97]. These differences may originate from a superstructure-
dependent binding of Mg2+ to the backbone phosphates, as has been observed for Eu3+ coordination
of the same triangles and 6HBs studied here [165]. Furthermore, the 6HBs are more flexible than the
triangles and 24HBs and may more easily compensate electrostatic repulsion between their helices
by adopting a conformation with larger interhelical spacing [166].
In many medical and biological applications, phosphate-based buffers such as phosphate-buffered
saline are routinely employed. Therefore, DNA origami nanostructures have also been transferred
the into 10 mM Na2HPO4. This resulted in denatured DNA origami triangles and 24HBs, whereas
the 6HBs again remained stable (Figure 4.4, condition 3). At first glance, the decreased stability of
the DNA origami triangles and 24HBs in Na2HPO4 compared to water seems counterintuitive since
the phosphate buffer contains much more cations which should stabilize the DNA origami nanostruc-
tures. While Na+ is about 10 times less efficient in stabilizing DNA duplex structure than Mg2+ [167],
a concentration of 20 mM should still be sufficient to maintain intact duplexes even if the residual
Mg2+ ions were completely displaced from the backbone phosphates. On the other hand, Na2HPO4

introduces partially dissociated HPO4
2− ions which may interact with the phosphate-bound Mg2+

ions and reduce their efficiency of screening electrostatic repulsion between neighboring helices. In
addition, the resulting bulky complex will make Na+-phosphate binding much less effective. In-
creasing the Na+ concentration should then lead to a gradual replacement of the Mg+ complexes
and finally to stable DNA origami. Indeed, as can be seen in Figure 4.4 a), addition of 100 mM
NaCl results in DNA origami nanostructures with clearly identifiable triangular shapes, despite being
visibly damaged. Increasing the NaCl concentration further to 200 mM (Figure 4.4 a), condition 5),
results in completely intact DNA origami triangles. In contrast, no stabilization with increasing NaCl
concentration is observed for the 24HBs (Figure 4.4 b), conditions 3–5). This may be the result of the
compact 3D DNA origami nanostructure, which features a dense packing of DNA helices with a high
negative charge density and consequently may require even higher Na+ concentrations for efficient
stabilization.
Some applications require the use of potassium-based phosphate buffers instead of sodium-based
ones, for instance to ensure the stability of certain proteins when arranging them with DNA origami
scaffolds [120]. Therefore, DNA origami stability has also been evaluated in 10 mM K2HPO4. As
can be seen in Figure 4.4 (condition 6), a similar behavior is observed as for Na2HPO4, with DNA
origami triangles and 24HBs being almost completely denatured, while the 6HBs remain intact. In
contrast to the case of Na+, however, addition of 100 mM KCl already results in perfectly intact
DNA origami triangles (Figure 4.4 a), condition 7). This difference in the stabilizing effect of Na+

and K+ is rather surprising, considering their close similarity and the large number of studies that ob-
served no significant differences in DNA duplex stabilization by Na+ and K+ [167–170]. However,
there are also a few reports of DNA having higher affinity for K+ than for Na+ [171, 172]. These
observations have further been substantiated in molecular dynamics simulations of parallel arrange-
ments of DNA duplexes which also included DNA-DNA interactions [173]. This system can thus
be considered a more accurate representation of DNA origami nanostructures than the typically used
isolated duplexes. The simulations revealed that Na+ binds preferentially to the phosphates in the
backbone, whereas K+ predominantly interacts with electronegative sites of the nucleobases. Also
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the water structure around the DNA duplex is differently affected by these ions [173]. The higher
stability of the DNA origami triangles in the K+-based buffer is thus attributed to the differences in
the interaction of K+ and Na+ with DNA.

Figure 4.4: AFM images of DNA origami triangles, 24HBs, and 6HBs after transfer into different buffers.
a) DNA origami triangles, b) 24HBs, and c) 6HBs after transfer into 1 x TAE (1), 10 mM Tris (2), 10 mM
Na2HPO4 (3), 10 mM Na2HPO4 + 100 mM NaCl (4), 10 mM Na2HPO4 + 200 mM NaCl(5), 10 mM K2HPO4

(6), 10 mM K2HPO4 + 100 mM KCl (7), and 10 mM K2HPO4 + 200 mM KCl (8). Image sizes are 1.5×1.5
µm2 and height scales 2.3 nm (a, conditions 1–8 and b, conditions 1 and 3–8), 4.0 nm (b, condition 2), and 3.0
nm (c, conditions 1–8). Insets show representative zooms of individual DNA origami.

In Figure 4.4 large variations in DNA origami surface coverage are observed. These differences may
be caused by a number of effects. Most importantly, DNA origami adsorption is never uniform across
the whole mica substrate due to surface inhomogeneities and the deposition of the sample solution
which involves a meniscus moving across the surface. This is exemplified in Figure 4.5. Furthermore,
also the presence of different concentrations of monovalent cations in conditions 3 to 8 may affect
DNA origami adsorption efficiency as they can replace some of the Mg2+ ions from the mica surface
and thus interfere with electrostatic interactions between DNA origami and surface [120].

Figure 4.5: AFM images of triangular DNA origami in 10 mM Na2HPO4 + 200 mM NaCl. The images
correspond to two different, identically treated samples. Significant variations in DNA origami coverage are
observed. Image sizes and height scales are 1.5×1.5 µm2 and 2.3 nm, respectively.

Since structural damage of the 24HBs and the 6HBs is hard to identify in AFM images, all tested
DNA origami-buffer combinations were also examined by agarose gel electrophoresis [151]. For the
DNA origami triangles, the Agarose Gel Electrophoresis (AGE) results shown in Figure 4.6 a) agree
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with the ones obtained by AFM, with the exception of 10 mM Na2HPO4 + 100 mM NaCl (condition
4). Here, AGE indicates intact DNA origami while AFM clearly shows partially denatured triangles
(see Figure 4.4 a)). This discrepancy can be attributed to the rather well conserved triangular shape
of the damaged DNA origami which thus run at a similar speed as the intact ones. This demonstrates
the limitations of assessing nanostructural integrity solely by AGE without the aid of single-molecule
imaging techniques. This is becoming even more obvious for the 24HBs (Figure 4.6 b)). Due to their
tendency to form aggregates (see Figure 4.3 a), middle panel), identifying the bands in the gel images
is rather difficult. This is particularly obvious in the case of the unfiltered 24HBs (lane 0), where
only a faint monomer band is seen below intense multimer bands (aggregates are also seen under
the same conditions in Figure 4.3 a), middle panel). However, filtering/washing with water releases
the monomers and results in a clear monomer band (in accordance with AFM, see Figure 4.3 d),
middle panel). While for 1 x TAE and 10 mM Tris (conditions 1 and 2) rather unambiguous re-
sults are obtained, the phosphate buffers yield results that are less clear. As in the case of the DNA
origami triangles, a pronounced monomer band is observed for 10 mM Na2HPO4 + 100 mM NaCl
(condition 4), which can again be attributed to the rather compact shapes of the denatured 24HBs
(see Figure 4.4 b)). Also for 10 mM Na2HPO4 + 200 mM NaCl (condition 5), a faint monomer band
can be identified in Figure 4.6 b) for the same reason, which could falsely be interpreted as proof of
intact DNA origami. For 10 mM K2HPO4 + 200 mM KCl (condition 8), a weak leading band can be
seen that runs between the bands of completely denatured and intact 24HBs. This may indicate that
the 24HBs are getting gradually more stabilized by the increasing KCl concentration, although they
still are strongly denatured as is evident from AFM (Figure 4.4 b)). The AGE results of the 6HBs in
Figure 4.6 c) are in excellent agreement with the AFM analysis and show only intact DNA origami.

Figure 4.6: AGE results for different DNA origami structures before and after transfer into water from different
buffers. a) DNA origami triangles, b) 24HBs, and c) 6HBs before (0) and after transfer into water (three
filtering/washing cycles) (w), 1 x TAE (1), 10 mM Tris (2), 10 mM Na2HPO4 (3), 10 mM Na2HPO4 + 100
mM NaCl (4), 10 mM Na2HPO4 + 200 mM NaCl (5), 10 mM K2HPO4 (6), 10 mM K2HPO4 + 100 mM KCl
(7), and 10 mM K2HPO4 + 200 mM KCl (8). The M13mp18 scaffold (s) is used as a control (7249-nucleotide
scaffold for the triangle and 6HB, and 7560-nucleotide version for the 24HB). The positions of the monomer
bands are indicated by the white arrows. DNA origami stability and denaturation as observed in the gel images
is indicated by 3and 7, respectively. Brackets denote ambiguous results. The AGE measurements have been
performed at the Department for Bioproducts and Biosystems of Aalto Unitversity (Finland)[151].
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Finally, it is shown that the DNA origami are stable in the respective low-Mg2+ buffers for extended
periods of time. This has been investigated for the triangular DNA origami in water, 10 mM Tris, 10
mM Na2HPO4 + 200 mM NaCl, 10 mM K2HPO4 + 100 mM KCl, and 10 mM K2HPO4 + 200 mM
KCl by AFM (see Figure 4.11). For long-term stability measurements, one DNA origami sample per
buffer condition was stored at 4◦C and examined periodically by AFM. Due to their well-defined
shape, stability of the triangular DNA origami could be assessed quantitatively, while the evaluation
of the 24HBs and the 6HBs was done only qualitatively. For the quantitative evaluation, a 5×5 µm2

AFM image was been recorded and the fraction of intact DNA origami triangles quantified by manual
counting. For each data point, between 44 and 598 DNA origami triangles have been analyzed. The
fractions of intact DNA origami are presented as mean values with the standard error of the mean as
error bars.
Considering the stability in pure water firstly, Figure 4.7 shows representative AFM images depending
on the number of filtering/washing cycles and the age of the sample. The respective fractions of intact
DNA origami are plotted in Figure 4.8.

Figure 4.7: AFM images of triangular DNA origami in water after one (top row), two (middle row), and three
(bottom row) filtering/washing cycles at the day of preparation (left column), after 84 days (middle column),
and after 147 days (right column). Image sizes and height scales are 1.5×1.5 µm2 and 2.0 nm, respectively.

As can be seen, the fraction of intact origami decreases both, with an increasing number of filter-
ing/washing cycles and with increasing age of the sample. However, interestingly in the oldest sample
subjected to the most filtering/washing cycles, still roughly 60% of the DNA origami are intact.
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Figure 4.8: Fraction of intact DNA origami triangles in water after different numbers of filtering/washing
cycles as a function of time.

Coming to the other low Mg2+ buffer solutions, Figures 4.9 and 4.10 show representative AFM im-
ages of triangular DNA origami in these buffer solutions. In these media, the DNA origami triangles
are stable for at least two months without any significant decrease in the fraction of intact nanostruc-
tures.

Figure 4.9: AFM images of triangular DNA origami in 10 mM Tris after two filtering/washing cycles at the
day of preparation a) and after 70 b) and 126 days c). Image sizes and height scales are 1.5×1.5 µm2 and 2.0
nm, respectively.

In Figure 4.11 the fraction of intact DNA origami in the different buffer solutions is plotted depending
on the age of the samples. Here the oldest sample (in Tris) has an age of 126 days. Nevertheless,
roughly 80% of the DNA origami were intact.
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Figure 4.10: AFM images of triangular DNA origami in different low Mg2+ buffer solutions after two fil-
tering/washing cycles at the day of preparation (left column), after 28 days (middle column), and after 56
days (right column). The individual rows correspond to 10 mM Na2HPO4 + 200 mM NaCl (top row), 10 mM
K2HPO4 + 100 mM KCl (middle row), and 10 mM K2HPO4 + 200 mM KCl (bottom row), respectively. Image
sizes and height scales are 1.5×1.5 µm2 and 2.3 nm, respectively.

Figure 4.11: Fraction of intact DNA origami triangles in different buffers after two filtering/washing cycles as
a function of time.
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4.1.3 Conclusion

In summary, the stability of DNA origami triangles, 24HBs, and 6HBs has been investigated in
different buffers with about 10 µM residual Mg2+. The results are summarized in Table 4.2. DNA
origami stability was found to crucially depend on the availability of residual Mg2+ ions for binding
to the phosphates in the DNA backbone and screening electrostatic repulsion between neighboring
helices. The presence of EDTA may facilitate DNA origami denaturation by chelating and thus
removing Mg2+ ions from the backbone. In addition to EDTA, also phosphate ions may interact with
the bound Mg2+ ions and induce DNA origami denaturation by reducing the strength of the Mg2+-
DNA interaction. However, these effects are more complex and highly dependent on the presence of
monovalent cations which may replace the Mg2+ complexes at the phosphates and thus stabilize the
DNA origami. The exact concentration necessary to ensure structural integrity, however, depends on
the DNA binding affinity of the monovalent cation and the preferred binding sites, as observed here
when comparing Na+ to K+.
Most remarkably, these buffer effects were found to depend also on DNA origami superstructure.
Lattice-based 3D DNA origami nanostructures, such as the 24HB seem to require higher concentra-
tions of monovalent cations than 2D DNA origami to maintain their structural integrity, presumably
due to the high density of negative charges in their interior. In contrast, 6HBs are stable in all the
tested buffers, including 1 x TAE featuring 1 mM EDTA. While this extraordinary stability of 6HBs
has already been observed by Hahn et al. [97], it can so far only be speculated about its origin.
Superstructure-dependent geometries of ion-binding sites may play a role in Mg2+ displacement and
removal [165], while the lower stiffness of the 6HBs may allow more drastic conformational changes
to compensate for electrostatic repulsion between helices [166].
The obtained results demonstrate that high Mg2+ concentrations are by no means a prerequisite for
maintaining DNA origami stability. On the contrary, by employing rationally selected buffers and
considering superstructure-dependent effects, the structural integrity of a given DNA origami nanos-
tructure may be maintained even at Mg2+ concentrations in the low-µM range for extended periods of
time. This qualifies DNA origami nanostructures for a broad spectrum of biophysical and biomedical
applications incompatible with high Mg2+ concentrations.

4.1.4 Materials and Methods

4.1.4.1 DNA origami assembly

Triangular [23] and 6HB DNA origami [164] have been assembled with staple strands from Metabion
and the 7249-nt long M13mp18 scaffold (Tilibit) as previously described in 1 x TAE (Carl Roth)
containing 10 mM MgCl2 (Sigma-Aldrich) [89]. Hybridization was carried out in a Thermocycler
Primus 25 advanced (PEQLAB) by heating to 80◦C and subsequent cooling to room temperature over
a time course of 90 min.
24HB DNA origami from Kuzyk et al. [21] (left-handed design) have been assembled with staple
strands from IDT and the 7560-nt long M13mp18 scaffold (Tilibit) in 1 x TAE (VWR Chemicals)
containing 14 mM MgCl2 (Sigma-Aldrich). The folding solution was annealed using a G-Storm
Thermocycler by heating to 65◦C and subsequent cooling to 40◦C over a time course of 61 h.

4.1.4.2 Buffer exchange for low-magnesium buffers

The buffer of the assembled DNA origami samples was exchanged by spin filtering using Amicon
ultra-0.5 ml centrifugal filters (Millipore) with 100 kDa MWCO. To this end, 100 µl of DNA origami
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solution were spin-filtered together with 200 µl of the respective target buffer for 10 min at 2000–6000
g. After adding 300 µl of target buffer, the sample was spin filtered a second time for 10 min at the
same speed. Depending on the target Mg2+ concentration, this filtering/washing cycle was repeated
up to twice. The concentration of residual Mg2+ after each filtering/washing cycle was calculated
from the sample volume retained in the filter; average values are given in Table 4.1.

Table 4.1: Average concentrations (in µM) of residual Mg2+ for each DNA origami after each filtering/washing
cycle.

Triangles 6HBs 24HBs
1 cycle 450 450 650
2 cycles 10.6 10.6 11.6
3 cycles 0.3 0.3 0.4

The following Mg2+-free buffers were prepared using HPLC-grade water (Carl Roth): 1 x TAE (Carl
Roth), 10 mM Tris (Sigma-Aldrich), 10 mM Na2HPO4 (Merck) with and without 100 mM and 200
mM NaCl (Sigma-Aldrich), 10 mM K2HPO4 (Merck) with and without 100 mM and 200 mM KCl
(Merck). The pH of the more alkaline buffers was carefully adjusted using 1 M HCl (Stockmeier
Chemie) to reach a value between pH 8 and 9 (see Table 4.2). In this range, no significant effect of
pH on DNA origami stability was observed (see Figure 4.2).

Table 4.2: Buffer solutions and their respective pH value considered for the stability studies. Summary of the
results obtained for the three DNA origami nanostructures in different buffers (conditions 1 to 8) containing
10 µM of Mg2+. Note that no influence of pH on DNA origami stability between pH 8 and 9 has been observed
(see Figure 4.2).

Condition Buffer pH
1 1 x TAE 8.5
2 10 mM Tris 8.9
3 10 mM Na2HPO4 8.0

4
10 mM Na2HPO4 8.3
+ 100 mM NaCl

5
10 mM Na2HPO4 8.5
+ 200 mM NaCl

6 10 mM K2HPO4 8.5

7
10 mM K2HPO4 8.7
+ 100 mM KCl

8
10 mM K2HPO4 8.9
+ 200 mM KCl

4.1.4.3 AFM imaging

For AFM imaging, 10 µl of the DNA origami sample and 30 µl of 1 x TAE containing 10 mM MgCl2
were incubated on freshly cleaved mica surfaces for 1 min. Subsequently, the mica sample was
vertically dipped into HPLC-grade water for 30 seconds and blow-dried in a stream of ultrapure air.
AFM measurements were carried out using an Agilent 5100 and an Agilent 5500 AFM, respectively,
operated in intermittent contact mode with silicon cantilevers (HQ:NSC18/Al BS) from MikroMasch.
Images were recorded with scan sizes of 5×5 µm2 with a resolution of 2048 px×2048 px. Examples
of intact (green) and damaged DNA origami (red) are shown in Figure 4.12. The DNA origami
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indicated in white and blue have not been considered because they are not completely visible in the
AFM image and lie on top of each other, respectively.

Figure 4.12: AFM image of triangular DNA origami after three filtering/washing cycles with pure water. A
selection of intact (green) and damaged DNA origami (red) have been highlighted. The DNA origami indicated
in white and blue have not been considered for quantification because they are not completely visible in the
AFM image and lie on top of each other, respectively.

4.2 Effect of Staple Age on DNA Origami Nanostructure Assembly and Stability

4.2.1 Introduction

While many applications for DNA origami mentioned in the introductory chapter of this work cru-
cially rely on an intact DNA origami shape, many of them subject the employed DNA origami
nanostructures to rather harsh treatments. Consequently, interest in the effects that environmen-
tal and processing conditions exert on DNA origami structural integrity has spiked in the last few
years [84, 86, 89, 97, 129, 151, 162, 166, 174–178].
Another issue that is becoming more and more relevant in the context of such applications is the long-
term stability of the DNA origami nanostructures under relevant storage conditions [133, 151, 179].
While it has been established that, even under low-magnesium conditions, DNA origami nanostruc-
tures remain structurally intact over a period of several months when stored at 4◦C [133, 151], their
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storage at higher temperatures may result in quick deterioration [179]. This issue can be circumvented
by the lyophilization of the DNA origami nanostructures prior to storage [179].
While the aforementioned studies have focused on the storage of readily assembled DNA origami
nanostructures, this work investigates the effect of the long-term storage of the employed staple
strands on DNA origami assembly and stability. AFM under liquid and dry conditions was em-
ployed to characterize the structural integrity of Rothemund triangles [23] assembled from different
staple sets that have been stored at -20◦C for up to 43 months. In addition to comparing liquid and dry
imaging conditions, further different sample washing protocols were employed to simulate different
harsh processing conditions. It was found that, while DNA origami assembly is largely unaffected
by staple age, the assembled DNA origami triangles become gradually more sensitive toward harsh
washing conditions as their staple age increased. Matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) mass spectrometry investigations indicate that this is not a result of staple
fragmentation but, rather, of damaged nucleobases. Finally, evidence is presented that these staple
age-related effects depend on the DNA origami superstructure.

4.2.2 Results and Discussion

In order to ensure comparability between staple sets of different age, all staple strands were mixed
immediately after purchase, divided into 150 µL aliquots, and stored at -20◦C for 2 to 56 months as
described in section 4.2.4.1. Therefore, all DNA origami samples were assembled from staple sets
that have been frozen and thawed only once. For each DNA origami assembly, freshly defrosted tubes
containing 10 µL of M13mp18 scaffold, aliquoted from a common stock solution, stored at -20◦C
were used. To minimize the influence of scaffold preparation, the differently-aged staple sets were
assembled using the same scaffold stock solution originating from the same preparation. Furthermore,
the age of the scaffold stock solution at the time of use was always identical for each of the differently-
aged staple sets used in one sample treatment protocol and comparable to the youngest staple set in
each time series (below 8 months).
Figure 4.13 b)–e) shows AFM images of Rothemund triangles assembled from staple sets of different
ages. AFM imaging has been performed as described in sections 4.2.4.3 and 4.2.4.1. For compari-
son, a schematic representation of the duplex arrangement in the Rothemund triangle is given in Fig-
ure 4.13 a). Ideally, AFM images of the assembled DNA origami should perfectly match the scheme.
The AFM images in the left column of Figure 4.13 b)–e) were recorded under liquid conditions in
assembly buffer in order to assess any effects of staple age on the DNA origami assembly. Liq-
uid imaging represents the least invasive AFM-based approach of analyzing DNA origami structural
integrity at a nanometer resolution. Furthermore, it is frequently employed in DNA origami-based
single-molecule studies [59, 60, 157, 180–183]. As can be seen in the inset of Figure 4.13 b) (left),
the Rothemund triangle assembled from seven months old staples shows all features expected from
the scheme in Figure 4.13 a). The three cavities in the corners of the triangle where the bridging
staples connect the individual trapezoids are clearly visible, and even the seams in the centers of the
trapezoids can be resolved. The overview image in Figure 4.13 b) (left) further suggests that the vast
majority of Rothemund triangles are perfectly assembled, even though some small DNA origami frag-
ments or broken/denatured triangles are occasionally observed. This general picture does not change
significantly with increasing staple age. Even 43-month-old staples yield predominantly intact DNA
origami triangles that show all the characteristic features of the design, indicating that staple age does
not affect DNA origami assembly.
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Figure 4.13: AFM images of DNA origami triangles assembled from staple sets of different ages. a) Schematic
illustration of the Rothemund triangle DNA origami. AFM images of DNA origami triangles assembled from
staple sets aged for b) 2–7 months, (c) 11–16 months, d) 22–27 months, and e) 38–43 months. Measurements
were performed either in liquid (left column) or dry conditions after gently dipping the sample into water
(central column) or after harsh rinsing (right column). Scale bars represent 250 nm. Height scales are given in
the individual images. The insets show zooms of individual DNA origami triangles.
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For many applications, the DNA origami nanostructures have to be dried after immobilization on a
substrate surface. This is in order to quench certain reactions of attached chemical species [184] or,
more frequently, to enable subsequent processing steps [58, 112, 114, 119, 120, 185, 186]. In all
of these cases, the substrate needs to be washed with water in order to remove residual salt from
the surface. The gentlest way to do this is by dipping the sample into pure water for a couple of
seconds [184]. While this dipping may result in the dislocation and rearrangement of the adsorbed
DNA origami nanostructures [132, 187], it does not induce major damage of the Rothemund trian-
gles [184].
The AFM image and the corresponding zoom of Rothemund triangles assembled from two-month-
old staples shown in Figure 4.13 b) (center) reveal mostly intact DNA origami. Compared to liquid
imaging, the triangular shapes appear less defined. This can be attributed both to drying-induced
conformational alterations of the DNA duplexes in the DNA origami, such as B-A transitions, and
minor shape distortions resulting from the removal of Mg2+ ions from the mica-DNA interface, which
leads to a reduced strength of the interaction [138]. The latter is manifested, for example, in the
decreased width of the trapezoids composing the triangles, which appear somewhat contracted or
rolled up. Nevertheless, the cavities in the corners of the triangles can still be resolved, albeit not as
separated cavities but as a groove. As for the measurements in solution, staple age does not seem
to have a significant effect on DNA origami integrity. Even for 38-month-old staples, mostly intact
triangles are observed after dipping.
For some applications of DNA origami nanostructures, gentle dipping of the substrate into water
is not sufficient. This particularly concerns applications employing viscous buffer components or
other molecular species that strongly adsorb to the substrate surface and need to be removed after-
wards [89, 120, 162]. In such cases, the substrate surfaces are often rinsed with large amounts of
water. The AFM image in Figure 4.13 b) (right) shows DNA origami triangles assembled from 5-
month-old staples after such a rinsing treatment. The Rothemund triangles appear very similar to the
ones subjected to dip-washing in Figure 4.13 b) (center), and there is no significant increase in the
number of fragments and denatured DNA origami. Also, for Rothemund triangles assembled from
14-month-old staples(Figure 4.13 c), right), this rather harsh treatment does not seem to impair DNA
origami integrity. At a staple age of 25 months, however, several Rothemund triangles with distorted
shapes are observed in Figure 4.13 d) (right). The DNA origami in the corresponding inset appears
somewhat swollen and has frayed edges with strongly rounded corners. It is also more difficult to
identify the cavities in the corners of the triangles. These rinsing-induced shape distortions become
even worse when 41-month-old staples are used for the DNA origami assembly. As can be seen in
Figure 4.13 e) (right), the DNA origami still exhibits a roughly triangular shape. However, in this
case, the trapezoids of many DNA origami are strongly deformed and bulging, and the cavities in the
corners can no longer be identified.
In order to quantitatively evaluate the effects of staple age and treatment conditions on the structural
integrity of the Rothemund triangles, the AFM images were analyzed by manually counting the
fractions of intact, broken, deformed, and denatured DNA origami nanostructures. Figure 4.14 shows
representative examples of these four categories. The results of the statistical analyses are shown in
Figure 4.15 and Tables 4.4–4.6.
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Figure 4.14: Representative AFM zooms of Rothemund triangles categorized as a) intact, b) broken, c) dena-
tured, and d) deformed.

In the following, the general procedure for determining the yields given in Tables 4.4–4.6 is described.
For dry imaging, two independent samples were analyzed per staple age. In case of liquid imaging,
only one sample was analyzed per staple age. Five to ten AFM images were recorded per staple age.
For each recorded AFM image, the different yields were determined by manual counting. Final yields
were obtained by averaging over the yields obtained for the individual AFM images, with standard
deviations as a measure of error. This is exemplified in Table 4.3 for the case of 38 months old staple
strands and imaging under dry conditions after dip-washing.

Table 4.3: Number of analyzed DNA origami triangles N(DNAorigami) for each of the 8 AFM images recorded
after dipping a sample assembled from 38 months old staples and the corresponding yields of intact, broken,
deformed, and denatured DNA origami in %.

AFM image N(DNAorigami) intact broken denatured deformed
DNA DNA DNA DNA

origami / % origami / % origami / % origami / %
1 524 89.5 4.2 4.8 1.5
2 518 88.2 6.2 4.1 1.5
3 444 86.0 5.0 5.2 3.8
4 515 86.8 4.8 6.0 3.1
5 491 88.0 5.7 3.1 3.3
6 526 85.2 7.0 3.4 4.4
7 552 88.2 4.5 3.1 4.2
8 554 87.5 6.0 2.7 3.8

sum 4124 87.4±1.4 5.4± 1.0 4.0±1.2 3.2±1.1

Table 4.4: Yields (in %) of intact, broken, and denatured Rothemund triangles assembled from staples of
different age obtained by AFM in liquid.

liquid
months intact broken denatured NDNAorigami

7 88.0±1.7 3.3±1.7 8.5±0.8 727
16 87.2±2.1 4.3±1.4 8.5±1.0 508
27 82.0±1.2 6.3±0.8 11.7±1.7 611
43 80.6±3.9 6.7±2.0 12.7±2.1 844

AFM imaging in liquid is the gentlest of the considered methods and, thus, expected to capture the
solution state of the assembled DNA origami nanostructures. Nevertheless, Figure 4.15 a) shows that



52 CHAPTER 4. STRUCTURAL STABILITY OF DNA ORIGAMI

Table 4.5: Yields (in %) of intact, broken, denatured, and deformed Rothemund triangles assembled from
staples of different age obtained by AFM in the dry state after dip-washing.

dry-dipped
months intact broken denatured deformed NDNAorigami

2 92.1±1.2 2.7±0.7 2.9±1.7 2.1±1.6 1967
11 90.9±0.9 4.0±1.2 3.4±1.0 1.6±1.4 3730
22 90.6±2.3 4.0±1.0 3.8±0.9 1.7±0.7 3728
38 87.5±1.4 5.4±1.0 4.0±1.1 3.2±1.1 4140

Table 4.6: Yields (in %) of intact, broken, denatured, and deformed Rothemund triangles assembled from
staples of different age obtained by AFM in the dry state after rinsing.

dry-rinsed
months intact broken denatured deformed NDNAorigami

5 87.8±2.9 4.4±0.8 5.1±1.1 2.7±2.1 2769
14 76.3±9.5 5.0±0.0 6.5±1.2 12.2±8.6 1880
25 64.8±17.2 5.0±2.3 5.4±1.0 24.8±18.4 2353
41 20.1±19.1 7.8±5.3 6.1±1.0 66.0±22.7 2353

the yield of intact DNA origami decreased from ∼ 88% at a staple age of 7 months to ∼ 81% at a
staple age of 43 months. This is due to the slight increase in the fractions of broken and denatured
DNA origami with increasing the staple age. Interestingly, this increase occurred rather suddenly at
a staple age between 16 and 27 months. These data indicate that staples older than this threshold
age result in slightly more damaged DNA origami nanostructures. However, it is not clear from our
measurements if staple age is correlated with lower assembly yields of intact DNA origami or whether
the assembled DNA origami are more easily damaged during sample handling and purification.

Figure 4.15: Yields of intact, broken, denatured, and deformed DNA origami depending on the age of the
staple solution for a) measurements in liquid, b) measurements using the dry-dipped protocol, and c) measure-
ments using the dry-rinsed protocol.

In Figure 4.15 b), the yields after dip-washing and drying the adsorbed DNA origami are given. Here,
only a very small decrease in the fraction of intact DNA origami from 92% to 87% is observed.
Interestingly, dip-washing seems to result in a higher yield of intact DNA origami adsorbed to the
mica surface. This counterintuitive observation can be explained by the fact that broken and denatured
DNA origami have a smaller surface and thus a smaller contact area with the mica surface. Damaged
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DNA origami nanostructures are, therefore, more easily removed from the mica surface during dip-
washing than intact ones, which superficially increases the measured yield of intact DNA origami.
In Figure 4.13, it was observed that substrate rinsing leads to significant shape distortions and defor-
mations in the adsorbed Rothemund triangles at a staple age of 25 months and older. The results of
the statistical analyses shown in Figure 4.15 c), however, show a significant decrease in the fraction
of intact DNA origami already at a staple age of 14 months. The yield of intact DNA origami de-
creases from 88% at 5 months to only 76% at 14 months. At a staple age of 41 months, only 20%
of the Rothemund triangles are still intact after rinsing. This is due to a strong increase in the yield
of deformed DNA origami from only 3% at 5 months to 66% at 41 months staple age. Interestingly,
the fractions of broken and denatured DNA origami are hardly affected by the staple age and remain
in the range of 4% to 8%.
Our results indicate that the frozen staple strands are slowly degraded during storage. However, the
fact that AFM imaging in liquid shows predominantly intact DNA origami even for the oldest sta-
ple sets implies that DNA origami assembly itself is only mildly affected by staple age. Rather, the
assembled DNA origami nanostructures appear to become more sensitive toward environmental con-
ditions. Therefore, it was speculated that the staple strands are not fragmented during storage as this
would result in the assembly of fewer intact DNA origami, but rather experience some sort of base
damage that interferes with base pairing or stacking. In order to test this hypothesis, the composi-
tions of the complete staple mixtures has been analyzed by MALDI-TOF mass spectrometry [152].
All spectra looked identical regardless of staple age, and there was no apparent shift of individual
peaks towards lower masses, thus any degradation or other fracturing of whole staple strands can be
excluded.

Figure 4.16: Stability results for 6HB DNA origami. Schematic illustration a) and AFM image of DNA
origami 6HBs assembled from 56 months old staples after rinsing b). Scale bar and height scale is 500 nm and
2.0 nm, respectively. The inset shows a zoom of an individual 6HB. c) Corresponding yields of intact, broken,
denatured, and looped DNA origami 6HBs. The insets show examples of the individual categories. Scaffold
age at the time of use was one month.

Finally, it has been investigated whether these staple age-related effects also depend on DNA origami
superstructure. The Rothemund triangle is designed on the square lattice and thus highly strained,
and furthermore, its open, sheet-like structure offers no additional architectural stability apart from
direct connections via crossovers to the neighboring helices. These two design factors may render
it more susceptible to washing-induced damage than other DNA origami nanostructures. Therefore,
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also DNA origami 6HBs assembled from 56 months old staples have been subjected to the rinsing
treatment and evaluated the effect by AFM. As can be seen in Figure 4.16, the 6HBs turn out to be
much more robust than the Rothemund triangles and barely show any damage, with about 85% of the
6HBs remaining intact. This is in agreement with previous observations that these particular DNA
origami nanostructures show extraordinary high stability under denaturing conditions [97, 151].

4.2.3 Conclusion

In summary, the effect of staple age on DNA origami assembly and stability using AFM under liquid
and dry conditions has been investigated. DNA origami assembly is only mildly affected by staple
age, yielding about 80% of intact Rothemund triangles when using a staple mixture stored for 43
months at -20◦C. However, the assembled Rothemund triangles become more sensitive toward en-
vironmental conditions with increasing staple age. In particular, the older the employed staples, the
more deformed triangles are observed in AFM images recorded after extensive sample washing and
drying. At a staple age of 41 months, this rinsing treatment results in 66% of the DNA origami
showing significant shape distortions.
Since no staple fragments could be detected in the aged staple mixtures by MALDI-TOF mass spec-
trometry, the increased DNA origami sensitivity can be attributed to an accumulation of damaged
nucleobases which undergo weaker base-pairing interactions, resulting in reduced duplex stability.
The mechanical forces acting on the adsorbed Rothemund triangles during rinsing in combination
with the depletion of stabilizing Mg2+ salt bridges then lead to the dehybridization of some particu-
larly weak staple strands from the scaffold and subsequent rearrangement of the remaining duplexes
within a given DNA origami, which finally results in the observed shape distortions. Unfortunately,
the exact nature of the storage-induced base damage is very hard to assess because of the experimen-
tal complications arising when analyzing a mixture of about 200 non-purified oligonucleotides with
different sequences and lengths. However, the different reaction rates displayed by the different types
of spontaneously occurring nucleobase damage may provide some indication of the predominant type
of damage. For instance, hydrolytic deamination of cytosine in single-stranded DNA occurs with a
half-life of about 200 years, while deamination of the other bases is much slower [188]. Hydrolytic
depurination in single-stranded DNA occurs at similar half-lives around 100 years, while the loss
of pyrimidine bases is slower by several orders of magnitude [188]. Because of these long reaction
times, hydrolytic deamination and base loss appear rather unlikely candidates for the formation of
excessive nucleobase damage in frozen oligonucleotides over a time course of a few years. On the
other hand, OH radical-driven oxidative base damage such as the generation of 8-oxoguanine or ring-
opened lesions in guanine and thymine occurs much faster with half-lives of the order of hours [188].
Furthermore, oxidative base damage has been shown to result in the destabilization of the DNA du-
plex [189, 190]. Therefore, it can be assumed that oxidative base damage is the origin of the observed
increase in DNA origami sensitivity.
Our results reveal a complex interplay between staple storage, DNA origami treatment conditions,
and the DNA origami superstructure. If the assembled DNA origami nanostructures are employed
only in liquid under mild environmental conditions and using appropriate buffers [151], staple age
will not play a significant role at all. In the case of harsh environmental conditions, such as excessive
sample rinsing (as demonstrated here), exposure to denaturing buffer conditions [89, 162], or elevated
temperatures, the structural integrity of the DNA origami may be seriously impaired if staples older
than a few months are used. As it has been demonstrated, however, the degree of staple age-induced
damage may drastically depend on the DNA origami superstructure, and this needs to be evaluated
individually for each DNA origami design under the relevant conditions. Finally, should be stressed
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that the above experiments were conducted with staple mixtures dissolved in pure water that have
been frozen and thawed only once. Repeated freezing and thawing cycles may induce more serious
damage and have more devastating effects on DNA origami assembly and structural stability than
observed here. On the other hand, the use of buffers instead of pure water may reduce the negative
effects of long-term storage [191]. Furthermore, since oxidative base damage appears to be the most
likely origin of the observed increase in DNA origami sensitivity, the addition of antioxidants may
also improve the quality of the staple strands after long-term freeze storage.

4.2.4 Materials and Methods

4.2.4.1 Preparation and storage of the staple strands

Immediately upon delivery, the freshly synthesized staple strands (Metabion), dissolved at 100 µM
concentration in pure water, were mixed at equal concentrations to yield the complete staple mixture.
This stock solution was then divided into 150 µl aliquots and stored at -20◦C in the dark.

4.2.4.2 Preparation of DNA origami samples for AFM analysis

In liquid, 10 µl of the 3 nM DNA origami solution were pipetted onto a freshly cleaved mica surface
in a liquid cell and incubated for 1 minute. The DNA origami solution has been prepared as described
in section 4.1.4.1. Then, the cell was filled with 1 ml of 1 x TAE/MgCl2.
Under Dry-dipped, 10 µl of the 3 nM DNA origami solution were incubated for 1 min on freshly
cleaved mica. The mica substrate was then vertically dipped into pure water for 10 seconds and
blown dry with a stream of ultra-pure air at an angle of 45◦ with respect to the substrate surface.
Under Dry-rinsed, 10 µl of the 3 nM DNA origami solution were incubated for 1 min on freshly
cleaved mica. The mica substrate was then rinsed 5 times with 2 ml of pure water at an angle of 45◦

with respect to the substrate surface using a pipette. Thereafter, the sample was blown dry with a
stream of ultra-pure air at an angle of 45◦ with respect to the substrate surface.

4.2.4.3 AFM imaging

AFM imaging in air was carried out using a JPK Nanowizard ULTRA Speed, an Agilent 5100 and
Agilent 5500 AFM, respectively, operated in intermittent contact mode. AFM imaging in liquid was
carried out using a JPK Nanowizard ULTRA Speed. For measurements under dry and liquid con-
ditions, HQ-NSC18/AlBS (MikroMasch) and USC-F0.3-k0.3 cantilevers (NanoWorld) were used,
respectively.





Chapter 5
DNA origami nanostructures for drug
discovery

The results presented in 5.1 have also been published in [184]. Publication of the results presented in
5.2 is in preparation.
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5.1 DNA origami based single-molecule assay for fragment-based drug discovery

5.1.1 Introduction

The identification of small molecules that can selectively interact with protein targets of biomedical
importance represents a central problem in chemical biology and drug discovery. Great advances
have been made, using DNA-encoded chemical libraries (DECLs) for lead discovery [192, 193]. The
DNA-conjugated chemical structures can either be assembled and probed as addressable arrays on
planar surfaces [194–197] or be subjected to selection procedures as a mixture of barcoded com-
pounds in solution [198, 199]. Moreover, the DNA-encoded compounds can be displayed either as
single pharmacophores or as fragment pairs [192]. The latter is particularly attractive for fragment-
based drug discovery as DNA provides a versatile platform for combining and arranging different
fragments. However, selection experiments with DECLs in solution often require immobilized pro-
teins on solid supports, causing undesired effects on protein structure and function [200]. Array tech-
nology utilizes fluorescently labelled proteins or antibodies for detecting protein binding, which can
cause chemical or steric interference with protein-ligand interactions [201]. The problems associated
with current methods could be circumvented by direct interrogation of protein-ligand interactions at
a single-molecule level with unmodified proteins.
DNA origami [23] enables the investigation of biomolecules at a single-molecule level [57]. Here, a
single-stranded DNA scaffold is folded into a nanoscale shape upon hybridization with many specif-
ically designed oligonucleotide staple strands [23]. The specific modification of selected staples en-
ables the spatially selective decoration of the DNA origami nanostructure with target-specific probes
at nanometer precision, rendering DNA origami nanostructures excellent substrates for the detection
of single biomolecular binding events.
This work is aimed at utilizing the DNA origami technique to fabricate miniaturized arrays of DNA-
conjugated low-molecular-weight compounds that can be employed in screening campaigns for the
discovery of small-molecule protein inhibitors. In combination with AFM as a single-molecule de-
tection method, it will pave the way to combining the direct detection of protein-ligand interactions
using the array technique with miniaturized feature size.
The binding of SAv to Bt, (see scheme 5.14) is frequently used as a model system for probing protein-
ligand interactions. However, the fM affinity of SAv to Bt is not representative of protein-ligand
interactions as the Kd values between target proteins and lead compounds are often in the high nM to
low µM range. Iminobiotin (iBt, see scheme 5.14) on the other hand is a Bt derivative with moderate
affinity to SAv (Kd = 13 µM) [202]. Moreover, as SAv is a homotetramer, bidentate binding of two iBt
assembled in close proximity by a DNA duplex has been used as a model system for fragment-based
lead discovery [202, 203]. Connecting two iBt with a flexible linker resulted in a bidentate SAv binder
with a Kd of 6 nM [202]. Given that many target proteins do not have symmetric binding pockets,
α-1-acid glycoprotein (AGP) [204] and trypsin [205] have also been uses as model systems, which
both have previously been shown to undergo bidentate binding to two different fragments assembled
by a DNA duplex [203, 206].
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5.1.2 Results and Discussion

Nanoarrays of various pharmacophores (scheme 5.14 in section 5.1.4.2) were constructed on trian-
gular DNA origami nanostructures (Figure 5.1). The DNA origami triangles have an edge length of
about 120 nm, are comparatively rigid, and show high stability under conditions much harsher than
those commonly used in protein-ligand binding assays [89]. Pharmacophores were attached to se-
lected staples via spacers of unpaired thymines to ensure some conformational freedom. In addition
to the pharmacophores under investigation, each DNA origami carried at least one biotin modifi-
cation at a specific position that was used as a reference to enable unambiguous hit identification
(Figure 5.1).

Figure 5.1: a) Representative AFM image of iBt nanoarrays (5 nM) taken after incubation with 250 nM SAv
for 30 min. The image size and height scale is 1.5×1.5 µm2 and 4.2 nm, respectively. b) Schematic of the DNA
origami substrate indicating the positions of the modified staple strands. c) Schematics and corresponding AFM
zooms of single DNA origami substrates exhibiting i) no SAv bound to iBt, ii) bidentate binding of SAv to iBt,
and iii) monodentate and bidentate binding of SAv to iBt. d) Binding yields for monodentate and bidentate
SAv-iBt binding as a function of incubation time. e) Bidentate SAv-iBt binding yields for different spacer
lengths obtained for 30 min incubation.
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Table 5.1: Determined binding yields for monodentate and bidentate SAv-iBt binding depending on the incu-
bation time as presented in Figure 5.1 d). N(DNAorigami) denotes the total number of DNA origami substrates
considered.

Incubation time / min. N(DNAorigami)
Monodentate Bidentate

binding yield / % binding yield / %
10 699 6.2 ± 1.4 25.7 ± 5.6
30 760 6.5 ± 2.1 27.6 ± 8.0
60 1045 3.0± 1.7 21.3± 8.9
120 476 2.6 ± 0.9 16.5 ± 5.4

The DNA origami triangles were first decorated with three iBt molecules as shown in Figure 5.1 b).
The position left of the central Bt modification exhibited a single iBt, while the position on the right
featured two iBt molecules in close proximity to enable bidentate binding to SAv. The latter was
realized by attaching the iBt modifications to the 5’ and the 3’ ends of two neighboring staples (see
Figures 5.15 and 5.16). An asymmetric arrangement of the ligand-displaying sites was chosen, in
which the single iBt on the left was located at the outer vertex of the triangle, while the iBt pair on the
right was situated next to the vertex of the internal triangular cavity. Using the Bt site as an indicator
of the outer edge position of the single iBt, different binding events can be clearly distinguished.
After incubation with SAv for different durations, the DNA origami substrates were immobilized on
mica and imaged by AFM (see Figure 5.1 a)). In the following, the general procedure for the deter-
mination of the reported binding yields is described in detail for the DNA origami system carrying
the modifications for mono- and bidentate binding of SAv to Bt. For each reported yield, two to three
samples have been prepared under identical conditions as described in the previous sections. All
samples carried one or two Bt-modifications which after SAv binding serve as an internal reference.
The main purpose of this internal reference is to enable reliable distinction between specific binding
events to the pharmacophore modifications and unspecific adsorption to the DNA origami substrate
at random positions. Only DNA origami substrates that featured a SAv bound to the central Bt posi-
tion were analyzed, to avoid false positives caused by defects of the nanostructures or promiscuous
binding of target proteins. For the determination of the reported binding yields, only DNA origami
substrates were considered that showed stoichiometric SAv-Bt binding, i.e., full occupation of the Bt
sites. In order to account for local yield variations across the sample surface, e.g., due to inhomo-
geneities in sample washing, between 3 and 10 AFM images were taken at random positions on the
surface of each mica sample.
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Figure 5.2: Representative AFM image of iBt nanoarrays (5 nM) with different spacer lengths as shown in the
scheme, taken after incubation with 250 nM SAv for 30 min. The image size and height scale is 1.5×1.5 µm2

and 3.6 nm, respectively. i) and ii) show zooms of single DNA origami substrates exhibiting SAv bound to iBt
with i) T4 and ii) T0 spacers.

Figure 5.2 shows a representative AFM image for a DNA origami system carrying two Bt modifica-
tions with a T4 and a T8 linker respectively. For each AFM image, the binding yield was determined
by manual counting of the occupied pharmacophore positions relative to the number of considered
DNA origami substrates. The reported yields are given as the averaged individual binding yields of
the different AFM images with the standard deviation as error.
In order to unambiguously identify occupied binding sites, high quality AFM images have to be
recorded that are free from obvious tip artifacts and large protein aggregates. Therefore, AFM im-
ages of low quality have been discarded and not considered in the statistical yield determination.
Examples of low, medium, and high quality images are shown in Figure 5.3. Furthermore, DNA
origami exhibiting visible defect such as broken corners or missing sections were not included in the
analysis, even if the bound proteins could be identified.
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Figure 5.3: Sample AFM images of different quality. a) Poor quality image that has not been analyzed for
yield determination. b) Medium quality image that allows identification of occupied binding sites and has been
analyzed and included in the statistical yield determination. c) High quality image that has been analyzed and
included in the statistical yield determination.

When counting proteins specifically bound to pharmacophore modifications on DNA origami sub-
strates, one has to take into account that the absolute position of the bound protein on the DNA
origami may be subject to fluctuations due to the finite length of the spacers and possible structural
distortions of the adsorbed DNA origami. The resulting lateral variability is depicted in Figure 5.4.

Figure 5.4: Scheme and AFM zooms of single DNA origami showing bidentate SAv-iBt binding with spacer
length T4, as well as monodentate SAv-Bt binding with spacer length T8. The finite length of the spacers
and structural distortions of the DNA origami result in variations in the absolute positions of the bound SAv
molecules. The rightmost picture additionally shows an unspecifically adsorbed SAv at the lower right corner
of the triangle.

As can be seen in the AFM zooms shown in Figure 5.4, sometimes also unspecific binding events
can be observed on the DNA origami substrates. These predominantly occur in the seams connecting
the three trapezoids that compose the triangle and feature some holes which expose the underlying
mica surface. This can be avoided in future experiments by employing a different DNA origami
substrate that does not have one of those holes. In some cases, however, also unspecific adsorption
of proteins on the trapezoids of the triangle can be observed which probably occurs during sample
drying. The contribution of such nonspecific binding events to the determined binding yields have
been evaluated by employing a DNA origami design that features only the central Bt modification but
no iBt modifications and counting SAv molecules nonspecifically immobilized at the iBt positions
(see Figure 5.5). For the left and right position, a false-positive yield of 1.2% and 4.3% was obtained,
respectively. These false-positive yields are significantly lower than the determined binding yields of
6.5% and 27.6% for mono- and bidentate SAv binding, respectively.
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Figure 5.5: Scheme and AFM zooms of single DNA origami showing nonspecific SAv binding to the left and
right iBt positions. The SAv concentration was 250 nM. The obtained false-positive yields are given in the
figure.

Another point to consider is that the DNA origami can adsorb on the mica substrate in two different
orientations, i.e., either face up or face down. Since protein binding is performed in bulk solution,
adsorption geometry does not affect binding yields. Furthermore, as is shown in Figure 5.6, even in
the face-down geometry, bound proteins can be easily resolved in the AFM images. However, care
has to be taken during image analysis, as the face-down geometry results in a mirror image of the
pharmacophore nanoarray. This is achieved by considering the orientation of the internal references
which are arranged to break the symmetry of the DNA origami substrate (see Figure 5.6).

Figure 5.6: Scheme and AFM zooms of single DNA origami showing AGP binding to P1 (a), P2 (b), and
P1+P2 (c), respectively. Left images show the face-up geometry, right images the mirrored face-down geome-
try.

As an example, the determination of binding yields for monodentate and bidentate SAv-iBt binding
at an incubation time of 30 min (Figure 5.1 d) of section 5.1.2) is shown in detail. For this respective
data point, five AFM images were recorded for three different samples. As already mentioned, only
DNA origami showing full SAv occupation at the Bt sites were taken into account, resulting in this
case in 760 analyzed DNA origami substrates. Figure 5.7 shows an AFM image from the respective
sample series. In order to obtain the reported binding yields, firstly the binding yields for all of the
five AFM images as shown in Table 5.2 were determined. The reported binding yields given in the last
row of Table 5.2 were then obtained by averaging over the five images with the respective standard
deviation as given as error. All other reported yields were determined analogously.

Table 5.2: Determination of monodentate and bidentate binding yields for SAv-iBt binding at an incubation
time of 30 min (Figure 5.1 d) of the chapter 5.1.2). N(DNAorigami) denotes the total number of DNA origami
substrates considered.

AFM-Image NDNAorigami Monodentate yield / % Bidentate yield / %
1 168 7.1 28.6
2 163 4.5 22.3
3 164 8.7 38.6
4 168 8.1 30.9
5 97 4.1 17.8

sum 760 6.5 ± 2.1 27.6 ± 8.0
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Figure 5.7: Representative AFM image used for determination of the binding yield. Several DNA origami
can be found with reference only (blue circles), bidentate SAv-iBt binding only (red circles) and monodentate
SAv-iBt binding (green circles). The white circles mark examples of defect DNA origami which have not been
included in the statistics.

Table 5.3: Determined binding yields for bidentate SAv-iBt binding depending on the spacer lengths as pre-
sented in Figure 5.1 e). N(DNAorigami) denotes the total number of DNA origami substrates considered.

Spacer length N(DNAorigami) Bidentate binding yield / %
T0 1264 2.8 ± 1.2
T4 1264 33.4 ± 4.7
T8 760 27.6 ± 8.0

As shown in Figure 5.1 d), SAv binding to the iBt pair has higher yields than monodentate binding
to the single iBt. Both yields always differ by more than a factor of three, thus indicating a dominant
contribution from bidentate SAv-iBt binding. It is important to note that single-molecule measure-
ments of spatially defined ligand pairs on DNA origami substrates do not suffer from the complica-
tions associated with avidity in conventional chip-based biosensor detection, where immobilization
results in the random arrangement of fragments at an only statistically defined average distance [64].
In addition, no significant influence of incubation time on both binding yields is observed, indicat-
ing that the system reached equilibrium already after 10 min. Only after incubation for more than
60 min, a small decrease of the binding yields is visible which may be caused by denaturation and
non-specific adsorption of SAv.
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In the above nanoarray, the iBt modifications were attached to the staple strands via spacers of 8
thymines. However, the length of the spacers will directly affect bidentate binding yields because
it controls the lateral distance between the two pharmacophores. If the spacers are too short, the
two pharmacophores will not be able to bind to both pockets of the protein. The inverse effect that
too large ligand distances lead to reduced binding has already been observed for bidentate thrombin-
aptamer binding on DNA origami substrates [69]. Therefore, it has been investigated how different
spacer lengths contribute to the bidentate binding of iBt to SAv by reducing the spacer lengths to 4
and 0 thymines, respectively (Figure 5.1 e)). For T4 and T8 spacers, similar bidentate SAv-iBt binding
yields are observed in Figure 5.1 e). However, further reducing the spacer length to zero results in a
dramatic decrease of the binding yield because the two iBt have a distance of less than 1 nm which
is not sufficient for them to reach both SAv binding pockets simultaneously. Consequently, a binding
yield close to that of monodentate SAv-iBt binding is obtained for this geometry. It is necessary to
note that Bt shows strong monodentate SAv-binding even in the absence of any spacer, thus ruling
out electrostatic repulsion or steric hindrance as the sole cause of reduced bidentate SAv-iBt binding
(see Figure 5.8).
In particular, it was observed that SAv binding is efficiently suppressed in the absence of a single-
stranded spacer sequence. In order to verify that this is indeed due to the spacers being too short to
facilitate bidentate binding and not a result of electrostatic repulsion or steric hindrance, monodentate
SAv binding to Bt attached to the DNA origami either directly without any spacer sequence (T0) or
with a T8 spacer have been compared. As can be seen in Figure 5.8, both designs show strong SAv-
Bt binding at yields comparable to those reported previously for other spacer sequences [58]. The
small differences in binding yield may be attributed to different synthesis yields and different strand
incorporation probabilities [207].

Figure 5.8: Schemes and AFM images of DNA origami triangles with single Bt modifications attached via
different spacer lengths (T8 and T0). The SAv and DNA origami concentration was 250 nM and 5 nM, respec-
tively. The incubation time was 30 min. The images have a size of 1.5×1.5 µm2 and height scales of 3.0 nm
(left) and 4.2 nm (right), respectively. The obtained SAv binding yields are given in the figure.

Therefore, the existance of an optimum spacer length that results in maximum bidentate binding is
proposed, whereas for shorter and also longer spacers will result in reduced bidentate binding yields
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(see Figure 5.9). For too short spacers, the two pharmacophores are too close for both of them
simultaneously reaching their respective binding pockets in the protein (see Figure 5.9, left). In this
case, binding will be monodentate and dominated by the stronger binder (the red pharmacophore in
Figure 5.9). However, reduced binding will also be observed of the spacers are too long (Figure 5.9,
right). This is because the ssDNA spacers used in this experiments (i) behave like entropic springs
that cannot arbitrarily be compressed, (ii) are negatively charged so that neighboring spacers in a
bidentate geometry will repel each other. Furthermore, (iii) spacer length directly correlates with
fragment mobility and conformational freedom, so that longer spacers may reduce the probablity of
both fragments simultaneously binding to two distinct binding pockets. Therefore, also for too long
spacers, binding will be monodentate and dominated by the stronger binder.

Figure 5.9: Scheme of bidentate protein binding to two pharmacophores attached to the DNA origami substrate
with too short a), optimized b), and too long spacers c), respectively.

This result demonstrates that pharmacophore nanoarrays on DNA origami substrates can be used
not only to identify potent fragment pairs but also their optimal spatial arrangement. The latter
information is very important for transforming identified fragments into potent bidentate binders
using medicinal chemistry methods.
Bidentate protein binding to two different pharmacophores was investigated using AGP as a model
protein. AGP is an acute phase protein that has the ability to bind and carry numerous basic and
neutral lipophilic drugs. The two AGP-binding pharmacophores P1 and P2 (scheme 5.14) have been
arranged on the DNA origami substrate as shown in Figure 5.10 a). The distance between P1 on the
left and P2 in the center is about 30 nm, thus preventing bidentate AGP-binding, whereas at the P1+P2
site on the right, the fragments have again been attached to neighboring staples without any gap in-
between (see Figures 5.15 and 5.16). Two Bt modifications were introduced as well to break the
symmetry of the DNA origami triangle and enable binding site identification. Figure 5.10 d) shows
the determined yields of AGP binding to P1, P2, and P1+P2. Monodentate binding to P2 is stronger
than to P1, while binding to P1+P2 has a slightly higher yield than for P2 alone. The binding affinity
of P1-DNA and P2-DNA to AGP has also been measured using microscale thermophoresis [184].
While P1-DNA was found to be a very weak AGP binder, P2-DNA has a Kd of 390 ± 170 nM. This
is in qualitative agreement with the monodentate binding yields determined in Figure 5.10 d). P1+P2-
DNA duplex showed a Kd of 8.2± 1.2 nM [184], which is close to that reported for bidentate iBt-SAv
binding [202]. In contrast to what could be expected on the basis of these similar Kd values, however,
the determined yields for P1+P2 binding to AGP on DNA origami and bidentate iBt-SAv binding
in Figure 5.1 d) are quite different. This can be attributed to the spacer length (T8) which has not
been optimized toward maximum AGP binding. The only moderate increase of the P1+P2 binding
yield compared to the drastically reduced Kd measured for the P1+P2-modified DNA duplex (which
features only rather short linkers but no single-stranded spacers, see materials and methods 5.1.4)
suggests that the spacers used in this nanoarray are too long to facilitate simultaneous binding of both
fragments to their corresponding binding pockets in the protein (see Figure 5.9). Nevertheless, even
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for this non-optimized condition, significant differences in binding yield are observed as indicated
in Figure 5.10 d). Figure 5.11 shows a representative AFM image taken into account for analysis.
The exact binding yields are listed in Table 5.4. In addition, the binding yields reported here are
not necessarily proportional to the respective Kd values since the latter always require concentration-
dependent measurements. Therefore, only binding yields of one protein to different ligands should
be compared, and only if they were obtained at the same protein concentration.

Figure 5.10: a-c) Schematics of the DNA origami substrates indicating the positions of the modified staple
strands for the experiments in d) to f). d) Yields for AGP binding to P1, P2, and P1+P2. Significances were
calculated using student’s t-test (two-tailed distribution, heteroscedastic) and are indicated as * (p < 0.05), **
(p < 0.01), and *** (p < 0.001). e) Binding yields determined for three protein-pharmacophore systems in
parallel as a function of trypsin concentration. f) Binding yields for mono- and bidentate trypsin binding to
fragments P4 to P7. The concentrations used in these experiment were 5 nM for the nanoarrays (d, e, f), 50 nM
for AGP (d, e), 60 nM (d) and 250 nM (e, f) for SAv, and 50 nM for trypsin (f). Incubation times were 30 min.

Table 5.4: Determined binding yields for monodentate and bidentate AGP binding as presented in Fig-
ure 5.10 d). N(DNAorigami) denotes the total number of DNA origami substrates considered.

Binder of AGP N(DNAorigami) Binding yield / %
P1 1109 2.0 ± 0.9
P2 1109 3.5 ± 1.8

P1+P2 1109 6.5 ± 2.6



68 CHAPTER 5. DNA ORIGAMI NANOSTRUCTURES FOR DRUG DISCOVERY

Figure 5.11: Representative AFM image of P1 and P2 nanoarrays (5 nM, see scheme) taken after incubation
with 60 nM SAv and 50 nM AGP for 30 min. The image size and height scale is 1.5×1.5 µm2 and 3.7 nm,
respectively. i) – iii) show zooms of single DNA origami substrates exhibiting i) monodentate AGP binding to
P1, ii) monodentate AGP binding to P2, and iii) bidentate AGP binding to P1+P2.

The next stage has been to investigate the binding of different proteins to a pharmacophore nanoar-
ray in parallel. For this, the previously investigated proteins SAv and AGP, and the serine protease
trypsin have been chosen. The latter was chosen due its ability to undergo bidentate binding to two
different pharmacophores, P3 and P4 (see scheme 5.14). 4-aminobenzamidine (P4) is a weak trypsin
inhibitor with an IC50 value of 100 µM [206]. It has been shown previously that bidentate binding
of 4-aminobenzamidine in combination with 3-iodophenyl isothiocyanate (P3) can cause enhanced
enzyme inhibition [206]. The pharmacophore nanoarray as shown in Figure 5.10 b) carried the weak
AGP binder P1, two iBt modifications for bidentate SAv binding, and two binders P3+P4 for biden-
tate trypsin binding. Figure 5.12 shows representative AFM image taken into account for analysis.
The determined binding yields for all three proteins are shown as a function of trypsin concentration
in Figure 5.10 e) and Table 5.5.
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Figure 5.12: Representative AFM image of multiple pharmacophore nanoarrays (5 nM, see scheme) taken
after incubation with 250 nM SAv, 50 nM AGP, and 50 nM trypsin for 30 min. The image size and height scale
is 1.5×1.5 µm2 and 3.8 nm, respectively. i) – iii) show zooms of single DNA origami substrates exhibiting i)
monodentate-bound AGP, ii) bidentate-bound SAv and bidentate-bound trypsin, and iii) bidentate-bound SAv.

Table 5.5: Determined binding yields for bidentate binding of trypsin, bidentate binding of SAv and monoden-
tate binding of AGP as presented in Figure 5.10 e). N(DNAorigami) denotes the total number of DNA origami
substrates considered.

c(trypsin) / nM N(DNAorigami)
Binding yield
of trypsin / %

Binding yield
of SAv / %

Binding yield
of AGP / %

0 356 0 ± 0 31.9 ± 4.1 5.9 ± 3.5
10 214 10.8 ± 1.5 23.7 ± 0.1 5.4 ± 4.2
30 224 13.5 ± 3.7 17.2 ± 8.3 4.7 ± 2.6
50 431 20.5 ± 2.6 5.7 ± 3.9 3.4 ± 1.9
60 478 25.5 ± 7.2 6.4 ± 2.3 2.8 ± 1.6
80 417 23.0 ± 2.5 4.6 ± 3.6 1.6 ± 1.2

As one would expect, the yield of trypsin binding to the P3+P4 position is monotonously increas-
ing with trypsin concentration, until it saturates at about 50 nM. Furthermore, increasing the trypsin
concentrations also results in reduced binding yields of SAv and AGP. Given that the AFM-based
single-molecule detection allows us to use unmodified proteins, trypsin in its natural form can digest
other proteins, thus reducing their binding to the nanoarray. Interestingly, however, the presence of
trypsin has a much stronger effect on SAv binding than on AGP binding. This may be a result of
the different protein concentrations which were selected to match the previous experiments (250 nM
SAv vs. 50 nM AGP at 50 nM trypsin) and enable direct comparison of binding yields, or reflect
substrate-specific differences in trypsin digestion. Therefore, while the parallel investigation of dif-
ferent protein-pharmacophore systems is possible, the presence of proteases may have drastic effects
on the determined binding yields of the other proteins. In the current experiments, SAv binding to
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two Bt modifications was used as a reference (Figure 5.10 b)). In future experiments with active
proteases, however, the SAv-Bt reference should be replaced by other symmetry-breaking features
such as dumbbell hairpins [208] or asymmetric DNA origami shapes [209].
In addition to P3, other aromatic rings can also interact with trypsin and thereby enhance the binding
affinity to benzamidine in a bidentate fashion [206, 210].

Figure 5.13: Representative AFM images of P4 + P5 a), P4 + P6 b), and P4 + P7 c) pharmacophore nanoarrays
(5 nM, see schemes) taken after incubation with 250 nM SAv and 50 nM trypsin for 30 min. The image size
and height scale is 2×2 µm2 and 3.9 nm a), 4.2 nm b), and 3.8 nm c), respectively.

Therefore, in a final set of experiments, P4 was combined with three fluorescent dyes in the nanoarray
to identify the best pairing fragment for P4 (Figure 5.10 c), f), and Table 5.6). Representative AFM
images recorded for the different assays can are shown in Figure 5.13.

Table 5.6: Binding yield of mono- and bidentate binding of trypsin to fragments P4 to P7 as presented in
Figure 5.10 f). N(DNAorigami) denotes the total number of DNA origami substrates considered.

Binder for trypsin N(DNAorigami) Binding yield / %
P4 449 5.9 ± 1.1
P5 610 5.4 ± 2.2
P6 240 7.6 ± 2.7
P7 378 21.1 ± 7.2

P4+P5 448 15.5 ± 3.5
P4+P6 1183 34.0 ± 15.5

Pairing of cyanine 5.5 (Cy5.5) (P5) with P4 results in a two- to threefold higher trypsin binding yield
compared to monodentate binding to P4 or P5 alone. In the case of fluorescein amidite (FAM) (P6),
the enhancement of the binding yield due to the pairing with P4 was even stronger by a factor of
about two compared to P4+P5. Monodentate trypsin binding to tetramethylrhodamine (TAMRA)
(P7) already shows a binding yield considerably higher than those of the other two dyes and also P4.
Remarkably, in combination with P4, the affinity to trypsin increases further, resulting in about ten-
fold enhancement of the binding yield compared to monodentate binding to P4 alone, and an almost
threefold enhancement compared to bidentate binding to the binder pair P3+P4 (see Figure 5.10 e),
f)). In order to further investigate bidentate binding of trypsin to P4+P6 and P4+P7, these phar-
macophores have been conjugated either directly or with different linkers and measured the trypsin
inhibition efficacy of the products (see materials and methods 5.1.4). For P4+P6, only a relatively
long linker resulted in improved inhibition (IC50 from ∼ 233 µM to 86 µM). In contrast, all three
conjugated P4+P7 products showed remarkably increased inhibition (IC50 ∼ 10 µM), indicating that
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P6 and P7 bind to different pockets of the protein. However, even the longest linker used in the
inhibition assay is still considerably shorter than the distance of the pharmacophores attached to the
DNA origami substrate via T8 spacers. To further improve inhibitory efficacy, the linkers thus require
further optimization, as they will not only determine the spatial arrangement of the fragments, but
also interact with the protein.

5.1.3 Conclusion

These proof-of-principle experiments demonstrate the applicability of this DNA origami-based
single-molecule binding assay to quantitatively study protein-pharmacophore interactions. In ad-
dition to being complementary to the current DECL technology, these pharmacophore nanoarrays
could potentially achieve feature densities several orders of magnitude higher than the conventional
microarray technologies (see materials and methods 5.1.4). Given that no modifications or immo-
bilization of the target proteins are required, pharmacophore-binding in their native forms can be
detected. The bidentate effect of chemical moieties can be tested combinatorically, while the spacing
of fragment pairs can be fine-tuned for instance by adjusting spacer lengths, or by modifying differ-
ent positions on the DNA origami [69]. DNA origami substrates thus provide a platform to display
single or multiple DNA-bound ligands with nanoscale precision and represent a versatile tool for
fragment-based lead discovery research.
The greatest limitation of this assay in its current form is its inability to measure binding affinities.
Affinity measurements will require the determination of equilibrium binding yields at different pro-
tein concentrations [202], which is hampered by unspecific protein adsorption to the mica surface
negatively affecting image quality. This challenge may be addressed in the future by performing pro-
tein binding experiments with immobilized DNA origami-based nanoarrays, which enables the passi-
vation of the free mica surface with a protein-repelling self-assembled monolayer [125] and thereby
the use of higher protein concentrations in the µM range. The use of DNA origami as substrates for
the pharmacophore nanoarrays presents two additional challenges. First, different pharmacophore-
labelled staple strands may be incorporated into the DNA origami with different probabilities [207],
thus affecting the determined binding yields. This problem can be minimized by attaching several
members of each pharmacophore species to different staples to introduce some redundancy [211].
Second, the finite surface area of the DNA origami restricts the number of pharmacophores that
can be arranged and unambiguously identified in a single nanoarray. This limitation may be over-
come by using single-stranded tile assemblies instead, which may enable the construction of larger
pharmacophore nanoarrays displaying hundreds of different fragments [212]. Alternatively, several
distinguishable DNA origami shapes carrying different pharmacophore nanoarrays can be combined
in a single assay. Complex DNA origami shapes can be quickly designed using fully automated soft-
ware [98], while assembly and purification have become routine procedures. Recently, biotechno-
logical mass production of DNA origami was demonstrated, which will drastically reduce costs [75].
Therefore, the bottlenecks in the presented assay are the recording of high quality AFM images and
their manual analysis. However, recent developments in high-speed and even video-rate AFM imag-
ing [53] as well as new and automated image analysis methods [213] show great potential for driving
this approach toward the realization of high throughput drug screening at the single-molecule level.
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5.1.4 Material and Methods

5.1.4.1 DNA origami assembly

Triangular DNA origami [23] have been assembled from 208 staple strands (Metabion) and the
M13mp18 scaffold (Tilibit) as previously described [89] in 1 x TAE (Calbiochem) containing 10 mM
MgCl2 (Sigma-Aldrich). Modified staples were added in 10-fold excess over the unmodified ones,
so that statistically 91% of each modification site will carry the desired modification. Hybridization
was carried out in a Thermocycler Primus 25 advanced (PEQLAB) by heating to 80◦C and subse-
quent cooling to room temperature over a time of 90 min. The samples were then purified with 1
x TAE/MgCl2 buffer by spin filtering using ultra-0.5 ml Centrifugal Filters with 100 kDa MWCO
(Amicon). The DNA origami concentration was measured using an IMPLEN nanophotometer and
adjusted to 30 nM with 1 x TAE/MgCl2.

5.1.4.2 Pharmacophore modifications

Staples modified with Bt, Cy5.5 (P5), FAM (P6), and TAMRA (P7) (scheme 5.15 and Table 5.7) were
purchased from Metabion. Amino-modified DNA holders were obtained from IBA either attached
to CPG (Controlled Pore Glass) solid supports or HPLC (High-performance liquid chromatography)
purified.

Figure 5.14: Structures of the pharmacophore modifications used in this study. Bt–biotin, iBt–
iminobiotin, P1–(2E)-3-5-[2-(fluoromethyl)phenyl]oxolan-2-ylprop-2-enamide, P2–2-[N-(2-phenylphenyl)4-
methylbenzen-sulfonamido]-acetamide, P3–3-iodophenyl isothiocyanate, P4–4-aminobenzamidine (with suc-
cinic anhydride at DNA), P5–Cy5.5, P6–6-carboxyfluorescein (6-FAM), P7–TAMRA.

Details on the synthetization of the modifications P1 through P7 may be found in the supplementary
material of [138].



5.1 DNA origami based single-molecule assay for fragment-based drug discovery 73

Table 5.7: Sequences of all pharmacophore-modified staples, using Rothemund’s original notation. Thymine
spacers are indicated in bold face.

Modified staples Oligonucleotide sequences 5’→ 3’

iBt (T8) t-7s8g
iBt-TTTTTTTTGCGCCTGTTATTCTAAGAACGCGATTCCAGAGCCT
AATTT

iBt (T8) t5s4e iBt-TTTTTTTTCCTTGAGTCAGACGATTGGCCTTGCGCCACCC

iBt (T8) t4s1g
TAGCCCGGAATAGGTGAATGCCCCCTGCCTATGGTCAGTGTTTTT
TTT-iBt

Bt (T8) t-1s8g
Bt-TTTTTTTTTTTCCTTAGCACTCATCGAGAACAATAGCAGCCTT
TACAG

Bt (T0) t-3s14e Bt-GTTTTGTCAGGAATTGCGAATAATCCGACAAT
Bt (T0) t1s14i Bt-GTGAGAAAATGTGTAGGTAAAGATACAACTTT
iBt (T4) t5s4e iBt-TTTTCCTTGAGTCAGACGATTGGCCTTGCGCCACCC
iBt (T4) t4s1g TAGCCCGGAATAGGTGAATGCCCCCTGCCTATGGTCAGTGTTTT-iBt
iBt (T0) t-7s8g iBt-GCGCCTGTTATTCTAAGAACGCGATTCCAGAGCCTAATTT
iBt (T0) t-8s5f TTCTGACCTAAAATATAAAGTACCGACTGCAGAAC-iBt
P1 (T8) t-8s5f TTCTGACCTAAAATATAAAGTACCGACTGCAGAACTTTTTTTT-P1

P1 (T8) t4s1g
TAGCCCGGAATAGGTGAATGCCCCCTGCCTATGGTCAGTGTTTTT
TTT-P1

P2 (T8) t-1s8g
P2-TTTTTTTTTTTCCTTAGCACTCATCGAGAACAATAGCAGCCTT
TACAG

P2 (T8) t5s4e P2-TTTTTTTTCCTTGAGTCAGACGATTGGCCTTGCGGCCACCC
P3 (T8) t-1s6e TTAGTATCGCCAACGCTCAACAGTCGGCTGTCTTTTTTTT-P3

P4 (T8) t-1s8g
P4-TTTTTTTTTTTCCTTAGCACTCATCGAGAACAATAGCAGCCTT
TACAG

P5 (T8) t-1s6e TTAGTATCGCCAACGCTCAACAGTCGGCTGTCTTTTTTTT-P5
P6 (T8) t-1s6e TTAGTATCGCCAACGCTCAACAGTCGGCTGTCTTTTTTTT-P6
P7 (T8) t-1s6e TTAGTATCGCCAACGCTCAACAGTCGGCTGTCTTTTTTTT-P7
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Figure 5.15: Scaffold path and staple arrangement of the triangular DNA origami. Pharmacophore-modified
staples are highlighted (green – 3’ modifications, cyan – 5’ modifications), with the dots indicating the positions
of the attached modifications.

Figure 5.16: Zooms of the individual pharmacophore-modified staples (green – 3’ modifications, cyan – 5’
modifications) from Figure 5.15 and the attached fragments and fragment pairs.
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5.1.4.3 Protein binding experiments

SAv (Sigma-Aldrich) and α-1-acid glycoprotein (AGP from human plasma, Sigma-Aldrich) both
were dissolved in HPLC-grade water (VWR) to yield a concentration of 123 µM. Trypsin (type I
from bovine pancreas, Sigma-Aldrich) was dissolved in 0.1 M HCl (Stockmeier Chemie) to yield
a concentration of 125 µM. Stock solutions were diluted to the desired concentrations using 1 x
TAE/MgCl2 with the pH adjusted to 7.5 with 0.1 M HCl (Stockmeier Chemie). The protein samples
were then incubated at the final concentrations with 5 nM DNA origami nanostructures at room
temperature for 10 to 120 min.

5.1.4.4 AFM imaging

After incubation, 10 µl of the protein-DNA origami samples were incubated on freshly cleaved mica
surfaces for 1 min. Subsequently, the mica sample was vertically dipped into HPLC-grade water
(VWR) for 10 seconds and blow-dried in a stream of ultrapure air. AFM measurements were car-
ried out in air using a JPK Nanowizard II, an Agilent 5100, and Agilent 5500 AFM, respectively,
operated in intermittent contact mode and silicon cantilevers (NSC18/AlBS and NSC18/NoAl) from
MikroMasch. Images were recorded with scan sizes ranging from 2×2 µm2 to 3×3 µm2 with a res-
olution of 1024 px×1024 px. AFM imaging under dry instead of liquid conditions was employed
for two reasons. First, the single-stranded spacers carrying the individual pharmacophores are com-
paratively long and can be moved around by the AFM tip during imaging in liquid, resulting in a
reduced resolution when determining the position of a bound protein. Second, and more importantly,
the samples were dried in order to quench the protein binding reaction in equilibrium and avoid any
post-immobilization binding or dissociation due to changes in protein or DNA origami concentration.
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5.2 Quantitative assessment of tip effects in single-molecule High-Speed AFM

5.2.1 Introduction

For the drug discovery assays presented in section 5.1, a relatively large number of DNA origami
have to be counted to get meaningful statistics. To achieve this, in general, several AFM images have
to be recorded. Considering the used image sizes and resolutions, acquisition of a single image takes
roughly 17 minutes at a line rate of 1 Hz. However, high-throughput screening is highly desirable
to speed up the data acquisition and evaluation. A promising measurement technique to improve the
sample throughput is HS-AFM.
HS-AFM has become a powerful tool for studying the dynamics of biomolecular processes at the
single-molecule level [136, 214]. HS-AFM, with its temporal resolution of less than 1 second per
image, enables the real-time visualization of numerous biological phenomena such as the motion of
molecular motors [215], the self-assembly of protein complexes [216], membrane-transforming pro-
teins [217–219] and the activity of enzymes such as cas9 [220], proteasomes [221], nucleases [178],
and protein disulfide isomerase [222] as well as the dynamics of bacterial microcompartments [223],
and the visualization of membrane protein-embedded nanodiscs [224] and DNA origami lattice for-
mation [120].
The tip effects on systems under investigation that are characterized by relatively strong interactions
with dissociation constants (Kd) in the nM range, such as actin-myosin complexes with a Kd of
0.5–10 nM [216], are generally considered to be of lesser importance [225]. Weaker interactions
can, however, be significantly disturbed by the forces exerted on the sample during scanning. Thus,
systems with high dissociation constants such as homodimers of SAS-6 with a Kd of 60 µM suffer
from strong tip effects and require a gentle measurement setting [216]. However, also for strongly
bound systems it cannot be ruled out that the rapidly scanning tip has a disturbing influence. For
strongly binding systems, the quantification of the tip effects is more difficult because the tip effects
are not that strong. In the literature, it is proposed to carefully investigate the protein-protein or DNA-
protein binding depending on the HS-AFM scan parameters since the scanning AFM tip exerts forces
onto the sample which may cause artificial dissociation events and falsify the desired results [225].
However, a system that allows the effects of the tip to be quantitatively determined for an existing
installation has not yet been demonstrated.
To quantitatively investigate the role of tip effects during HS-AFM measurement, one of the strongest
known noncovalently binding biomolecular systems, SAv-Bt with a dissociation constant in the fM
range [226], is used for visualization using a DNA origami-based single-molecule assay [184]. DNA
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origami substrates are excellently suited for this, since molecular-defined arrangements that are easy
to track under the AFM can be created relatively easy. In the given experiment, Bt modifications are
arranged on the DNA origami substrate such that a mono- and bidentate bond to SAv can be achieved.
The influence of line rate and amplitude setpoint are investigated by means of steady state binding
yields determined from the AFM recordings.

5.2.2 Results and Discussion

Here the DNA origami are used to quantify the effect of the AFM tip on the system under investiga-
tion. The DNA origami are functionalized with Bt and bind with SAv. As can be seen in Figure 5.17,
the occupation of Bt-modified positions on the DNA origami substrate with SAv was examined over
a longer period of time to see whether there is any influence on this strongly binding system. From
literature a stable binding should have been observable [59, 182, 226–228], however, if a mono- and
bidentate position is tracked on a single DNA origami over a period of 20 minutes at a line rate of 15
Hz, the occupancy of the mono- and bidentate positions fluctuates as can be seen in Figure 5.17 b).
For the bidentate binding of SAv to Bt, fluctuations can be observed throughout the experiment. For
the monodentate binding, however, occupation drops to zero after about 600 s and remains at this
value until the end of the measurement. These fluctuations show that SAv tends to dissociate from
the Bt ligands, which, however, can then be occupied by another free SAv from solution. Since the
bidentate Bt-position allows a higher binding probability with at least one to two of the four pockets
of the SAv, a position on the DNA origami with two Bt-modifications should have a very low Kd (for
monodentate binding Kd is on the order of 10−14 M [229]). Thus the affinity for the SAv to bind at
a bidentate position is much higher than for a monodentate position.

Figure 5.17: Occupation of Bt modified positions over a time of 20 minutes for both mono- and bidentate
binding to SAv. a) Monodentate (green) and b) bidentate (red) Bt-position on a single DNA origami (marked
blue) from the AFM image in c). The image covers an area of 1×1 µm2 at a resolution of 512 px×512 px
and was recorded at a line rate of 15 Hz. The inset shows a schematic of the Bt modifications on the DNA
origami. d) Zoom of the tracked DNA origami with the selected binding of SAv at the monodentate (green)
and bidentate (red) Bt position at selected times between 34 s and 1200 s.

Figure 5.18 clearly shows that after 600 seconds the number of occupied positions for monodentate
binding on the measured sample area have strongly decreased such that after 1200 s many monoden-
tate positions are unoccupied.
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Figure 5.18: Selected images taken from a 20 minute HS-AFM video. Individual pictures were taken at 34 s
a), 600 s b), and 1200 s c) respectively. The total scan area was 1×1 µm2 with a line rate of 15 Hz. The blue
frame indicates the area containing the DNA origami tracked for the statistics.

The AFM pictures presented so far were recorded using a dynamic imaging mode. Within this mode
the device dynamically adjusts its scanning parameters for optimal image quality. In this mode, how-
ever, it is quite hard to get a reasonable estimate of the tip effects. For further investigations, a static
imaging mode, i.e. image acquisition with a fixed set of parameters has been used. To quantify the
tip effects HS-AFM videos using amplitude setpoints between 70% and 90% and line rates ranging
from 10 Hz to 70 Hz have been recorded. The total size of the scanned area was chosen as 1×1µm2

at a resolution of 512×512 pixels with a constant free amplitude of 3.3 nm.
Figures 5.20–5.22 show the time resolved binding yields for mono- and bidentate SAv-Bt binding at
amplitude setpoints of 70%, 80%, and 90%, respectively, for different line rates. An almost univer-
sal qualitative finding for all three considered amplitude setpoints is a changing image quality with
increasing line rate as can be seen in the representative AFM images in the left most panels in Fig-
ures 5.20–5.22. In case of the 70% amplitude setpoint, the observed steady state binding yield for
the monodentate SAv-Bt binding drops from 100% at a line rate of 10 Hz to roughly 40% at a line
rate of 70 Hz. Simultaneously a significant decrease in image quality is observable. A similar, but
not as drastic, decrease is observed for the steady state binding yield of the bidentate SAv-Bt binding
which drops down to about 70% at a line rate of 40 Hz and rises back to about 90% at a line rate of
70 Hz. A possible explanation for the decrease image quality is that the AFM tip is picking up SAv
from the sample surface and from the solution. At least the streaks in the AFM image clearly indicate
a contamination of the AFM tip [230]. Due to the rapid scanning, the tip may collect a lot of SAv
before it is stripped off at the sample surface.
From a qualitative point of view, one finds the inverse situation at an amplitude setpoint of 90%.
Here, the image quality actually increases with increasing line rate. A possible explanation is that, on
average, the distance between the AFM tip and the sample surface is larger, such that the measurement
is less sensitive for SAv diffusion at the sample surface. The falling trend for the steady state binding
yield is, however, also present for this amplitude setpoint. For monodentate SAv-Bt binding one finds
a final steady state binding yield of 64% and for the bidentate binding one of 74% at 70 Hz.
The images for the amplitude setpoint of 80% lie somewhere in between. For this setpoint a more or
less constant image quality can be observed which is visible in AFM pictures in Figure 5.21 and 5.23.
The binding yields presented in the top panel of Figure 5.23 have been determined by averaging over
the mono- and bidentate binding sites of all five tracked DNA origami for a single AFM image
taking the standard error of the mean as an error measure. The final steady state binding yields at 70
Hz are given by roughly 33% and 71% for mono- and bidentate binding, respectively. Figure 5.24
exemplarily shows AFM images and the time resolved binding yields for mono- and bidentate binding
at selected times for all considered amplitude setpoints recorded at a line rate of 50 Hz. This line rate
has been chosen since for the monodentate binding the observed steady state binding yield exhibits a
sudden drop of about 50% indicating strong tip effects at this particular line rate at a setpoint of 70%.
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From the quantitative point of view, the results for all amplitude setpoints are consistent. At each
considered setpoint a clear decrease of the steady state binding yield with increasing line rate is
observable.

Figure 5.19: Determined steady state binding yields for mono- and bidentate SAv-Bt binding depending on
the line rate and amplitude setpoint.

Table 5.8: Stationary binding yield determined from the last 100 s of 500 to 600 s by linear regression for a
constant function of the mono- and bidentate positions on the DNA origami at 70, 80, and 90% setpoint and
10–70 Hz line rate.

monodentate bidentate

70% 80% 90% 70% 80% 90%
10 Hz 100.0±0.0 100.0±0.0 100.0±0.0 100.0±0.0 93.3±0.0 100.0±0.0
20 Hz 100.0±0.0 92.5±1.1 90.4±1.7 93.3±0.0 93.3±0.0 100.0±0.0
30 Hz 86.7±0.0 86.7±0.0 88.5±2.0 100.0±0.0 88.2±2.4 100.0±0.0
40 Hz 82.4±1.3 79.6±2.5 67.5±0.8 69.4±1.7 80.0±0.0 84.9±1.0
50 Hz 34.1±1.4 53.3±0.0 63.8±1.0 82.4±1.2 86.7±0.0 93.3±0.0
60 Hz 38.4±2.2 35.9±1.7 53.3±0.0 84.1±1.4 86.7±1.8 87.6±0.6
70 Hz 36.1±1.0 33.5±2.4 64.2±1.1 90.4±1.4 71.3±0.8 73.9±0.5

An overview over the determined steady state binding yields depending on the set point and the line
rate is given in Figure 5.19 and Table 5.8. For both, monodentate and bidentate SAv-Bt binding, a
decrease of the steady state binding yield can be observed for increasing line rates. A possible expla-
nation for the observed decrease of the steady state binding yield is that on the one hand, the AFM tip
is acting in an abrasive manner and rips off SAv that is already bound on the DNA origami. On the
other hand, the rapidly scanning tip is probably also inhibiting a rebinding. In literature, the lateral
forces due to the finite speed of the feedback loop occurring during HS-AFM have been suggested
as the disturbing factor for protein-protein interactions resulting in a decreased self-assembly rate of
SAS-6 rings by Nievergelt et al. [216]. However, a direct transfer of their results to the experiment
presented here is not possible, since another measurement mode is used. Nevertheless, increased lat-
eral forces at sudden changes of the sample topography, such as a protein bound to a DNA origami,
may not be ruled out completely for HS-AFM measurements in intermittent contact mode as well. On
basis of the obtained data it remains unclear whether the abrasive behavior of the AFM tip is caused
be lateral or vertical forces exerted onto the samples.
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Figure 5.20: Steady state binding yields obtained at different line rates using a setpoint of 70%. On the left site
is the first AFM image of the scanned sample area with a setpoint of 70% and selected line rates of 10, 40, 50,
60, 70 Hz and the associated statistics of the mono and bidentate binding yields over the entire measurement
time of 10 min. The AFM images have a size of 1×1 µm2 with a resolution of 512×512 pixel and a free
amplitude of 3.3 nm.
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Figure 5.21: Steady state binding yields obtained at different line rates using a setpoint of 80%. On the left site
is the first AFM image of the scanned sample area with a setpoint of 80% and selected line rates of 10, 40, 50,
60, 70 Hz and the associated statistics of the mono and bidentate binding yields over the entire measurement
time of 10 min. The AFM images have a size of 1×1 µm2 with a resolution of 512×512 pixel and a free
amplitude of 3.3 nm.
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Figure 5.22: Steady state binding yields obtained at different line rates using a setpoint of 90%. On the left site
is the first AFM image of the scanned sample area with a setpoint of 90% and selected line rates of 10, 40, 50,
60, 70 Hz and the associated statistics of the mono and bidentate binding yields over the entire measurement
time of 10 min. The AFM images have a size of 1×1 µm2 with a resolution of 512×512 pixel and a free
amplitude of 3.3 nm.
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Considering the set point, a clear trend is observable neither for the monodentate binding nor for the
bidentate binding. This result is, at least to some extend, surprising. In general higher set points
are advised for sensitive samples since the forces exerted onto the sample are smaller. Therefore a
decreasing steady state binding yield with decreasing set point could have been expected.

Figure 5.23: Selected AFM images recorded at a setpoint of 80% and different line rates. Here some selected
HS-AFM images recorded at line rates of 10, 40, and 70 Hz are shown. Five DNA origami are marked in pink,
which were observed and evaluated for the statistics of this work over the time of 10 minutes. The statistics
of the selected DNA origami are also shown in tabular form for the respective mono- and bidentate binding.
Binding yields presented in the top panel have been determined from a single image.
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Figure 5.24: Selected AFM images taken from an HS-AFM video recorded at 50 Hz line rate and setpoints of
70%, 80%, and 90%. The tracked DNA origami are marked in pink. Binding yields presented in the top panel
have been determined from a single image.

5.2.3 Conclusion and outlook

It has been successfully demonstrated that a DNA origami single-molecule binding assay may be used
as a platform to quantify the effects of the rapidly scanning tip during HS-AFM measurements. In
literature it has been argued that the rapid scanning affects the system under investigation. However,
for strongly bound systems such as SAv-Bt it has been argued, that the tip effects are of minor
importance and do not disturb the system significantly.
In the presented results, the influence of the rapidly scanning tip is two-fold. On the purely qualitative
side, a significant change in image quality with increasing line rate is visible for amplitude setpoints
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of 70% and 90%, whereas on the quantitative side it has been shown, that the tip effects are sizeable,
in case of the monodentate binding even drastic, even for the SAv-Bt system which belongs to the
strongest known non-covalently binding systems. The obtained data clearly show that the studied
system is driven away from equilibrium into a steady state which depends on both, the amplitude set-
point and the selected scan rate. The influence of an increasing line rate is, however, more prominent
and a clear trend towards decreased steady state binding yields with increasing line rate is visible.
Regarding the chosen amplitude setpoint, no clear trend is visible in the obtained results. From a
practical point of view, higher amplitude setpoints should be less invasive since the dynamic forces
exerted onto the sample are smaller. In future experiments it could be further investigated whether
the abrasive behavior of the AFM tip is caused by vertical or lateral forces exerted onto the bound
proteins.
Since the binding chemistry of the SAv-Bt bindings will not change when switching AFMs, the given
assay could be used to actually benchmark the tip effects from different devices and tips. This would
allow a quantitative comparison of different HS-AFM devices using a well known binding system
which is relatively easy to handle in experiment. Also, as the general idea behind the given assay
does not rely on the exact type of binding, it should be readily extendable to other binding systems as
well. Furthermore, this assay could be used to ’compile’ a library of HS-AFM settings which allow
sufficiently unbiased measurements on a number of binding systems.
Considering the assay presented in 5.1, it has been shown that HS-AFM can significantly speed up
data acquisition compared to conventional AFM imaging. Even at a setpoint of 70% and a line rate of
70 Hz, the first images of the recorded videos showed full occupancy on the tracked origami. Thus,
high-throughput screening using HS-AFM should be possible, at least for relatively strong binding
systems. Keeping in mind the abrasive behavior of the rapidly scanning tip, HS-AFM can also be
used to directly benchmark different protein ligand systems against each other since the target protein
will almost immediately be ripped off weak binders or binder combinations by the rapidly scanning
tip.

5.2.4 Materials and Methods

5.2.4.1 DNA origami assembly

The triangle DNA origami were assembled as described in chapter 5.1.4.1 using the same modified
staple strands. The modified staple strands are added in a 10-fold excess to the unmodified staple
strands of the solution to be assembled. After concentration of the purified DNA origami solution
with the IMPLEN nanophotometer, the solution is diluted to 10 mM with 1 x TAE/MgCl2.

5.2.4.2 The biotin modifications for the DNA origami substrates

DNA origami substrates were decorated with molecularly defined arrangements of 9 Bt modifica-
tions (Metabion) to allow the mono- and bidentate binding of SAv in Table 5.9 for the HS-AFM
measurement.
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Table 5.9: Sequences of all Bt-modified staple strands for the mono- and bidentate binding with four thymine
spacers indicated in bold face, using Rothemund’s original notation.

Modified staples Oligonucleotide sequences 5’→ 3’
Bt (T4) t-1s6e Bt-TTTTTTAGTATCGCCAACGCTCAACAGTCGGCTGTC
Bt (T4) t-1s16e Bt-TTTTATTCGGTCTGCGGGATCGTCACCCGAAATCCG
Bt (T4) t-1s26e Bt-TTTTGCCAGTGCGATCCCCGGGTACCGAGTTTTTCT
Bt (T4) t6s5g Bt-TTTTCAGAGCCAGGAGGTTGAGGCAGGTAACAGTGCCCG
Bt (T4) t6s15g Bt-TTTTATAAAGCCTTTGCGGGAGAAGCCTGGAGAGGGTAG
Bt (T4) t6s25g Bt-TTTTTCAATAGATATTAAATCCTTTGCCGGTTAGAACCT
Bt (T4) t6s7f ATTAAAGGCCGTAATCAGTAGCGAGCCACCCTTTTT-Bt
Bt (T4) t6s17f TAAGAGGTCAATTCTGCGAACGAGATTAAGCATTTT-Bt
Bt (T4) t6s27f CAATATTTGCCTGCAACAGTGCCATAGAGCCGTTTT-Bt

5.2.4.3 Sample preparation for HS-AFM measurement

In preparation for HS-AFM imaging, a total of 20 µl DNA origami solution with a concentration
of 5 µM is pipetted onto mica in the sample chamber (Figure 5.25) and incubated for 2 minutes.
Subsequently, the sample chamber is washed with 1 ml of a pH 7.5 adjusted 1 x TAE buffer (10 x TAE
buffer, Roth) containing 10 mM MgCl2 solution and again filled directly with 1 ml of a 20 nM SAv
(Sigma-Aldrich) solution. The SAv solution is prepared and diluted as described in chapter 5.1.4.3.
The sample chamber is clamped directly into the HS-AFM and after 1 h of incubation time the sample
is ready for measurement at room temperature.

Figure 5.25: HS-AFM measuring stage. In a), the sample chamber for the HS-AFM measurement in liquid is
shown schematically. The chamber consists of a glass substrate on which a plastic ring is glued. The circular
mica sample is stuck in the chamber on the glass. b) shows the sample holder of the HS-AFM in which the
sample chamber is clamped and the measuring head with clamped cantilever as it is immersed in the sample
liquid.

5.2.4.4 HS-AFM imaging

HS-AFM imaging was performed using a JPK Nanowizard ULTRA Speed using a USC-F0.3-k0.3
cantilever (NanoWorld). The images were taken with scan sizes of 1×1 µm2 and with a resolution
of 512 px×512 px. To quantify the tip effects, measurements were taken at amplitude setpoints of



5.2 Quantitative assessment of tip effects in single-molecule High-Speed AFM 87

70%, 80% and 90% using a series of selected line rates between 10 Hz and 70 Hz and a constant free
amplitude of 3.3 nm.

5.2.4.5 Determination of binding yields from the recorded HS-AFM images

Time resolved binding yields were determined by manually counting the occupation of five selected
origami on each recorded frame, averaging over a total of 15 monodentate and 15 bidentate SAv-Bt
binding sites. The presented steady state binding yields have been determined by performing a linear
fit with slope zero on the data for the last 100 s (from 500 s to 600 s) from each AFM video.

Figure 5.26: Possible origami combinations taking into account two, three, and four out of five origami,
respectively. In a) a AFM image is shown with circles indicating the tracked origami. The table in b) lists all
possible origami combinations for taking into account two, three, and four out of five origami, respectively.

To decide whether five DNA origami per parameter setting are sufficient for a statistics, the averaged
steady state binding yield considering only two, three, and four of the five tracked DNA origami
were calculated as well. Figure 5.26 a) shows a single AFM image indicating the five tracked DNA
origami. The table in Figure 5.26 b) shows all possible combinations for a given number of DNA
origami taken into account for determination of the steady state binding yield. In order to get a
reasonable measure of the steady state binding yield obtained from tracking a given number of DNA
origami, for each of the possible combinations, the steady state binding yield has been determined as
described above. Then the average of the resulting yields has been taken with the standard deviation
as an error measure. Figure 5.27 a) shows the averaged steady state binding yield depending on
the number of evaluated origami. In case of the data point for four DNA origami, for example, the
presented yield is the average of the steady state binding yield for all five possible combinations
resulting from picking four out of five DNA origami. Figure 5.28 shows the time resolved binding
yields for both, mono- and bidentate binding, for all possible combinations of four out of five origami.
The determined steady state binding yields for the individual combinations are listed in Table 5.10.
The data point for five tracked origami is somewhat special since there is only one possibility to pick
five out of five origami. In this case, the exact error is in principle unknown. However, the decreasing
trend of the determined errors suggests that the actual error here should be on the order of ∼5% for
both, mono- and bidentate binding.
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Figure 5.27: Steady state binding yields determined from different numbers of origami at an amplitude setpoint
of 80% and a line rate of 50 Hz. a) the averages of the steady state binding yields for mono- and bidentate
binding for 2, 3, 4 and 5 DNA origami. b) the corresponding data points of the averaged steady state binding
yields of the DNA origami.

Table 5.10: Determined steady state binding yields for all possible combinations of four out of five DNA
origami.

Combination Monodentate yield / % Bidentate yield / %
1 + 2 + 3 + 4 53.8 ± 1.3 91.7 ± 0.0
1 + 2 + 3 + 5 58.3 ± 2.8·10−7 83.3 ± 4.9·10−7

1 + 2 + 4 + 5 42.4 ± 0.8 91.7 ± 0.0
1 + 3 + 4 + 5 45.5 ± 1.3 83.3 ± 4.9·10−7

2 + 3 + 4 + 5 66.7 ± 0.0 83.3 ± 4.9·10−7
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Figure 5.28: Time resolved binding yields for mono- and bidentate SAv-Bt binding for all possible combina-
tions considering four out of the five tracked origami.
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Chapter 6
Summary and Outlook

The first part of this thesis was devoted to the structural stability of DNA origami nanostructures in
low Mg2+ buffer solutions and after long-term cryo storage of the staple strands used for assembly of
the DNA origami. Both are important aspects for drug-delivery and drug-discovery applications as
well. Considering drug delivery, the high magnesium concentrations typically used during assembly
of the DNA origami are an issue since the magnesium concentrations under physiological conditions
are much lower. Within this work, the structural stability in different low magnesium buffers has
been investigated. It was demonstrated that, employing rationally selected buffers, high Mg2+ con-
centrations are by no means a prerequisite for maintaining DNA origami stability [151]. Considering
applications which are not compatible with high Mg2+ concentrations such as fluorescence or en-
zyme activity analysis, the presented results show a number of valid alternative buffer solutions with
a much lower Mg2+ concentration in the low µM range. Focusing on the second addressed prob-
lem, namely the long-term storage of the staple strands, the effects of staple age on the self-assembly
and stability of DNA origami triangles, 6HBs, and 24HBs were investigated [152]. The results have
shown that the respective staple solution may be stored at -20◦C for several years without significantly
affecting DNA origami assembly. At the same time, however, staple age may have drastic effects on
DNA origami stability under mildly denaturing conditions, as exemplified here for the washing of
surface-immobilized DNA origami with water. Nucleobase damage has been identified as a probable
explanation for the decreased stability, as MALDI-TOF spectra of the used staple strands recorded at
different ages did not indicate fragmentation of the staple strands due to the cryo-storage. Further-
more, these effects were found to depend on DNA origami shape and structure [152]. Keeping in
mind that for medical applications long-term storage may be an issue, the presented results can give
reasonable estimates about the storability of the investigated DNA origami structures. However, as
the results have also shown, the negative effects depend on the structure of the used DNA origami.
To this end, no universal guidance can be given on the maximum storage duration. For DNA origami
structures used in actual applications, similar stability studies will have to be performed separately.
The second part of this work was concerned with applications of DNA origami nanostructures in the
context of fragment–based drug-discovery. Here, results of a DNA origami-based single-molecule
binding assay to quantitatively study mono- and multidentate protein-ligand interactions were pre-
sented. Compared to conventional screening methods used for drug discovery [39, 46] the assay can
handle low protein concentrations in the nM range and does not require target immobilization on
solid supports. Additionally it was shown, that different protein-ligand systems may be studied on
the same DNA origami simultaneously which allows a direct comparison of different fragments using
the results from a single experiment. By extending this approach to medically relevant protein-ligand
systems, the detailed investigation of the effect of the geometric arrangement of multiple pharma-
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cophores on their inhibitory effect becomes possible. Thus, the used single-molecule binding assay
may not only be used for fragment optimization but also to aid the discovery of Lead components to
design drug molecules with an optimal inhibitory effect.
As image acquisition using AFM and manual evaluation of the recorded images are time consuming
tasks, the applicability of HS-AFM imaging to accelerate the data collection process has also been
investigated by determining mono- and bidentate binding yields in dependence of various scan param-
eters, such as scan rate and amplitude set point. It has been demonstrated that a DNA origami system
similar to the one used for the single-molecule binding assay is suitable to quantify tip effects arising
in HS-AFM measurements. The results show, that even for one of the strongest non-covalently bound
systems, the rapidly scanning AFM tip significantly affects the imaged system. It was also demon-
strated that under reasonable conditions HS-AFM may be employed to drastically speed up image
acquisition which allows a much faster screening experiments. Considering such strongly bound sys-
tems line rates below 30 Hz were found to have almost negligible effects on the imaged system. On
the other hand, for less strongly bound system, the situation may change significantly. However, the
presented assay may easily be adjusted to other binding systems which would allow a compilation of
HS-AFM parameter sets for unbiased measurements depending on the observed system. In addition
the given assay can be used to benchmark a given AFM device since the binding chemistry of the
SAv-Bt system does not change when switching the imaging device.
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mational Effects of UV Light on DNA Origami. Journal of the American Chemical Society,
139(4):1380–1383, 2017.

[93] Qiao Jiang, Chen Song, Jeanette Nangreave, Xiaowei Liu, Lin Lin, Dengli Qiu, Zhen-Gang
Wang, Guozhang Zou, Xingjie Liang, Hao Yan, and Baoquan Ding. DNA origami as a
carrier for circumvention of drug resistance. Journal of the American Chemical Society,
134(32):13396–13403, 2012.

[94] Jianhua Zhang and Ming Xu. Apoptotic DNA fragmentation and tissue homeostasis. Trends
in Cell Biology, 12(2):84–89, 2002.

[95] Kumiko Samejima and William C. Earnshaw. Trashing the genome: the role of nucleases
during apoptosis. Nature reviews. Molecular cell biology, 6(9):677–688, 2005.

[96] Carlos Ernesto Castro, Fabian Kilchherr, Do-Nyun Kim, Enrique Lin Shiao, Tobias Wauer,
Philipp Wortmann, Mark Bathe, and Hendrik Dietz. A primer to scaffolded DNA origami.
Nature methods, 8(3):221–229, 2011.

[97] Jaeseung Hahn, Shelley F. J. Wickham, William M. Shih, and Steven D. Perrault. Addressing
the instability of DNA nanostructures in tissue culture. ACS nano, 8(9):8765–8775, 2014.



106 BIBLIOGRAPHY
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Möser, David M. Smith, and Adrian Keller. Effect of Staple Age on DNA Origami Nanostruc-
ture Assembly and Stability. Molecules (Basel, Switzerland), 24(14), 2019.

[153] Sami Nummelin, Juhana Kommeri, Mauri A. Kostiainen, and Veikko Linko. Evolu-
tion of Structural DNA Nanotechnology. Advanced materials (Deerfield Beach, Fla.),
30(24):e1703721, 2018.

[154] Fan Hong, Fei Zhang, Yan Liu, and Hao Yan. DNA Origami: Scaffolds for Creating Higher
Order Structures. Chemical reviews, 117(20):12584–12640, 2017.
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Christoph E. Dumelin, Jörg Scheuermann, and Dario Neri. Isolation of potent and spe-
cific trypsin inhibitors from a DNA-encoded chemical library. Bioconjugate chemistry,
21(10):1836–1841, 2010.

[211] Adrian Keller, Janina Kopyra, Kurt V. Gothelf, and Ilko Bald. Electron-induced damage of
biotin studied in the gas phase and in the condensed phase at a single-molecule level. New
Journal of Physics, 15(8):083045, 2013.

[212] Luvena L. Ong, Nikita Hanikel, Omar K. Yaghi, Casey Grun, Maximilian T. Strauss, Patrick
Bron, Josephine Lai-Kee-Him, Florian Schueder, Bei Wang, Pengfei Wang, Jocelyn Y. Kishi,
Cameron Myhrvold, Allen Zhu, Ralf Jungmann, Gaetan Bellot, Yonggang Ke, and Peng Yin.
Programmable self-assembly of three-dimensional nanostructures from 10,000 unique compo-
nents. Nature, 552(7683):72–77, 2017.

[213] Thomas Bocklitz, Evelyn Kämmer, Stephan Stöckel, Dana Cialla-May, Karina Weber, Roland
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Roux, and Daniel W. Gerlich. Dynamic subunit turnover in ESCRT-III assemblies is regulated
by Vps4 to mediate membrane remodelling during cytokinesis. Nature cell biology, 19(7):787–
798, 2017.

[218] Tetsuya Takeda, Toshiya Kozai, Huiran Yang, Daiki Ishikuro, Kaho Seyama, Yusuke Kumagai,
Tadashi Abe, Hiroshi Yamada, Takayuki Uchihashi, Toshio Ando, and Kohji Takei. Dynamic
clustering of dynamin-amphiphysin helices regulates membrane constriction and fission cou-
pled with GTP hydrolysis. eLife, 7, 2018.

[219] Nicolas Chiaruttini, Lorena Redondo-Morata, Adai Colom, Frédéric Humbert, Martin Lenz,
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