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Abstract

DNA Nanorobots: Directed Molecular Transport and
In Silico Studies of a Molecular Torsion Spring

In this work, we study a DNA-based, self-assembling nanorobot and enable its use for
directed molecular transport. We use coarse-grained molecular dynamics simulations
to study mechanical properties of the joint that connects the moving nanorobotic arm
to an immobilized baseplate. Our results corroborate the experimental finding that the
joint acts as a molecular torsion spring that is capable of storing mechanical energy. Our
simulations give first insights to the mechanical and energetical details of this behavior.
We conceived a strategy to use the nanorobot to pick up, transport and drop off indi-
vidual DNA cargo strands. The intended pick-up mechanism was evaluated in another
series of molecular dynamics simulations, which we massively parallelized for this pur-
pose. Based on the obtained results, we designed sequences of DNA cargo strands and
of the corresponding DNA handles to be attached to the nanorobotic arm and platform,
respectively. In the last part of this thesis, we describe the first experimental realization
of this transport mechanism, which is observed using fast super-resolution microscopy.

vil






1. Introduction

Robots are machines that are capable to perform a series of complex tasks [1]. Recent
advances in engineering and technology allowed such robots to be built ever smaller (e.g.
tiny, agile aircrafts inspired by flies [2,3]). However, building robots on nanometer-scale
that can interact with single-molecules remains a challenge.

One of the main difficulties to develop robots on nanoscale is the construction. One
method in nanotechnology is based on the bottom-up approach, in which single molecules
self-assemble based on their chemical properties into complex molecular structures. This
approach is inspired by nature, as all living organisms rely on self-assembled structures

I4,5].

A straight-forward example for such structures in nature are proteins. Proteins are the
molecular machines inside living cells [6,7]. The spatial structure of proteins enables
their unique functionalities. Some well-known proteins are for example able to

e replicate, translate and transcripe DNA (e.g. DNA/RNA polymerase, ribosome)

e bind to antigenes and thereby neutralize them (e.g. antibodies)

transmit intra- and intercellular signals to coordinate processes (e.g. growth-
hormone)

transport molecular cargo (e.g. kinesin)

Despite their great range of functionality, proteins fundamentally consist of a chain of
amino acids. Their spatial structure is solely defined by the sequence of the amino acids.
Under proper environmental conditions, the proteins fold (self-assemble) from a random
coil into the desired shape, due to the interactions of the amino acids [6].

Based on a similar principle, DNA can fold into complex structures as well. In 2006,
Rothemund et al. developed a method that was based on the folding mechanism of
DNA, in which he used DNA as the construction material [8,9] to design almost arbitrary
shapes [10]. These nanostructures are called DNA-origami.

During the last two decades, DNA-origami has led to many breakthroughs in the con-
struction of nanostructures. Mechanical modules like hinges [11-14|, sliders [15, 16]
or rotary apparatuses [17]| were realized on nanometer-scale. Two examples of such
nanostructures are shown in Fig. 1.1. Furthermore, DNA-origami gave foundation to
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Figure 1.1. | Examplary DNA-Origami Nanostructures. a, Schematic (left) and TEM images (right)
of a molecular hinge. Source: [12]. Scalebar: 50 um. b, Schematic (top) and TEM images of two variations
of molecular sliders (bottom), Source: [16]. Scalebar: 100 nm.

nanorobots. DNA-based nanorobots have the potential to revolutionize healthcare. For
example, recent development has led to the construction of DNA-based nanorobots, that
function as therapeutic agents against cancer [18,19].

In this work, we use a DNA-origami based nanorobot that was developed by Kopperger
et al. [20], to develop a nanorobot that can transport molecular DNA-cargo (Chapter 5).
Similarly to a crane, the nanorobot consists of a baseplate onto which a rotating arm is
placed. The arm is controlled using an electric field. We modified the arm, so that it
could pick up cargo, transport the cargo by rotating around its pivot with a radius of
less than 25 nm and finally drop off the cargo at a designated site. Such a nanorobot is
the fundamental building-block for a molecular assembler.

We developed methods so that we can simulate the most critical phase during the trans-
port mechanism: the pickup of cargo (Chapter 4). The simulations were performed using
oxDNA [21]. 0xDNA is a coarse-grained molecular-dynamics simulation engine, that was
optimized specifically for simulating DNA /RNA. The results of these simulations were
used to tune the sequences for the cargo-strands.

Furthermore, we use oxDNA to study the physical and mechanical properties of our
nanorobot (Chapter 3). Thereby we simulate the wind-up of the joint as caused by
electric actuation of the nanorobotic arm. We find that the joint behaves similar to a
torsional spring, that can store mechanical energy during wind-up. These insights were
backed by experiments performed by Vogt et al. [22]. Molecular torsional springs are
another important mechanical module that can be used for future nanodevices.



2. Biophysical Background

This chapter should give an overview over the physical and chemical background neces-
sary for both, the simulation- and the experimental part of this thesis.

2.1. Deoxyribonucleic acid (DNA)

DNA is a macromolecule with the main purpose to act as an information storage in
all living organisms. It encodes the genetic code as a linear sequence of monomers,
similarly to binary information storage for computers. However, the monomers of DNA
are elements of four different bases. This leads to much higher information density
compared to plain binary format, but it also raises the questions: Why does DNA not
have even more bases?” And why was DNA necessary, when there are other ways to save
information, for example in form of proteins or polysaccharides, which consist of many
more bases? The limitation of four bases results in rigidity which in turn leads to less
possible spatial structures.

However, DNA can also be used for purposes other than information storage. For ex-
ample, DNA was used in this thesis as construction material for the roboarm-structure.

Therefore, it is important to understand the molecular structure and mechanical prop-
erties of DNA.

2.1.1. Molecular Structure

The monomers of DNA are nucleotides and consist of three parts: a sugar, a nucleobase
and a phosphate group. The backbone is constructed by alternating phosphate and
sugar molecules, which bind covalently. If the backbone terminates with a phosphate,
then this end is defined as the 5-end; the other end is defined as the 3-end (see Fig. 2.1),
thereby specifying the direction of DNA. Each sugar has one of four possible nucleobases
attached to: Adenine (A), Cytosine (C), Guanine (G) and Thymine (T). Thereby they
can form H-bonding with their corresponding complement: Adenine with Thymine and
Cytosine with Guanine. All other combinations are not stable in natural enviroment.
Since the bond between A <> T consists of two hydrogen bonds whereas G <+ C consists
of three, the latter is more stable [23].
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Figure 2.1. | Chemical Structure of DNA. ssDNA with 4 nucleotides is shown, in which the second
nucleotide is colored orange. The base is unspecified for all 4 nucleotides and stands for either A, C, G,
T. The first nucleotide (on the left side) specifies the 5’-end and the fourth nucleotide (on the right side)
specifies the 3’-end.

Such a series of nucleotides is called single-stranded DNA (ssDNA) since it only has one
strand. The reverse complement of a given ssDNA is made of all the complements of
the original strand’s nucleotides in reverse order. For example, the reverse complement
of a ssDNA with sequence AAACT would be AGTTT. Note that in this thesis per
convention the sequence of nucleotides is read from 5-end (left) to the 3-end (right).
Combining the original ssDNA with its reverse complement strand results in a double-
stranded DNA (dsDNA), which is the hybridization of both. Here each nucleotide has
bonded with the complement, forming base-pairs, of the other strand. Both strands of
the dsDNA will twist around each other forming a double-helix. This occurs in multiple
forms, depending on the environmental conditions [24], though in nature it is most often
found as B-DNA.

Systems with multiple DNA-strands become very complex depending on their length
and sequence. For that reason, there are multiple levels to visualize the structure of
DNA, as shown in Fig. 2.2:

1. Primary structure: The most abstract representation of DNA is delivered in the
primary structure. Here, only the linear sequence of the monomers of the DNA
is specified, regardless of any spatial structure. Per convention, the sequence is
written from 5-end to the 3’-end.

2. Secondary structure: The secondary structure is defined by the H-bond inter-
action between two complementary bases. Complementary segments can be easily
visualized. The secondary structure is especially important for visualizing certain
segments or formed structures (e.g. hairpins Sect. 2.4).

3. Tertiary structure: The tertiary structure deals with the spatial interactions
which will be formed, based on the secondary structure. The tertiary structure
is given as the result of every interaction of all nucleotides with each other. Here
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the spatial structure of simple systems (e.g. dsDNA-helix) as well as very complex
systems (e.g. DNA-Origami) become apparent.

4. Quaternary structure: The quaternary structure is given by the interaction of
different sections of DNA or even intramolecular interactions of different strands
of the DNA.

a)
5'- GAGACCACGAAAGCACGTGTTCTTTTTTTGAACACGTGCTTTCGTGGTCTC-3!

b) ®A
5'- ®C
3|_ . G

T

Figure 2.2. | Representations of DNA. a, primary structure of a DNA-strand that incorporates a hairpin.
b, stable secondary structure calculated using NUPACK [25]. The hairpin can be observed. ¢, tertiary
structure simulated using oxDNA [21]. The ribbon shows the backbone of the DNA. Ribose rings can be
seen. Nucleobases are colored in blue. The hairpin and grooves become visible.

Stacking

Stacking interactions are formed between adjacent bases. They are responsible for ex-
cluding water and maximizing Van der Waals interactions. The structural stability of
DNA is mainly caused by stacking interactions, rather than the hydrogen bonds [26].

2.1.2. Buffers

Buffers define the chemical environment for DNA, ensuring a stable pH, after addition

of small volumes of aqueous liquid. The buffers used in this thesis are listed in the
Appendix A.3.
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2.2. Rupture of dsDNA

The stability of dsDNA depends on the GC-content, on sequence specific stacking in-
teractions, on the length of the strands and finally on the chemical environment (see
Sect. 2.1.2). This section introduces a mathematical approach to model the stability of
dsDNA under influence of an external force, based on the work of Mosayeb et al. [27].

In the model, dsDNA in its duplex state is metastable, implying that the separation of
dsDNA inevitably happens, given enough time. By applying external forces to the ends
of dsDNA, one can speed up the process of separation.

There are multiple ways to do so, summarized in Fig. 2.3:

e Shearing: Here, two forces are applied at the opposing ends of both strands,
either at both 3- or both 5-ends of the dsDNA, pulling apart along the duplex
axis.

e Unzipping: Here, the two forces are applied on the opposing nucleotides at the
end of a dsDNA, pulling the dsDNA apart orthogonally to the duplex axis.

e Mixed: While one force is applied to the 3’- or 5-end of the dsDNA, the other
force is applied to any nucleotide of the complementary strand. This results in
both shearing and unzipping at the same time.

RN DN AN

A

Figure 2.3. | Rupture Overview. Schematically shows different methods to rupture dsDNA. The blue
arrows represents an externally applied force, the black arrow represents dsDNA in secondary structure. a,
shearing. b, unzipping. c, mixed.

Starting from the metastable state, the dsDNA must first overcome a transition state
before being completely separated. In this transition state, only few bases are still bound
as a double helix. The transition state can be described by a free energy cost!

AG = NAGy, — AG,, (2.1)

where AGy, corresponds to the free energy being accumulated by N base-pairs and AG)
acts as an offset.
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free energy G

o
>

dsDNA ruptured DNA states

Figure 2.4. | Free Energy at Rupture. Free energy GG sketched before (blue) and after (red) applying an
external force f that causes the rupture of dsDNA. The activation energy AG decreases with applied force,
so that AG(f > 0) < AG(f =0). Thus the rate from dsDNA-state to ruptured DNA state is higher.

When applying an electric force f and thereby pulling apart the strands, then the free-
energy-landscape changes as a result of the work performed by the nucleotides:

f
AG = NAG,, — AGy — / z(f))df'. (2.2)
0

where z is the (absolute) difference in average extension of the original duplex and the
transition state. Thus, AG decreases or even becomes negative with enough force f

applied and therefore will make the transition from duplex state to ruptured state more
probable. This change of AG is sketched in Fig. 2.4.

This model predicts an increase of the critical force f., defined as the force required to
rupture strands with a 50%-probability in a predefined time, with an increased number
of base pairs. This was verified in simulations and experiments. Simulations further
showed, that f. more than doubled for the shearing process, compared to the unzipping
process. This was especially notable for larger duplex-lengths, starting at 12 base-
pairs.

This difference in force required for rupturing dsDNA, either by shearing or by unzipping,
is utilized for the cargo-transportation mechanism and will therefore be investigated in
the following section.

IThe Gibbs free energy G describes the potential for a system to do work at constant temperature
and pressure. If a system has negative free energy, then it will spontaneously react. If a system has
positive free energy, then external energy (e.g. electrical work) must be added for the reaction to
occur.
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2.3. Transportation mechanism of
Single-Molecule-Cargo

The cargo to be transported consists of single-stranded DNA. The goal was to transport
such cargo from a deposit-area to a designated target-area, using the nanorobotic arm
structure. The task of the arm was to pick up cargo that was stored at the deposit-
area, transport the cargo and ﬁnally drop the cargo o off at the target- area. For that, the
sequence of the cargo required a PH -domain and a C -domain. The PH -domain binds
to the pickup-handle, which is a ssDNA attached to the arm, and the C -domain binds
to either a deposit- or a target-handle at the deposit- or target-area respectively. The
starting-point for the transportation is given by the cargo-strand being hybridized to
the deposit-handle and the pickup-handle. This configuration is shown in Fig. 2.5a).

Pickup cargo at deposit-area

Rupture of the cargo-strand is induced by applying a force to the pickup-handle, for
example by trying to rotate the arm of the nanorobotic arm structure. Thereby a
sequence with more bases or a higher GC content was chosen for the deposit-handle
C" compared to the pickup-handle PH . However, unzipping of the cargo-strand from
the deposit-handle is still more favorable compared to shearing of the cargo-strand from
the pickup-handle (see Sect. 2.2). Thus, the cargo-strand can be picked-up using the
pickup-handle (see Fig. 2.5b)). After pickup of the cargo-strand, the domain C” of the
cargo-strand is single-stranded.

Drop cargo at target-area

The picked-up cargo-strand is then transported using the pickup-handle to the target-
area, where the single-stranded C"-domain hybridizes to a designated target-handle
(see Fig. 2.5¢)). When now a force is exerted on the pickup-handle, shearing at either
the pickup-handle or the target-handle is induced. As the binding of the cargo-strand
to the target-handle is stronger compared to the binding of the cargo-strand with the
pickup-handle, the cargo-strand shears from the pickup-handle with a higher probability
than it would shear from the target-handle. Thus the pickup-handle ruptures from the
cargo-strand, while the cargo-strand stays hybridized to the target-handle, as shown in
Fig. 2.5d).

The concept of utilizing the difference in force required for shearing versus unzipping
to transport single-molecular cargo-strands was inspired by the work done by Kufer et
al. [28], where he used an atomic force microscope (AFM) for that purpose.
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Pickup-Handle
Pickup-Handle Pickup-Handle
Cargo cargo Pickup-Handle
4T i ~_» Cargo Cargo
: -> -> ->
Deposit-Handle Deposit-Handle Target-Handle Target-Handle

Baseplate Baseplate Baseplate Baseplate

Figure 2.5. | Transport Mechanism. Schematics of the transportation mechanism of DNA-cargo, using
the pickup-handle with sequence PH" and the deposit- and target-handle with sequence C. a, shows the
starting-point, where the cargo is hybridized to both, a deposit-handle and the target-handle. b, shows the
cargo being unzipped away from the deposit-handle, after a force was applied to the pickup-handle. At this
point, the cargo is only hybridized to the pickup-handle. ¢, shows the cargo transported and hybridized to
a target-handle. Note that the target-handle has the reversed sequence of the deposit-handle. d, shows the
pickup-handle sheared away from the cargo-strand, after applying a force.

2.4. DNA nanotechnology

In this thesis, we use a nanorobot based on DNA to transport DNA-cargo. This sec-
tion covers state-of-the-art nanotechnology based on DNA, used here as a construction
material instead of a pure medium of information storage [8,29|.

2.4.1. Elementary Structures
Hairpins

A hairpin is the result of ssDNA forming a loop with a stem. The strand consists of
three segments, where the first and third segments are complementary to each other,
forming a duplex stem, while the segment inbetween is orthogonal, forming the loop.

The stability of hairpins depends on the size and sequence of the stem and loop: Gener-
ally a longer /smaller stem results in a more stable/less stable hairpin. The loop however
has an optimal size of 4 to 8 nucleotides; shorter loops will not form a hairpin, longer
loops will often form other secondary structures.

Toehold mediated strand displacement (TMSD)

TMSD is the exchange of two strands, a protector strand and an invador strand, sharing
and competing over a common domain, the substrate [30,31]. Eventually the invader
strand fully displaces the protector strand and forms a duplex with the substrate. This
process is schematically shown in Fig. 2.6.

The substrate is a ssDNA with two segments S1 and S2, the protector strand is the
complementary to S1. At first, the protector strand is fully bound to the substrate,
leaving only the segment S2 exposed. After adding the invader strand, which is fully
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complementary to the substrate, the invader hybridizes to S2 of the substrate, the toe-
hold. Since Watson-Crick base-pairing of a single base-pair is not thermally stable, the
ends of the protector strand can open [23| from the substrate, giving opportunity for the
invador strand to hybridize even more to the substrate. Though the opposite can hap-
pen as well, the invador strand stays hybridized to the toehold. Given enough time, the
invador strand completly displaces the protector strand forming a new duplex. Kinetics
were investigated in detail by Zhang et al. [32].

a) b) c) d)
Substrate Invader
A N AN AN AN
S2
[ ]
+ — — —
S1 /
| v mv [ ] mv
Protector

Figure 2.6. | Toehold Mediated Strand Displacement. Schematically shows a simplified model of
TMSD. a, defines the starting-point. A protector-strand has hybridized to the substrate, so that only S2
remains single-stranded. In b, an invader-strand hybridized to the substrate. Similar to a random walk,
the invader-strand displaces the protector-strand and vice versa. In c, only few bases remain bound to the
substrate. Finally, in d, the protector-strand has fully dissociated from the substrate. Since the invader-
strand fully binds to the substrate, the protector-strand stays dissociated.

Holliday junction

The immobile holliday junction is the fundamental building block for DNA-Origami, as
it enables a stable connection of multiple DNA-strands. The immobility comes from an
asymmetrical sequence, as first developed by Seeman et al. [29], shown in Fig. 2.7a).

A holliday junction is a DNA-structure consisting of four DNA-strands contributing to
duplex arms, which are interconected with each other. There are two main conformations
for this structure [33]:

e unstacked form: This is the preferred conformation in absence of metal ions. The
junction is fully extendend resulting in four seperate duplex arms.

e stacked form: The presence of metal ions shields electrostatic repulsion which
leads to a stacked junction with only two straight arms. An example is shown in

Fig. 2.7b).
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a) b)

-CGCCTTCC TGAACACG>

<GCGGAAGG -

-GCCAGATG >
TCTCA A A

<CGG CTC GGCG CG.

Figure 2.7. | Holliday Junction. a, secondary structure of immobilized holliday junction developed by
Seeman et al. [29]. b, tertiary structure of a holliday junction in stacked form, obtained from an oxDNA-
simulation, simulated at 1 M salt concentration.

2.4.2. DNA-Origami

DNA-Origami is a method to use DNA as construction material to build self-assembling
nanostructures from the bottom up. The general concept was developed by Rothemund
in 2006 [10], but new nanostructures are being designed ever since. The nanorobot used
in this thesis (see ref 2.5) is based on DNA-Origami, but there are also many other
functional structures like crank-sliders [16], hinges [12| or viral-like shells [34].

Concept

In DNA-Orgiami, one long ssDNA-strand acts as the scaffold for the nanostructure. The
scaffold-strand is held in the desired shape by many staples, which are short oligonu-
cleotides (typically 32bp long [35]), complementary to the scaffold. Their sequence is
uniquely designed, so that they only bond at specific positions and form immobilized
holliday junctions.

For the scaffold, any sequence can be used. Rothemund utilized the circular genome of
the M13 bacteriophage which has 7249 nucleotides. This scaffold is still commonly used,
though often in slight modifications, either extending or shortening the sequence [36].

Even though theoretically the scaffold could be folded into almost any shape, the DNA-
Origami used in this thesis is based on a common design pattern, where the routing of
the scaffold lies in a lattice of helices that are antiparallel and adjacent to each other.
Antiparallel crossovers [37], either by the scaffold or the staples, form the connection
between neighboring helices. This design-pattern can be implemented using the square-
lattice or the honeycomb-lattice.

However, the square- and honeycomb-lattice restricts DNA-origami designs to be 2D
only. In order to design 3D DNA-origami, one can design the nanostructures modu-
larly, where each module follows the the square- or honeycomb-lattice design pattern.

11



2. Biophysical Background

Afterwards, the modules can be combined. This was for example done for the roboarm-
structure, where the pointer and the baseplate were designed separatly.

Computer aided design: caDNAno

The software caDNAno was developed to help designing DNA-origami, using either the
square- or the honeycomb-lattice [38]. caDNAno can be used to design staples at specific
positions of the scaffold, so that the scaffold folds in the desired shape. caDNAno was
used in this thesis to develop the various structures used, for example the Marker-
structure or the pickup-handle of the arm.

Design considerations

The design of stable, yet functional DNA-Origami poses many challenges on behalf
of staple choice. The following should summarize some of the most important design
choices and act as a guideline, not as a rigorous rule set, based on [35,39]:

e Choose staples with a length of 32 bases, routed in three helices each, where the
first 8, the middle 16, the last 8 bases belong to the first, the intermediate, the
third helix respectively.

e Design the edges with poly(T) hairpins standing out of the structure. This prevents
the nanostructures from sticking together and thus eliminates cluttering.

e Regularly introduce a gap between adjacent staples, to relax strain caused by
twisting which results from the difference of a helical turn (10.67 nucleotides per
turn) compared to a duplex turn (10 to 10.4 nucleotides per turn [40]) How often
these gaps need to occur depends on the lattice used (e.g. for square-lattice: one
base-pair ever 48 nucleotides [41]).

Folding

After completing the design, the origami is ready to be folded, which is done by mixing
the staples together with the scaffold.

The folding itself is highly cooperative [42,43]. This means that after few staples have
hybridized to the scaffold, the hybridization of other staples in near vicinity becomes
easier and thus faster. Because of that, simple structures tend to only require one specific
temperature to fold, while more complex structures still require multiple temperatures.

To ensure that the folding-process takes place, the temperatures required for cooperative
folding has to bet set. This is done by a thermocycler that slowly (e.g. 0.05°C min~1)
regulates the temperature from high (e.g. 70°C) to low (e.g. 20°C). This is visualized
in Fig. 2.8
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2.5. Roboarm

To make sure that every origami-structure contains all staples, one can add a surplus of
staples to the folding process. One discards the leftover staples by performing purifica-
tion methods (see Section 5.1.1).

For folding it is important to use a buffer with a relatively high ion concentration to
prevent electrostatic repulsion of the backbone of staples and scaffold. In this thesis,
FOB20 (see A.3) was used, but variations are possible.

Temperature

High-Temperature Low-Temperature

Staples > /
v

—_——
/ Folded DNA-Origami

Scaffold ——T
E=—J=

= P =

Figure 2.8. | Folding Process. Sketched folding process in thermocycler. The left side shows the starting
point in thermocycler at a high termperature, where no staples are bound to the circular scaffold-strand (grey)
yet. As temperature decreases, cooperative folding begins, shown in the middle. When the end-temperature
is reached, all staples are bound to the scaffold and the scaffold-strand is folded in desired shape, shown on
the right side.

2.5. Roboarm

The roboarm, shown in Fig. 2.9, is the main DNA-orgiami nanorobot used in this thesis
and was developed by Kopperger et al. [20]. The structure consists of a baseplate, to
which a freely rotating arm is attached to. The arm can be extended by a pointer
structure. By fixating the baseplate, one can control the rotation of the arm on a
millisecond timescale using electric fields, giving it a great advantage over previous,
much slower biochemical approaches [20]. The pointer acts as a leverage activated by
the electric fields that generally increase torque on the arm.

Baseplate

The baseplate is made of two 55nm x 55nm origami plates stacked on top and twisted
by 90° against each other. This ensures more stability and thus allows for more torque
to be applied. The baseplate has six biotin-anchors sticking out of the bottom, which
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2. Biophysical Background

a)

controlled
rotatio

100 nm

Figure 2.9. | Roboarm Structure. Roboarm-structure with the High-Aspect-Ratio-Pointer implemented.
a, 3D-view of roboarm structure that was used in the experiments. The pointer was controlled with an
electric field that rotated around the pivot. b, AFM-image of roboarm structure c side-view of the roboarm
structure. Source: [22]

can be used to fixate the roboarm via neutravidin on glassslides that are coated with
biotin-polyethylene glycol-silane (Biotin-PEG-Silane).

The sequence of the scaffold used for the baseplate is the p7249, though in combination
with the arm, the extended scaffold with sequence p7704 was used.

Arm, Joint and Pointer

The design of the arm varies with the pointer being used. The arm still belongs to
the same scaffold as the baseplate, while the pointer is a separate origami-structure.
Therefore the arm forms the connection with the baseplate via the joint to the pointer.
Furthermore, the arm provides possible extensions to be used for the pickup-handle to
transport the cargo.

There are multiple variations for pointers that can be used. In general, they are cylindri-
cal nanostructures which can be aligned using an external electric field. The alignmend
is caused by electrophoresis, electro-osmosis and electro-static interaction with the neg-
atively charged backbone of the pointer [44]. A constantly rotating electric field, like
E = Ey(cos(wt),sin(wt))T, will cause the pointer to rotate accordingly, resulting in the
wind-up of the joint.

The joint is the connection of the baseplates and the arm. It is usually part of the scaffold
and consists of two sections of ssDNA. Since both sections are not hybridized together,
they are very flexible and thus allow for rotation of the arm. The specific structure of the

14



2.6. Fluorescence

joint will be introduced and discussed in 3.1.3. Detailed molecular-dynamic simulations
were performed to study the mechanical properties of the joint (see Chapter 3).

Pointers used in this thesis were the High- Aspect-Ratio-Pointer, the Low-Aspect-Ratio-
Pointer and the Tapered-Pointer (see Fig. 2.10). They differ from each other by their
shape. The High-Aspect-Ratio-Pointer is the longest, having its electro-static center
most distant from the joint which should in principle lead to the highest torque. However,
bending of the pointer and other effects limit the effective torque.

On the contrary, the Low-Aspect-Ratio-Pointer is shorter, but therefore thicker in di-
ameter and hence more rigid.

The Tapered-Pointer is a compromise of both, having a cone-like shape with decreasing
diameter towards the tip.

All pointer have a fluorophore attached at the end, so that they can be detected using
a microscope.

a) : 430 nm :
C -3
——
£
ol | € -3
’ 310 nm )
b) \ -
——
| =— >

190 nm

55 nm
N
i)

Figure 2.10. | Pointer Comparison. Overview of different pointers that could be implemented for the
nanorobot. a, High-Aspect-Ratio-Pointer. b, Tapered-Pointer. ¢, Low-Aspect-Ratio-Pointer.

2.6. Fluorescence

Fluorescence is the process for material to absorb photons of high energy, thereby tran-
sitioning to an excited state, and then emit photons usually with longer wavelength
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2. Biophysical Background

(smaller energy), to relax back to its ground state [45]. In fluorescence, the emission
happens immediately after absorption. This must not be confused with phosphorescence
where emission is delayed minutes or even hours.

After absorption of a photon, part of the energy can get lost for example to collisions
with nearby molecules [46]. This lowers the energy level in a non-radiative manner before
finally emitting a photon with the leftover energy. Another reason for the lower energy
of emitted photons can be caused by excitation of higher vibrational energy levels. Since
the energy of a photon is £ = hf with h being Planck’s constant and f the photon’s
frequency, emitted photons have lower frequency and thus longer wavelength.

When the molecule is in excited state, interactions with other molecules can induce
permanent covalent changes leading to inability to fluoresce anymore. This phenomenon
is known as photobleaching. To reduce photobleaching, one can reduce the intensity of
excitation, though this leads also to lower intensity of fluorescence. The absence of
oxygen also delays photobleaching [47]. One can achieve this by mixing enzymes into
the buffer, that use oxygen for their enzymatic action.

In this thesis, the two fluorophores Atto655 (A655) and A532 were used. Note that A532
showed much faster bleaching. The use of antibleach-buffer was therefore necessary (see
Appendix A.3).

2.7. Chemical kinetics

Rates mathematically describe chemical kinetics, that is the speed at which chemical
reactions take place. The order of a reaction is given by the sum of the exponents given
in the rate equation. This section should only cover chemical reactions important for
this thesis.

Cargo Pickup Process

Let ABC describe the initial state, where the cargo B is attached to both, the cargo-
handle A and the pickup-handle C. During the process of pick-up, two events can happen
(see more details in 2.3):

e The cargo is being successfully picked up by the pickup-handle.

e The cargo ruptures away from the pickup-handle and thus stays attached to the
cargo-handle.

This defines two reactions of first order:

ABC B AB+C =) (2.3)
ABC 22 A 4+ BC =: . (2.4)

16



2.7. Chemical kinetics

This can be solved to

cago(t) = capc(0) - e (2.5)
ky /o - 0
C/\/u(t) =1—= %ABC()GM (2.6)

with ¢)/,/aBc being the concentration of A, 1 or ABC and k = k; + k.

Hybridization and melting of a duplex

This reaction explains the assembly process during folding. It will also become important
for characterizing methods used later. The reaction where two ssDNA-strands A and B
with concentrations ¢4 and cp hybridize together, forming as dsDNA-strand AB

A+ B AB (2.7)
kogy
lead to the reaction rate
de
d?B = konca(t)cn(t) — kogean(t). (2.8)
Conservation of matter states as
dey dep deap
dt dt dt (2.9)

One can solve the Eq. 2.8 using Eq. 2.9 for the case that a huge excess of strand A exists,
so that the concentration c4(t) = c4 = const, and furthermore that the hybridized
dsDNA is stable, so that kg = 0, as

ca(t) = ca (2.10)
) = cp(0)e Akt (2.11)
cap(t) = cp(0) (1 — e %) + c45(0). (2.12)

This could for example be used to find the fraction of blocked deposit-handles in the
post-blocking-cargo-loading protocol (see Sect. 5.3.1). In this case, strand A resembles
the blocker-strands, the unblocked deposit-handles are described by strand B and the
blocked deposit-handles by strand AB.

In the case of equilibrium, the reaction rate vanishes dCAB = 0. The equilibrium coeffi-
cient K is then defined by the ratio

CAB (t) (Q_jg) Eon
CA<t>CB(t) koﬂ‘

(2.13)
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2. Biophysical Background

This ratio could for example be used to describe the contrast of PAINT-imager, using
the ratio of on-time (eq. 5.1) and off-time (eq. 5.2) of the imager.

2.8. oxDNA - a coarse grained MD simulation engine

Molecular dynamics (MD) simulations aim to give insight on the time evolution of
molecules, based on realistic models describing their interactions. These insights are
often experimentally very difficult or even impossible to obtain.

However, complex models lead to an increase of computing power as well. All-atom
simulations, respecting intra-molecular interactions, thus being very realistic, are yet
not practical for simulations of large molecules (e.g. DNA-Origami) on longer time-
scales (up to 20us). This led to the choice of a coarse grained simulator.

2.8.1. The Model

a) b
base
backbone

Figure 2.11. | oxDNA2 Model. a, shows balls-and-sticks representation of nucleotides in oxDNA, in
which the atomar structure is coarse-grained on nucleotide-level. b, shows most interactions implemented in
oxDNA. Note that the term for volume-exclusion Vey. and the Debye-Huckel-like term V3;; are not shown.

oxDNA is a coarse grained simulator developed by Ouldridge et al. [21] specially designed
for simulations of DNA structures. Besides MD-simulations, oxDNA is also capable of
running Monte-Carlo simulations. However, Monte-Carlo simulations were not used in
this thesis and will not be discussed further.

The model of oxDNA is coarse graining on the level of nucleotides, that means that
only interactions between nucleotides are modelled. Any intra-nucleotide interactions
are disregarded. The dynamics of the nucleotides are calculated by one of several ther-
mostats (see 2.8.2). For that, the pairwise interactions were modeled by potentials for
backbone connectivity Viacmbone, stacking Viiack, excluded volume Vi, hydrogen-bonding
Vi, cross-stacking Viross stack, coaxial stacking Veoax stack and electrostatic interactions
via Debye-Huckel-like term V3 [48,49]. Thus the total potential is given by

/
V = 2neau"estneighbours (V:backbone + ‘/stack + V:;XC)

; (2.14)
+ Zotherpa,irs (VHB + ‘/cross_stack + V::oax_stack + ‘/exc + VDH)
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2.8. 0xDNA - a coarse grained MD simulation engine

which is evaluated in every simulation step.

2.8.2. Thermostat
Thermostats control the temperature of in the system that is simulated. Thermostats
used in this thesis were:

e Bussi: velocities of nucleotides are drawn from the canonical distribution and are
rescaled by a properly chosen random factor [50].

e John: in every simulation step, the velocity of nucleotides gets randomly altered
with a defined probability, following the Maxwell-Boltzmann velocity distribution.

2.8.3. External forces
External forces can be used to influence the simulations. They are as well implemented
using different potentials. Forces used in this thesis are

e Mutual trap: harmonic force between two nucleotides.

e String: Force that is independent of the positions of the nucleotides.

e Harmonic trap: harmonic force between a particle and a reference point. The
reference point can move during the simulation in a straight direction.

e Rotating harmonic trap: Like the harmonic trap, but the reference point can move
on a circular path around a defined origin.

e Repulsion plane: Harmonic repulsion when nucleotide is behind the defined plane.

With exception of the string-force, all other force types depend on a distance r between
the nucleotides and a reference point. These forces have a quadratic potential, thus scale
linearly with distance: F = k r, where k is the stiffness (proportionality constant). One
can compare these forces to linear springs following Hooke’s law, where k would be the
spring constant. For more details, please refer to the official documentation [51].

2.8.4. Relaxation in oxDNA

Before starting the simulation, it is often necessary to first “pre-relax” the DNA-structures.
This is necessary, to prevent unrealistic extensions of the backbone or overlapping nu-
cleotides, which is a common artifact when using CAD software like caADNAno. Ignoring
them would lead to enormous forces that would cause the simulation to fail.

Summarized there are few main differences to the simulation:
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2. Biophysical Background

e Thermostat: For relaxation, the Bussi-thermostat is used, instead of the John-
thermostat.

e Mutual traps: Defining mutual traps between every base-pair ensures that the
bond will not break.

e (Optional:) Maximal backbone stretch: Since Vjaexbone diverges when the backbone
is too far stretched (r > 0.873nm) [52], one can artificially limit the maximal force
that the backbone can exert, preventing the relaxation to fail.
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3. Simulation of Joint

In this chapter, we show oxDNA studies that focus on the joint of our nanorobotic arm
structure. Using oxDNA simulations, we investigate molecular and mechanical proper-
ties of the joint. Furthermore, we study how variations of the joint change these prop-
erties. The results of the simulations performed are well in agreement with experiments
performed by Vogt et al. [22]. The results of this chapter were used in [22].

The findings are also important for the mechanism of cargo-transportation, as the joint
has major influence on the dynamics of the roboarm. A more flexible joint leads to less
resistance when rotating the roboarm, thus results in potentially higher torque, which
makes pickup-procedure more probable. On the other hand, a more flexible joint also
reduces stability.

Furthermore, we treat the simulated joint as a torsional spring with Hooke’s character-
istics. Thereby we show that mechanical energy can be stored and released in the joint.
This concept was experimentally verified by Vogt et al. [22].

This chapter is divided into three sections: first explaining the setup and methods used
for simulating the rotating roboarm, then presenting the results and finally an in-depth
discussion comparing the results with proposed theoretical models and assessing the
reliability for comparison with the real-world roboarm.

3.1. Simulation Setup

3.1.1. Miniaturized Structure

When replicating the experimental setup in MD-simulations, the high complexity of the
roboarm (& 15000 nucleotides) would be too computationally intensive for simulating
on microsecond-timescale in oxDNA with current hardware.

To solve this, we used a miniaturized version of the roboarm for the simulations (see
Fig. 3.1). Here the two-layer baseplate is only 35 nm x 35 nm large (compared to 55 nm X
55nm from the experiment). Furthermore, the pointer used for actuation via an electric
field and visualization using TIRF-microscopy was not implemented in the simulation.
Instead, the joint is only attached to a shorter, symmetric 6hb-arm, to which the High-
Aspect-Ratio-Pointer could be attached to. Therefore, the miniaturized roboarm consists
of approximately half the number of nucleotides as the roboarm used in experiments.
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3. Simulation of Joint

Figure 3.1. | Miniaturized Roboarm Structure. a, top-view of the miniaturized structure that was used
for simulations in this chapter. Colored in blue is the arm that is being rotated by rotating-harmonic-traps.
b, 3D-view

However, to achive most realistic results, an identical design choice for the joint was
implemented consisting of the same lengths and sequences that could be used for the
real-world roboarm.

Since the physical properties of the joint are purely local, the down-scaling of the base-
plates and the absence of the pointer are not expected to impact the joint. By down-
scaling the structure, simulations on timescales of microseconds become feasible.

To resemble the six biotin-anchors used to fixate the structure on Biotin-PEG-Silane-
coated glassslides, harmonic-traps were defined for six staple-extensions on the bottom-
side of the baseplate. Each harmonic-trap had a stiffness of 73pNnm~!. They were
placed in a similar manner as the biotin-anchors for the real-world roboarm. However,
due to downscaling of the baseplates, distances from the traps to the joint became

smaller.

3.1.2. Rotating Driving Forces

In the real-world, the roboarm (with pointer attached to) alignes to an external electric
field. A rotating electric field thus causes the continious rotation of the roboarm. In
oxDNA, the closest resembling force would be a string-force, emulating an electric field
as the magnitude of the force applied is independent of the position of the nucleotides.
However, the orientation of the string-force must be constant which makes it unsuitable
for the purpose of rotating the roboarm.

The approach used in this thesis was to use six rotating-harmonic-traps, attached to
one outer nucleotide at the end of each helix (distance to pivot: R = 16.3nm) of the
6hb-arm (see Fig 3.2a)). The origin, around which the traps rotate, was defined at the
position of the joint. The starting positions for time ¢ = 0 of the rotating traps coincide
with the positions of the corresponding nucleotides in the start-configuration, so that
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3.1. Simulation Setup

the exerted force would gradually increase as the traps start rotating in the beginning of
the simulation. Using this method, one can successfully simulate the rotation and thus
the wind-up of the joint in oxDNA.

However, this implementation differs from the expected angle dependency of an electric
field in some aspects. To illustrate the differences, one can split the forces exerted
by the rotating traps in a radial and a tangential component. The radial component
Fj is directed towards the center of the joint whereas the tangential component F is
perpendicular to the roboarm and applies torque, thereby accelerating or decelerating
the rotation of the arm.

Suppose the roboarm is fixated and thus cannot rotate. This could for example be
the case during cargo-pickup when the roboarm is attached to cargo which in turn is
attached to the baseplate (see 2.3). Let us choose a coordinate system, in which the
roboarm is aligned on the x-axis.

When using an electric field E = Ey(cos(av), sin(@))T to apply a torque on the real-world
roboarm, the roboarm experiences

F™P (@) = EoQesr cos(a) o< cos(a) (3.1)
F7 () = EyQes sin(a) o sin(a) (3.2)

, where Q¢ denotes the effective charge of the pointer and « is expresses the angle
of the electric field. For o = 0, the electric field is aligned on the x-axis, pointing
in the same direction as the roboarm, exerting maximal force in radial direction. For
—7m/2 < a < 7/2, the radial force stays positive, as visualized in Fig. 3.2¢) for the case
of a &~ 45°

When using the rotating traps in the simulation, let Ty, = R(cos(7),sin(y))" be the
position-vector of the traps and Zy,q = R(1,0)" the current mean position-vector of the
nucleotides, the traps are assigned to. This implies that the roboarm is still aligned on
the x-axis. Note that here R denotes the radius of the rotating-harmonic-traps, which
is equal to the distance between the pivot and the nucleotides the traps are assigned
to. Here v is the angle of the traps with respect to the x-axis. Then the resulting
force of the traps is given by Feim — k(Zirap — Tnuct), Where k is the stiffness of the
rotating-harmonic-traps. As derived in appendix A.1, the force then splits as

Fi™(v) =
Fi™(y) =

Note that FHSim(’y) < 0 for any v € [0,27], as visualized in Fig. 3.2b) for the case of
v & 45°.

Comparing the forces acting on the real-world roboarm with the simulated forces, the
differences for the radial component become apparent: when o = v = 0, then the electric
field exerts force in radial direction while the rotating traps in the simulation do not
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Figure 3.2. | Comparing driving forces. a, depicts an overview of the simulated roboarm. The rotating
traps are shown summarized as the red, solid circle, that rotates around the pivot on the red dashed circle.
The rotating traps are assigned to nucleotides at the tip of the arm, that are visualized by the blue X. b,
shows the resolution of force exerted by the rotating trap. c, shows the resolution of force exerted by a
homogenous electric field at the same angle, so that v = a.. The magnitude of the electric field was chosen,
so that F§™(y) = F™(a). Note, that here FITxp(a) points in the opposite direction compared to F5™ (7).

exert a force at all. For the other extremum, when a« = v = 7, the traps in the simulation
exert twice the radial force towards the joint compared with the radial forces caused by
the electric field, with respect to the maximum tangential force.

However, when choosing the appropriate stiffness k, then the tangential force from the
simulation is equal to the tangential force caused by the electric field for the real-world
roboarm: F5™(y) = F{™P(v). Since the resulting torque is directly proportional to the
tangential force, the simulation realistically mirrors the torque that would be applied by
the electric field.

All rotating-harmonic-traps combined had a total stiffness of k¥ = 0.30 pNnm~!. This
value was defined empirically. Though this value could further be fine-tuned to represent
more realistically the real-world roboarm, the goal of this simulation was to qualitatively
investigate the differences between the different variants of joints, not to represent the
real-world roboarm as realistically as possible. Furthermore, regarding the tangential
forces, the stiffness linearly depends on the magnitude of the electric field: k o< Ej.
When varying the electric fields used in the experimental setup, one would need to
adjust the stiffness for the simulations accordingly.

The rotating traps performed mechanical work to rotate the roboarm. This work directly
follows from the tangential component F§™ as the radial component does not contribute
to the motion of the roboarm.

To formulate the work, let the roboarm be aligned with angle ¢ with respect to the
x-axis and let the phase difference of the roboarm be § = ¢ —~. Let the simulation run
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from Zgare to tstop- Then the work specifies as

tstop .
W = /FLm dr = R/Fjim dp = R/ Ffm(e(t’))i—f dt’
tstart t=t'

n (3.5)
kR / Sin(0(¢))(t') dt

tstart

Note that the integrand only depends on the change of angle ¢. The starting alignment
©(t = tstart) can be set arbitrarily. After rotation, the work W done by the traps is then
absorbed by the roboarm as energy U = —W.

3.1.3. Overview of Joint Variations

The joint consists of two ssDNA sections of the scaffold, the spring domain and the pivot
domain, and is placed in the middle of the baseplates (see Fig. 3.3a)). The rotation of
the roboarm results in winding-up of the joint, as the spring domain rotates around
the pivot domain. The pivot domain has a fixed length of 3 nucleotides, whereas the
length of the spring domain was varied to be either 3, 7, 13 or 23 nucleotides long (see
Fig. 3.3b)). Note that the sequence of the 23nt spring domain contained a hairpin, which
could effectively shorten the spring down to the 13nt spring domain.

The range of the nanorobotic arm motion is defined as the maximal cumulative angle
from stop to stop. Since a longer spring domain could wrap more often around the pivot
domain, it is expected that the range of motion increases with spring length.

From now on, the pivot domain will not explicitly be mentioned when referring to a
specific joint, since its length stayed constant throughout all simulations (e.g. the 7nt-
joint refers to the joint with a 3nt long pivot domain and a 7nt long spring domain).

a) b o am O
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Figure 3.3. | Different Joints. a, sideview of simulated roboarm-structre, with the arm colored in blue
and the baseplate colored in grey. The joint is encircled. b, overview of all joints that were simulated. The
pivot-domain is colored in black. Note that the pictogram for the 23nt-joint should emphasize the hairpin
that has formed. ¢, molemap of the 13nt-joint when wound-up, with the spring-domain colored in blue and
the pivot-domain colored in red.
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3. Simulation of Joint

3.1.4. Relaxation of Joint Variations

For the simulation we use a fully relaxed and unwound joint as starting configuration.
For comparability, the starting configuration of all different joints should be as similar
as possible. To do so, the relaxed starting configuration of the 3nt-joint was copied
for the 7nt-, 13nt- and 23nt-joint. Their spring lengths were updated accordingly by
inserting the corresponding number of nucleotides using oxDNA-Viewer [53|, without
changing the topology or configuration of the baseplate and roboarm. After insertion,
the structure again was relaxed. During this relaxation, the rotating-harmonic-traps
were already implemented, but with rate ¥ = 0 and an increased total stiffness of
k =3.4x103pNnm~!. Implementing these static traps relaxation guarantees that the
roboarms for all joints will stay aligned in the same direction, regardless on whether
they were relaxed independently of each other. It also ensures that the joint will not
spontaneously wind up during relaxation.

3.1.5. Theoretical Dynamics of Skipping

Running the simulation with rotating-harmonic-traps with non-zero rates, the traps
cause the roboarm to rotate. Constant rotation will result in the spring domain to wind
up around the pivot domain. A resetting torque builds up, as the spring domain has fi-
nite length and can therefore only wind around a limited number of times. The roboarm
starts lagging behind as the phase-difference § between the roboarm and the trap in-
creases; the roboarm stalls, as the resetting torque increases and thereby cancelling out
the torque exerted by the trap. Eventually the roboarm can no longer follow the trap:
back-skipping occurs. Here the roboarm unwinds again, by rotating one full revolution in
the opposite direction until it can follow the trap again. This happens when the torque
applied by the traps reaches its maximum and starts declining with increasing phase
difference. Eq. 3.4 implies, that the maximal torque that can be applied occurs at a
phase-difference § = 7/2. Without any diffusive motion (e.g. at temperature 7= 0 K),
skipping is then expected to occur at a phase-difference of w/2. The skipping event is
schematically shown in Fig. 3.4.

3.1.6. Simulation Parameters

All simulations were done using oxDNA2 running on CUDA [54]. The temperatures in
the simulations was set to 7' = 20 °C using the john-thermostat (see 2.8.2). The timestep
was set to dt = 0.005 which corresponds to 15.2 fs per simulation step. Larger values for
dt resulted in the simulation to diverge, smaller values were unpractical as the simulation
would run too slow. In the simulation, the current configuration was printed out and
appended to the trajectory every 100 000 steps which corresponds to every 1.52ns. Salt-
concentration was set to 1 M. The random-seed was defined to the same value for all
simulations.
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3.1. Simulation Setup

1. ing- 2. 3.
/Rotatlng Trap

Figure 3.4. | Skipping. Dynamics of skipping is shown. As the trap keeps rotating in counter-clockwise
(CCW) direction, but the joint is wound up to its limit. The arrows show the change of angle relative to the
previous shown step, for the rotating trap (red) and the angle of the arm (blue). In 1, the arm still follows
the rotating trap, but the resetting torque increases as the joint is being wound up, thereby slowing down
the rotation of the arm. In 2, the trap is perpendicular to the arm. Thus, the exerted torque of the trap is
maximized. However, as the angle between the trap and the arm continues to rotate, the exerted torque of
the trap decreases and becomes smaller than the resetting torque of the joint. Thus, the arm unwinds again
(in clock-wise direction), until the resetting force equals the exerted torque of the rotating trap. This event
is called backskipping and is shown in 3. In 4 and 5, the phase difference between the angles of the arm
and the rotating trap increases, as the joint is again being wound up in counter-clockwise direction, until
the configuration in 1 is again present.
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3. Simulation of Joint

3.1.7. Simulations Types

In the scope of this thesis, there were three types of simulations performed:

e Twist: Here the rotating-harmonic-traps with & = 0.30 pN nm~! were rotating in
counter-clockwise (CCW) direction with a rate of ¥ = 6.6rad ps™! (1 revolution =
0.95 pis). This type simulates the constant rotation of the electric field.

e Hold: Here the rotating-harmonic-traps with & = 0.30 pN nm ™! are stationary, so
that 4 = 0. This simulation becomes important to verify that the rotating traps
from the twist-simulation follow quasi-static motion with respect to diffusion of
the roboarm and thus do not impact the dynamics of the joint.

e Untwist: Here the simulation was started from a wound-up configuration with
the rotating traps deactivated (k = 0), so the roboarm could freely rotate and
the joint could relax, without the influence of external fields. This is not to be
confused with the relaxation done prior the simulation, as here the roboarm is still
simulated with the physically most accurate model of oxDNA.

3.2. Results

This section presents the results obtained by the simulations. The results are subdivided
in three categories:

e Comparing the windup process of all joints at fixed rotation speed of the traps

e Comparing the windup process of the 3nt-joint with one slow, and one fast rotating
trap

e Comparing the unwind process with the windup process of the 13nt joint

3.2.1. Windup with constant rotating traps
Range of Motion

The range of motion (RoM) indicates how far the roboarm can rotate. As already
stated in Subsection 3.1.3, a longer spring domain is expected to enable a greater range
of motion. To verify this hypothesis, twist-simulations were run for all four joints. The
cumulative angle of the roboarm from these simulations is plotted in Fig. 3.5a). Note that
the absolute angle of the roboarm is composed by the averaged angle of all 6 nucleotides
to which traps were attached to, with respect to the pivot point of the rotating traps.
Since only the cumulative angle is of interest, the reference absolute angle can be set
arbitrarily. For comparability, all cumulative angle trajectories were aligned so that the
absolute angle of the roboarm in the start-configuration at ¢ = 0 was the same for all four
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3.2. Results

joints. Furthermore, the rotating-harmonic-traps coincide at ¢ = 0 with their associated
nucleotides on the tip of the roboarm.

As can be seen in Fig. 3.5a), the cumulative angle does not constantly increase, but
reaches a maximum. This is the case for all 4 joints, however, already from the trajec-
tories it becomes apparent, that a longer spring-domain generally also implies a greater
maximum of the cumulative angle, as for example the 23nt-joint rotates further (~ 127)
than the 3nt-joint (=~ 67). The trajectories also show, that the first-skip event as well
increases with spring-length. Finally, the trajectories for all 4 joints show the high
stochastic nature of the skipping events. Before the first-skipping event, the cumulative
angle shows little fluctuations while following the traps. However, once skipping occurs,
larger variations of cumulative angle emerge. This can be seen for the 23nt-joint, as
here a decreasing trend in the cumulative angle of ~ —57 (between 7.51s — 12.5ps) is
present, whereas an increasing trend of &~ +5m appears towards the end of the simulation
(between 23 ps — 26 ps).

In Fig. 3.5b), the RoM for all joints is plotted in a swarmplot. Note, that the RoM is
defined as double the maximum cumulative angle from the trajectories. This is because
in the simulations, the roboarm was only rotated in CCW-direction, starting from a
relaxed position with the joint unwound. It is assumed that a rotation in CW-direction
results in the same magnitude of cumulative angle as in CCW-direction. Thus, when
starting from neutral position, the maximum cumulative angle in either direction only

yields half of the actual RoM.

Fig. 3.5b) indeed visualized the trend, that an increase of spring-length correlates with
an increase of RoM aswell. However, this trend is not as steady as expected, since the
7nt-joint shows similar RoM compared with the 13nt joint. A standard deviation of
2.0m averaged over all joints again demonstrates the strong fluctuations of the RoM, as
already pointed out for the trajectories.

Note also, that the first skipping event is highlighted for every joint in Fig. 3.5b). The
data points suggest a linear relation between the time of the first skipping event and the
joint length, however, the simulation must be repeated multiple times to get more data
points to verify this relation.

There were snapshots of the joint taken at positions ¢ € {3.4m,5.17, 7.87}, shown in
Fig. 3.5¢). They show the multidimensional-scaling-mean (MDS) [53]| taken from all
hold-simulations. These snapshots were only shown for the joints before the first skip-
event occured, which is the reason why the 3nt- and 7nt-joint do not have snapshots
starting from ¢ = 5.17 and ¢ = 7.87 respectively. The snapshots show an extension
of the pivot-domain, as multiple bases from the baseplate and the roboarm are pulled
into the joint. This extension can already be seen for ¢ = 3.4w for the 23nt-joint.
Furthermore, the topologies for the 7nt-joint at ¢ = 5.17 and for the 13nt-joint at
¢ = 7.8m have changed, as the spring-domain seems to miss one winding around the
pivot domain, compared with other snapshots at the same positions, but longer spring-
domains.
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3.2. Results
Skipping

As a skipping event occurs, the phase difference between the cumulative angle of the
roboarm and the cumulative angle of the force increases by a full revolution (27 rad).
This cumulative phase difference is shown in Fig. 3.6a). For the 23nt-joint, one can see
the cumulative phase difference gradually increasing in the first 6.1 s of the simulation
before skipping eventually occurs.

The skipping events are defined as the local maxima of the trajectories from Fig. 3.5a).
The absolute phase difference at the skipping events is then given by the cumulative
phase difference modulo 27 rad and is shown in Fig. 3.6b). Note the phase difference
at skipping never exceeded 7/2 rad as the maximum phase difference is given by the
3nt- and Tnt-joint with 0.4957 rad = 89.1°. The mean phase difference at skipping
averaged over all joints is @, (twip) = 0.377 rad = 67.0°, with standard deviation of
0.067 rad = 10.2°.
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trajectory.
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3. Simulation of Joint
Backbone force

This section analyzes the stress applied on the spring-domain, specifically the inter-
actions between neighboring nucleotides. As introduced in Section 2.8.1, there are
three force-types that model interactions between neighboring nucleotides in oxDNA:
backbone-force, stacking-interactions and excluded-volume-interactions. In this thesis,
only the backbone force for the spring-domain was analyzed.

The backbone force depends on the distances of the backbone positions of the neigh-
boring nucleotides. It is evaluated by the derivative of the FENE-potential. The FENE-
potential ensures an equilibrium distance between neighboring nucleotides so that the
backbone connectivity is maintained [49]. In the oxDNA2 version used in this thesis,
the FENE-potential was defined as

_ 02
Vi (1, 6,70, A) = —% In (1 — &A—g)> (3.6)

and was parametrized with

€=2-41.42pNnm = 82.84 pNnm
A =0.25-0.8518nm = 0.213nm (3.7)
r® = 0.7564 - 0.8518 nm = 0.644 nm.

The FENE-potential and corresponding backbone force are shown in Fig. 3.7.

In Fig. 3.8a), the mean distance of neighboring nucleotides in the spring domain of all
joints Rys(¢.) is plotted over the cumulative angle ¢, up until the first skip event of the
corresponding joint. The mean distance was averaged over all neighboring nucleotides
of the spring domain. Hence, the mean distances for the 3nt-joint were averaged only
over two bonds, whereas the 23nt-joint was averaged over 22 bonds.
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Figure 3.7. | Backbone Force in oxDNA. a, FENE-potential that models the backbone interaction.

b, resulting backbone force between neighboring nucleotides. The dashed line represents the asymptote at
% 4+ A = 0.857nm.

32



3.2. Results

All spring-domains start with a mean backbone distance between 0.640 nm — 660 nm
at beginning of the simulation at ¢, = 0. After wind-up, the mean backbone distance
converges to =~ 0.800 nm.

Regardless the joint, the mean backbone distances between the nucleotides show two
distinct sections: The first section is defined for small cumulative angles. Here the
backbone is not being stretched and fluctuates around ~ 650 nm. The second section
follows, in which the mean backbone distance increases first linearly with increased angle,
until it saturates while approaching the first skipping-event.

An increase in of spring length correlates with an increase in duration for the first section
as well: The first section for the 3nt-, 7nt-, 13nt-, 23nt-joint terminates at 2rad, 6rad,
8rad, 15 rad respectively.

Up to now, only twist-simulations were analyzed. However, the dynamics of the winding-

up could have influenced the backbone-distances. To support the backbone distances
obtained from the twist-simulations, hold-simulations were performed for

e € {3.4m,5.1m, 7.8} for all joints, which are plotted in Fig. 3.8b). The hold-simulations

run for at least 2000 configurations. Analyzation was performed over the last 1000 configurations
of the trajectory.

The backbone force Fy as shown in Fig. 3.8¢) is then evaluated as

FBB(SDC) = (FFENE o RBB)(SDC)- (38)

As for the distances, only forces up to the first skip-event were taken into consideration.

Similarly to the backbone distances, the backbone forces for the twist- and hold-simulations
comply with each other. All joints experience neglectable backbone force at ¢, = 0. With
increasing ¢., the backbone force increases as well, until it saturates at ~ 600 pN.

Errorbands for the backbone force were calculated using the same method as for the
backbone distances, combined with gaussian propagation of uncertainty:

dFFENE (RBB) 53

AFBB(‘;Oc) = 1R ARBB(@C)» (39)

where AR,y is the error of backbone distance.

Comparing the backbone forces with the backbone distances, here also two sections
become visible. In the first section, the backbone forces stay relatively constant with
respect to ¢.. In the second section, the backbone forces are steadily increasing, until
reaching the maximum backbone force. The second region starts for the 3nt-, 7Tnt-, 13nt-,
23nt-joint at approximately m, 27, 47, 67 respectively. Saturation as for the backbone
distances could not be seen near the first skip-event of the backbone forces.
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3. Simulation of Joint

Compared with the other joints, the 3nt-joint shows particular fluctuations in the trend:
At first, the backbone force steadily increases, until it abruptly declines between 2w —
2.8, after which it rises again. All other joints show rather monotone increase of
backbone-force.

Energies

Using the analyzation tool DN Analysis that comes along with the installation of oxDNA,
the energies of the joint-only trajectory during the twist-simulation was analyzed and
splitted up into its elementary parts. A sample input-file that uses was used for simula-
tion with oxDNA and analyzation with DNAnalysis can be found in Appendix A.2.

The energies are shown for all four joints separately in Fig. 3.9. Each energy contribu-
tion increases as the joint is being wound up. Sudden step-like changes are observed
for energy-contributions for coaxial-stacking, hydrogen-bonding, crossstacking. These
changes are caused by breaking of base-pairs.

The energy term for nonbonded excluded volume and for the backbone-interactions
gradually increase for all joints. This is caused as the spring-domain continuously winds
tightly around the pivot-domain and thereby generating a repulsive interaction and
stretching the backbone.

Note that the energies in Fig. 3.9 refer to the partial structures that are shown in
Fig. 3.5¢), not for the pivot- and spring-domain only. Interactions in the joint are
therefore averaged over the remaining nucleotides of the partial structure. This gives
insights into the stability of the staples that are in the local environment of the joint.
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Figure 3.8. | Internucleotide-interaction of Spring-Domain. a, distance between two adjacent nu-
cleotides in the spring-domain during wind-up, smoothed with a rolling window over the last 100 configura-
tions, averaged over every nucleotide in the spring. The scatter-points show the mean of hold-simulations,
that were started separatly at corresponding time-points. b, distance between two adjacent nucleotides in
the spring-domain during hold-simulations, smotthed with a rolling window over the last 100 configurations
and averaged over every nucleotide in the spring. The error-bands show the standard error of the rolling
window. c, backbone forces between two adjacent nucleotides in spring-domain, obtained by applying the
force-function, which is the gradient of the FENE-potential, to the backbone-distances from a. The error-
bands show the standard-error that follow from error propagation of the standard-error of the rolling window
from the backbone-distances. The scatter-points show the backbone-forces for the hold-simulations. The
error-bars show the double standard-error of the hold-simulations.
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Figure 3.9. | Internal Energy. Energy contributions obtained from the tool DNAnalysis. Solid line
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3. Simulation of Joint

Besides the internal representation of all energy contributions to the joint, the energy
stored in the joint was compared to the energy stored in a torsional spring. A torsional
spring applies a resetting torque M proportional to the angle of twist ¢.. The linear
dependence is described by the torsion coefficient k. The torsional spring stores potential
energy U when twisted. It follows that

M = —kp. (3.10)
1

lfzimﬁ (3.11)

It is expected that a more flexible joint leads to lower x and thus stores less energy.

The energy stored in the joint was inferred by the work performed by the rotating traps.
The mechanical work U(p) performed by the trap was evaluated using Eq. 3.5 and can
be seen in Fig. 3.10. Again, datapoints only up to the first skip event were taken into
consideration.

All energy profiles show parabolic character and were fitted by
1
lmwziqﬁ+@@ (3.12)
The function U*(¢) resembles the energy stored in a torsional spring (see eq. 3.10) in

addition with a linear factor Cs, that includes drag-related work. The fitted functions
are plotted as dotted lines in Fig. 3.10. The fitting parameters are listed as follows:

| Spring Length (nt) [ C; (pNnmrad?) | C; (pNnm) |

3 5.1 4.0
7 2.8 18.0
13 2.2 16.6
23 1.6 14.5

3.2.2. Windup with different rate for 3nt joint

The twist-simulation was also done with a 5-times faster rotating trap with a frequency
of ~# 5MHz. As can be seen in Fig. 3.11, the maximal cumulative angle for the faster
rotating roboarm (33 radps™!) is decreased down to 4m. Thus, rotating the roboarm at
a slower frequency (6.6radps™!) returns one more winding. Also note, that the slope
of the cumulative angle, when following the trap, is 5-times as steep. Thus, the first
skip-event is reached at an earlier point in time.
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3. Simulation of Joint

3.2.3. Unwind of 13nt joint

The unwinding of the wound-up 13nt-joint in absence of external forces was also sim-
ulated. For that, the last configuration of the trajectory from the twist-simulation
defined the starting point for the untwist-simulation. Finally, the trajectory of the
untwist-simulation was appended to the twist-simulation and can be seen in Fig. 3.12.

At the start, a constant rate of unwinding can be seen from 23rad down to 8rad with
a slope of —15rad ps™!. From this follows that unwinding happened =~ 2.3 times faster
than the simulated wind-up.

Furthermore, it can be seen that the joint was fully unwound at ¢ = 36 ps, but then
spontaneously winds up again up to 1 revolution.

In Fig. 3.13 the backbone forces for the spring domain is plotted for both, the twist-
and the untwist-simulation. A hysteresis was not seen, as both simulations showed a
similar backbone force with respect to the angle. Note that only datapoints up to the
first skip-event were regarded for the twist-simulation.
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Figure 3.12. | Trajectories of untwist simulation. The combined trace of a twist simulation, followed

by an untwist simulation, performed on the 13nt-joint roboarm structure. The black triangle shows the point
in time when the untwist simulation was started.
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Figure 3.13. | Backbone forces for untwist simulation.  The backbone forces during twist- and
untwist-simulations performed on the 13nt-joint structure were evaluated by the backbone distances that
were averaged over 100 data points. The backbone forces for the twist simulation are only shown for the
datapoints up to the first skip-event.

3.3. Discussion

3.3.1. Range of Motion

An increase of spring-length correlates with an increase of RoM, as shown in Fig. 3.5b).
A longer spring-domain is able to wrap more times around the pivot domain, thus
increasing the RoM. This intuitive concept is verified when observing the snapshots from
Fig. 3.5¢c). However, the spring-length, which was assumed to stay constant, changes
under stress of the joint: the length of the pivot domain increases. Since the snapshots
are based on the MDS taken from the hold-simulations, the extension of the pivot-domain
cannot be explained as a result of the high dynamics of the twist-simulation, and nor is
a rare event. As the extended pivot domain can already be observed for the 23nt-joint
at ¢, = 3.4m, where the joint did not experience much stress since the backbone forces
are neglectable (Fig. 3.8¢)), the extension can be explained by an unstable staple choice
around the joint. On the other hand, the 3nt-joint did not show an extension of the
pivot domain, despite being under more stress. This can be explained by the equally
sized spring domain, which gives additional support to the joint.

The topological changes seen in the snapthots in Fig. 3.5¢) for the 7nt-joint at ¢, = 5.17
and the 13nt-joint at ¢, = 7.87, which become apparent due to the missing turn of
spring domain, result from an artifact by the MDS-mean. The artifact is caused by the
strong fluctuations of the trajectory of the joint. Other methods, e.g. computing the
mean structure, did not improve the snapshots.
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3. Simulation of Joint

The trend of an increasing spring domain resulting in an increased RoM does not hold
true for the 7nt-joint and the 13nt-joint. This is probably due to poor statistics. This
assumption is supported by the disproportionately high standard deviation of the RoM
of the Tnt-joint. A more obvious trend is expected if running the simulations for a larger
timescale and/or repeating the simulations multiple times.

Notice that the RoM strongly depends on the angular velocity of the rotating traps ~
(Fig. 3.11). When the traps are rotating slower, the roboarm can more easily follow the
traps and hence rotate for longer, increasing the RoM. Without inertia and diffusion,
should not have influence on the RoM. As can be seen by the short-term fluctuations of
the trajectories in Fig. 3.5a), diffusion overweights inertia.

When simulating with traps rotating at extraordinary high frequencies, their high-speed
motion did not impact the characteristics of the joint itself. The mean backbone dis-
tances for the hold-simulations (Fig. 3.8b)) comply with the mean backbone distances
from the twist-simulations (Fig. 3.8a)). Furthermore, the mean backbone forces obtained
for the purely diffusion-driven unwinding-process (Fig. 3.13) superpose with the mean
backbone forces for the winding-up process. This suggests that for the twist simulations
the joint region itself may be treated as quasi-static. This also implies, that the structure
of the joint itself is independent of motion.

However, as long-distance interactions are not realistically resembled in oxDNA, quasi-
twist
static motion of the whole arm cannot be assumed. The slope-ratio Aol T2 96 of

Aptwist
the cumulative angle during untwisting, relative to the cumulative angle of twisting,
determined from Fig 3.12, suggests that the angular velocity of the traps are of same
order as diffusive motion. Thus, quasi-static rotation cannot be assumed for the whole

roboarm structure.

3.3.2. Comparing to real-world

Even though the simulations run on a timescale of microseconds, they do give insight
into characteristics of the joint on a much larger timescale up to seconds for the real-
world roboarm as well. For that, the diffusion of the roboarm in the real-world must be
comparable to the diffusion in the simulations. When using electric fields for alignment,
the real-world roboarm usually has a pointer attached to. This pointer significantly
slows down the motion of the roboarm due to its stiffness and thereby resulting drag.
Furthermore, one can use buffers with much higher viscosity to even further reduce
diffusion of the real-world roboarm. When doing so, diffusion in real-world experiments
is expected to be at least 3 orders of magnitude smaller and the simulations realistically
predict the dynamics of the joint.
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3.3. Discussion
3.3.3. First Skip Linearity

Later emerging fluctuations of the cumulative angle during twist-simulations as pointed
out for the 23nt-joint (see Sect. 3.2.1) arise, as the structure of the joint adapts to the
stress of the wound-up joint, which leads to breaking of base-pairs. This effect accounts
less up until to the first skip-event, as here the structure of the joint around the joint has
not significantly changed (Fig. 3.5¢)). Still, the cumulative angle approaching towards
the angle of first skip leads to increasing stress to the joint.

When ignoring fluctuations of the RoM by only focussing on the datapoints up until
the first skip-event, the RoM shows great linearity with respect to the spring-length
(see fit in Fig. 3.5b). This leads to an oversimplified model of the joint, in which the
spring-domain rotates with constant radius of ~ 5.7 A around the pivot axis, defined
by the pivot domain which is assumed to be rigid with. This radius is smaller than
the allowed minimal distance defined by the excluded volume interactions and can only
be explained by the pivot domain not being rigid. Although oversimplified, this model
shows compactness of the spring domain around the pivot domain. It should be stressed,
that more twist-simulations up to the first skip-event of all joints are required for a more
accurate spring-domain radius.

3.3.4. Skipping Phase

As proposed in Sect. 3.1.5, skipping is expected to occur at phase difference of /2.
This was not observed in the twist-simulations, as here skipping occurred before the
theoretical maximum torque was reached (see Fig. 3.6b)).

This could be the result of arm-bending, The angle of roboarm is measured using the
same nucleotides to which the traps are attached to. High torque could bend the arm,
leading to a supposedly smaller phase difference than actually is the case and would
explain the smaller phase at skipping. However, arm-bending is highly unprobable, as
will be explained in Sect. 3.3.5.

Another reason could be the thermally driven diffusive motion of the roboarm. Suppose
the roboarm has wound a number of times, so the spring domain exerts a resetting torque
Mot — ko, relatively constant against small variations of angle .. With a phase
difference increasing to the theoretical limit of 7/2, diffusive motion leads to random
fluctuations changing the angle and therefore the phase difference 6 of the roboarm
by £6. In the case the phase difference shrank by —o, the trap keeps rotating and
the cumulative angle increases. However, when the phase difference increases by +4,
the exerted torque of the traps declines by AM™P = kR(sin(f) — sin(d)), whereas the
resetting torque of the joint stays constant. Depending on the number of windings,
the resetting torque can now be greater than the torque exerted by the traps, so that
Mtrap 4 pfient < () leading to skipping.
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3. Simulation of Joint

This also explains, why smaller spring domains have a broader distribution with outliers
closer to m/2, as here the fluctuations in angle have more influence on the resetting
torque. In case a fluctuation causes an increase of phase difference 49, then the resetting
force for smaller spring domains significantly decreases and skipping is not guaranteed
to happen.

3.3.5. Forces/Distances

Stretching or even breaking of covalent bonds between neighboring bases requires very
much energy, which is modelled by asymptotes of the FENE potential and is therefore not
possible in oxDNA simulations. However, the backbone distances of neighboring bases
can increase under stress, as the inter-atomar torsion angles of the nucleotides align for
extension. A change of backbone distances therefore implies larger stress present. This
was seen during the wind-up of the joint.

At the beginning, both the backbone forces and the backbone distances had a constant
first section (see Fig. 3.8), in which their magnitude is invariant under the rotation of
the roboarm. In this section, the joints are still relatively relaxed and the spring domain
has not wound many times, if any, around the pivot domain. Thus, the spring domain
still contains much slack, allowing the bases of the spring domain to stay in their resting
position. Hence, the distances to their neighbors does not increase.

This also shows that the preparation (see Sect. 3.1.4) done before starting the twist-
simulations was successful. If the joint would need to be further relaxed after updat-
ing the joint, an instant change of backbone distances at the beginning of the twist-
simulations would be expected.

Note that the high fluctuations from smaller spring domains emerge, because the back-
bone distances between neighboring nucleotides was averaged over the spring domain; a
longer spring domain provides more neighboring nucleotides to average over, and there-
fore is more robust against fluctuations of the individual nucleotides. Structual changes
around the joint therefore also have higher influence on the average of the backbone
distances for joints with smaller spring domains.

The linearity of the backbone forces in the second section confirms the assumption of
the joint acting like a torsional spring, as latter is defined by a resetting torque directly
proportional to the excursion. Flatter slopes correspond to lower torsion coefficients.
Therefore, the measured backbone forces suggest a decline of the torsion coefficient s
with increasing spring length.

The linearity of backbone forces near the angle of first skip suggests that arm bending is
not present. Otherwise, a saturation of backbone force would be expected, as the angle
of the roboarm falsely increases, while the windings of the joint remain unchanged and
thus also the backbone force.
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3.4. Conclusion

However, the backbone distances close to the angle of first skip do flatten for all joints.
This is a result from the non-linearity of the FENE-potential for neighboring distances
close the asymptote.

It should be pointed out, that in this thesis only the backbone force resulting from the
FENE-potential was studied. However, other interactions, e.g. volume excluding inter-
actions of nucleotides, were ignored. Though the backbone forces between nucleotides
are believed to have most influence on the resetting torque exerted by the joint, further
analyzation of other interactions need to follow up for a more complete image on the
joint.

3.3.6. Energy Storage

As shown with the untwist simulations, winding up the joint does not result in permanent
structual changes. One can therefore store potential energy by winding up the joint.
This energy can then be released in the form of kinetic energy by eliminating the driving
forces. This was experimentally tested and verified by Vogt et al. [22].

The model in which the joint acts as a torsional spring is again confirmed when observing
the energy profiles (see Fig. 3.10). Quadratic dependence C; on the stored energy U
with respect to the cumultative angle ¢. complies with the theoretical expected energy
profile (see Eq. 3.10)i. The energy profiles provide direct insight into the torsional spring
coefficient kK = (. As expected, an increase of spring domain leads to a weaker joint
and thus a lower k.

The linear dependency incorporated by C5 suggests, that the arm is experiencing drag
when being wound up. Given more simulation runs, the factor C5 is expected to converge
to the same value, regardless which joint is used. However, the factor C; does not
influence the torsion coefficient.

However, an increase in stored energy with a larger spring domain was not expected.
This is caused by two independent effects as a result of increased spring domain taking
place simultaneously:

e The torsion coefficient k decreases, suggesting lower stored energy.
e The RoM increases, so the joint can store more energy by doing more windings.

As it turns out, the second effect overweights the lower k.

3.4. Conclusion

In this chapter, we used oxDNA to simulate multiple joint variations for our nanorobotic
arm structure. Thereby we chose a constant pivot-length (3nt long) and varied the
spring-length from 3nt — 23nt. Using the simulations, we investigate the limitations of
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3. Simulation of Joint

these joints. We found that the range of motion of the joint scales with joint-length.
When winding-up the joint, we observed structural changes in the joint as a response of
increasing stress. We investigated the characteristics of skipping events that occur when
the joint has completely wound up and the rotating trap keeps rotating. Furthermore,
we investigated the dynamics of the joint when winding-up. Thereby we analyzed the
backbone-forces between neighboring nucleotides in the joint as well as all potential
energies contributing to the joint. We found that the increased backbone-forces are
limiting the range of motion. Finally, we studied the energy stored in the joint during
wind-up. For that we analyzed the work performed by the traps. We found that the
energy stored in the joint agrees well with the energy stored in a torsional spring.
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4. Simulation of the Pickup-Process

This chapter investigates the cargo transportation mechanism, introduced in Sect. 2.3,
using massively paralyzed simulations in oxDNA. Since especially the pickup is critical
for the successful cargo transportation, the main objective of the simulations performed
in this chapter was to optimize the sequence dependency of the involved DNA-strands,
so that successful pickup later in the experiments would be more probable.

Using simulations to optimize the strands has the advantage to focus on the dynamics
of the pickup-process only, suppressing any other side-effects that may have had an
influence and ignoring the challenges posed in the experimental implementation.

Although there exist simplified models describing the rates of rupture [27,55, 56|, there
are yet no models describing multi-strand systems competing over rupture with each
other under the influence of dynamics. Thus, using MD-simulations in oxDNA provide
a straightforward and physically accurate approach.

For this thesis, three key factors influencing the dynamics of rupture were of interest:
e The dependence on applied force
e The dependence on different strand lengths
e Comparing competing rupture of multi-strand systems versus isolated rupture

The structures used for the simulations in this chapter represent the deposit- and pickup-
handle that were used for the real-world roboarm in the experiments. The deposit-handle
is a staple extension protruding from the baseplates. The pickup-handle is a staple
extension located at the end of the arm. The experimental implementation will be
described in more detail in Sect. 5.2.

4.1. Simulation Setup

4.1.1. Parent structure

The starting point of the simulation is defined by a parent structure, which represents
the fundamentally relevant elements to simulate the cargo-transporting mechanism.
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4. Simulation of the Pickup-Process
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Figure 4.1. | Parent structure. All simulations were based on this structure. a, shows the secondary
structure, where the 5’-end of the deposit-handle is fixated. In the experiments, this would be a staple
extension from the baseplates. A string-force was assigned to the 5’-end of the pickup-handle, encouraging
rupture. b, shows the same structure in the balls-and-sticks representation in oxDNA.

All simulations are based upon the same parent-structure, consisting of a three-strand-
system arranged in a single double-helix. The longest strand should resemble the cargo-
strand to be picked up. The cargo-strand is up to 35 bases long with intentional choice
of high/low GC-content on specific regimes of the sequence. The cargo-strand has two
segments to which at first both reverse-complementary strands are bound to: the deposit-
handle and the pickup-handle.

Forces assignments (Trap, String, Repulsion plane)

The deposit-handle is fixated by using a harmonic-trap (see Sect. 2.8.3) assigned to one
base at either the 3'- or 5-end of the deposit-handle. Choosing one end defines whether
unzipping or shearing will occur when the cargo-strand ruptures from the deposit-handle.
When fixating the deposit-handle at the end which coincides with the end of the cargo-
strand, then shearing would occur. For the purpose of this thesis however, the deposit-
handle was fixated at the other end, in the middle of the cargo-strand (see Fig. 4.1),
so that unzipping occurs when the cargo ruptures away, as would be the case in the
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4.1. Simulation Setup

experiments later. The stiffness of the harmonic trap was set to k = 4.86 nNnm~!.
Similarly, a force was assigned to the end nucleotide of the pickup-handle, which coincides
with the end of the cargo-strand, so shearing would occur upon rupture. Here, a string-
force was used for the pickup-handle, which causes a constant force, regardless of the
current position. The magnitude of force used in the simulations varied from 16.5pN —
20 pN.

With this setup, the cargo-strand is now being pulled apart: on one side the pickup-
handle is constantly pulling in one direction while on the other side the deposit-handle is
holding the cargo-strand back in place. Depending on the force with which the pickup-
handle is pulling at, three scenarios can happen:

e Cargo unzips from deposit-handle: Here the bonding between the cargo-
strand and the pickup-handle is stronger than the bonding between the cargo-
strand and the deposit-handle. The cargo-strand unzips and moves away from
the deposit-handle, staying attached and following the pickup-handle; This sce-
nario corresponds to successful pickup. In experiments, this would be the desired
outcome.

e Cargo shears away from pickup-handle: Here the bonding between the cargo-
strand and the pickup-handle is too weak to cause the pickup-handle to shear
away from the cargo-strand. This scenario corresponds to unsuccessful pickup and
should be avoided in the experiments.

e Cargo stays attached to both: If the pickup-handle pulls with too little force,
the cargo-strand will neither rupture away from the deposit-handle, nor from the
pickup-handle. The pickup-process would be again unsuccessful and should also
be avoided in experiments.

Besides the trap-force of the deposit-handle and the string-force for the pickup-handle,
all remaining nucleotides could freely move under influence of dynamics/rupture.

When the external pulling force is exerted on the pickup-handle, two independent effects
are expected to lead to the delay before full rupture occurs:

e DNA-stretching: Before any base-pairs of the cargo-strand rupture under the
constant pulling force of the pickup-handle, the helix for the pickup-handle is first
stretched [57].

¢ Biased random walk delays rupture: All base-pairs between the cargo-strand
and the deposit-handle must break before the cargo-strand is fully ruptured. This
does not happen in a consecutive order, but rather as a random walk, similarly to
toehold mediated strand displacement [58]. The random walk is biased depending
on the force applied to the pickup-handle, since a stronger force implies a higher
probability of base-pairs to break, thus implying a shorter delay. The dynamics of
a cargo-strand unzipping from the deposit-handle is shown in Fig. 4.2.
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4. Simulation of the Pickup-Process

String
Pickup-Handle

Cargo-Strand
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Figure 4.2. | Biased Random Walk. Snapshots taken at different stages of unzipping, visualizing the
process of unzipping.

Virtual ceiling

Once rupture has occurred, the string-force applied to the pickup-handle would con-
stantly accelerate the strand, leading the simulation to fail. To solve this issue, a
repulsion plane was implemented, acting as an infinite potential barrier, preventing
nucleotides to move beyond the limits of simulation space.

Criterion of Rupture

A successful rupture event is detected once the inter-nucleotide distance between the
two strands exceeds a certain distance threshold. The distances were measured between
the last three nucleotides that were expected to rupture. This method is robust against
rehybridization of the two strands after being partially ruptured.

Substructures for Isolated Rupture Comparison

To compare the competing rupture of the cargo-strand with the rates of both shearing
and unzipping, isolated rupture-simulations were performed. Here the parent-structure
(see Sect. 4) was divided into two substructures
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a) Pickup-Handle b) c)
String String
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Cargo-Strand String Cargo-Strand

Cargo-Strand
B Deposit-Handle

Trap
Deposit-Handle

Figure 4.3. | Isolated Rupture Structure. a, similar to the parent structure shown in Fig. 4.1. The
pickup-handle was extended with 4-polyT bases. b, substructure to simulate unzipping-only rupture. For
that, a string-force was assigned to the 3’-end of the cargo-strand. ¢, substructure to simulate shearing-only
rupture. A trap was assigned to the 5-end of the cargo-strand. The pickup-handle has 4-polyT bases
extended to the 5-end.

e the Cargo-Deposit-Substructure (see Fig. 4.3b)), consisting of the deposit
strand bound to the cargo strand. This structure is used for simulating the unzip-
ping process.

e the Cargo-Pickup-Substructure (see Fig. 4.3¢)), consisting of the pickup strand
bound to the cargo strand and is used for simulating shearing. An additional 4-
polyT bases were extended from the pickup-strand, adding drag and thus limiting
the maximum velocity. This limitation was required, as otherwise the pickup-
strand could enter the repulsion plane with a very high velocity, experiencing an
unrealistically high resetting force, resulting in the simulation to fail.

For both structures, the length of the cargo-strand was adjusted so no unbound bases
would influence the rates.

The isolated rupture was then compared with the competing rupture process of the
combined structure shown in Fig. 4.3a).

4.1.2. Parallelization (single/multi class)

Due to the statistical nature of rupture, simulating only one unzipping or shearing event
is not enough to study transition rates. Because of that, simulations would need to be
repeated many times. However, this would result in much computational overhead and
therefore run very slowly.

51



4. Simulation of the Pickup-Process

The approach in this thesis was to simulate the rupture multiple times simultaneously,
in one simulation, running on the CUDA enabled version of oxDNA. This version is
optimized for simulating systems with many nucleotides [54].

To implement this, the parent-structure was cloned and placed on a 2-dim grid. All
cloned structures were spaced 25.6 nm from each other. The harmonic trap, responsible
for fixating the deposit handle of the parent-structure, was moved and redefined for
each cloned deposit handle individually. Similarly, the string-force was copied among all
pickup-handles.

In single-class parallelization, the string-forces for all pickup-handles were of same mag-
nitude. These simulations were used for high-precision rate analysis at a specific force.
However, multi-class parallelized simulations were used for simulating at multiple differ-
ent forces simultaneously, providing a broader overview of trends at the cost of resolution
(see Fig. 4.4).
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Figure 4.4. | Multi-class parallelization. Snapshot during a simulation based on cloned structures from
Fig. 4.1.1. Four different forces were being simulated simultaneously, colored in blue, yellow, red and aqua.
Such simulations provided a broader range of force at the cost of fewer datapoints.

4.2. Results

4.2.1. Dynamics of single structure rupture

The dynamics of the unzipping process during pickup of cargo-strands was analyzed in
Fig. 4.5. Thereby, the repetitive bond-breaking and rehybridization of a base-pair seven
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4.2. Results

bases prior the 5-end of the deposit-handle was examined. The plot shown in Fig. 4.5
suggests the presence of random-walk-like unzipping rupture.
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Figure 4.5. | Dynamic inter-nucleotide distances during rupture. Distances plotted between two
opposite nucleotides, emphasizing the random-walk behavior of unzipping rupture between the cargo-strand
and the cargo-handle.

4.2.2. Force screening

To infer the force dependency on the unzipping rates, up to 256 unzipping rupture
events were simulated for forces ranging from 16.5pN — 20pN. In these simulations
the combined structure including the pickup-handle was used. However, the bonding
between the pickup-handle (10 bp, GC-content: 70 %) and the cargo-strand was strong
enough so that no unsuccessful rupture occurred in the simulations. The deposit-handle
had a sequence length of 25 bases with 36 % GC-content. The fraction P™*P(¢t) denotes
the relative amount of unzipping events between the cargo-strand and the deposit-handle
(defined in Sect. 4.1.1), and can be seen in Fig. 4.6a).

At the start of the simulation, all cargo-strands are bound to the deposit-handle, so
that PW#P(t = 0) = 0. Thereafter, P™4P(¢t > () follows a saturation curve, with
maximum value of 1, which happens when all cargo-strands are completely unzipped
from the deposit handle. During the simulations, forces at 19pN,19.5pN and 20 pN
led to successful unzipping of all cargo-strands from the deposit-handle. Weaker forces
showed a similar trend of the unzipping fraction, however, the fraction did not converge
to 1 during the simulations.
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4. Simulation of the Pickup-Process

The rupture rates from the simulations were fitted with a shifted cumulative exponential
distribution, motivated by boltzmann energy distribution [59|

1 _ _t_toﬁsct t > tO e
P(t) = {0 exp (— =) t—t"f ' (4.1)
< Toffset

with 7 € R and t,qe € RT. This also resembles the case of eq. 2.6 with k&, = 0 and
ko = k. All fits shown in this thesis were fitted with this function.

The force dependency of 7 and et is shown in Fig. 4.6b-c). From Fig. 4.6b) it follows,
that 7(f) exponentially decreases from 248ps — 1.6 ps with increasing force f from
17.5pN — 20 pN However, for high forces starting from 19.5 pN, this trend is flattened.

A consistent trend for the offset t,gs; With respect to the force f cannot be seen. With
exception for the weakest force at f = 17.5pN are all t,ge(f) constant at = 1.6 ps.

4.2.3. Length Dependence
The length dependency of the competing rupture simulation, specifically unzipping of the
cargo-strand from the deposit-handle, was investigated for two different cargo-strands:

e 27bp Cargo: Deposit Handle 20 bases with 35 % GC, Pickup Handle 7 bases with
1% GC

e 35bp Cargo: Deposit Handle 25 bases with 36 % GC, Pickup Handle 10 bases with
70% GC

The fraction of unzipped and sheared cargo-strands can be seen in Fig. 4.7a-b).

As unzipping of the pickup-handle also occurred for the 27bp cargo-strand, the data-
points were fitted separately for both cases, either shearing and unzipping:

Plrnzipping(t) - C(unzipping - P (t) (42&)
sﬁlearing(t) - Cshearing - P* (t> (42b)

with Cungipping € [0,1] and Cspearing € [0, 1] being constant scaling factors, so that

. C. . . . .
Cuunzipping + Cshearing = 1. The ratio F' = 5 Sheac”“g, — indicates the relative frequency
shearing+ unzipping

of shearing events if any rupture occured.

The fit for unzipping events of the 27bp cargo-strand starts inclining at ¢2f.., = 1.0ps,
whereas the 35bp cargo-strand inclines at ¢3%., = 1.8s. Furthermore, the saturation
curve for the 27bp cargo-strand is steeper with 727 = 18.5 s compared with the 35bp

cargo-strand with 73° = 10.9 ps.

Fig. 4.7b) shows the unsuccessful rupture of the cargo-strand shearing away from the
pickup-handle, which only happened for the 27bp cargo-strand with a frequency of
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Figure 4.6. | Fit Force Screening. a, fraction of successfully picked-up cargo-strands for forces screened
between 16.5pN and 20 pN. The simulations were performed for various number of clones (between 64 and
256), that are specified in the legend. b, fitting parameter 7 plotted with respect to the corresponding force
f. The fitting parameter was evaluated from the fitting-function Eq. 4.1, optimized for all fractions from a.
The y-scale is given for the mean unzipping time 7 and the rate k. c, fitting parameter tqseet plotted with
respect to the corresponding force. The fitting parameters in b and c are not shown for simulated forces at
17pN and 16.5 pN, because not enough unzipping events were detected for a meaningful fit.
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Figure 4.7. | Length Dependence. a, unzipping of cargo-strand from deposit-handle. The simulations
were performed on two different structures. The dashed lines correspond to fitted functions, according to
Eq. 4.1. b, shearing of cargo-strand away from pickup-handle. This case only happened for the 7bp-long
pickup-handle and is therefore not shown for the structure with the 10bp-long pickup-handle.

F?" ~ 0.03. As no shearing occurred for the 35bp cargo-strand, the frequency of shearing
is thus given by F3° = 0.

4.2.4. Isolated versus competing rupture comparison

This section presents the difference of competing rupture rates versus the isolated rates
obtained for shearing-only and unzipping-only rupture, which were simulated with the
Cargo-Pickup-Substructure and the Cargo-Deposit-Substructure respectively. The com-
peting rupture was simulated with the original parent-structure.

For the parent-structure and the substructures, the handles used were

e Cargo-Deposit-Handle: 25bp, 0.36 % GC. Here the string-force was assigned to the
cargo-strand.

e Cargo-Pickup-Handle: 6bp + 4-polyT extension, 67 % GC. Here the cargo-strand
was fixated using a trap.

The length of the cargo-strand was adjusted for the parent-structure (31bp), the struc-
ture for unzipping-only (25bp) and for the structure for shearing-only (6bp).

The rupture rates are compared in Fig. 4.8 and were fitted again with the separated
P*(t) from Eq. 4.1. The unzipping-only and shearing-only rupture of the combined
rupture was fitted with the updated fitting functions for Py i ine(t) and Pjc.ping(f)
from eq.4.2.

The shortest offset tygst could be seen for isolated shearing at 0.0 ps, followed the com-
bined rupture at 1.0 us. The isolated unzipping was delayed most at 2.4 ps.
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Figure 4.8. | Isolated vs Competing Rupture. Based on parallelized rupture simulations with the
parent structure defined as in Fig. 4.3. Rupture fraction of 3 simulations shown: first, the successful
and unsuccessful pickup of cargo-strands of the combined structure (solid line), second, the unzipping-
only rupture of a substructure (dashed red), and third, the shearing-only rupture of a substructure (dashed
orange). Colored in black is the fraction of any rupture event, either shearing or unzipping, of the combined
structure.

Isolated unzipping happened with a rupture time of 751 . = 21 ps. The shearing in the
combined structure happened twice as fast with 75beat = = 10.25 ps.

For the combined rupture, the fraction of isolated unzipped cargo-strands converges to
63 % while on contrary isolated sheared cargo-strands converged to 40 %. This yields a
relative shearing frequency of F' = 0.39.
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4.3. Discussion

The simulations show, that oxDNA can be used to investigate competing rupture rates
of unzipping and shearing for given sequences. Furthermore, oxDNA proves to be a
useful tool for tuning the cargo-strand sequences and thereby optimize the ratio between
unzipping and shearing with regard to the deposit- and pickup-handle.

Most importantly, the simulations show that the cargo-strand can successfully be picked
up by pulling at the pickup-handle with a force in the order of pico-newton. Successful
pickup was seen throughout almost every simulation, despite that the cargo-strand had
much less H-bonds with the pickup-handle than with the deposit-handle. This result is
not only in full agreement with the theory explaining the difference of shearing versus
unzipping (see sect. 2.2), but also shows that very little forces are required when choosing
an appropriate sequence. Thus, the pickup-process does not require external instruments
like an AFM [28] and can be implemented for applications directly on nanostructures
like the roboarm used in this thesis.

4.3.1. Delayed Rupture

The delayed rupture can be seen for all unzipping simulations. The trend of decreasing
tofises When pulling with stronger force cannot be clearly seen in the fits for fig. 4.6¢).
This suggests DNA-stretching contributes more to t,gt. However, from fig. 4.5 follows,
that the biased random walk plays a significant role during rupture, as base-pairs in the
middle of the strand break and rebind throughout the simulation, implying constantly
reforming of the duplex.

From the difference in time offset that can be seen for the two different structures in
Fig. 4.7, one cannot conclude about which of the two effects contributes more to the
delay. The 3bp longer pickup-handle would lead to more stretching, however, the 10bp
longer deposit-handle results in more random walk before full rupture.

4.3.2. Rupture Rates

As expected, a higher force applied to the pickup-handle leads to faster rupture (fig. 4.6).
Furthermore, an exponential increase of the rupture rate £ with respect to the force of
the pickup-handle becomes apparent. This trend flattens for high forces. This motivates
a regime of forces proven to be practical for simulating the competing rupture of multi-
strand systems on microsecond timescale using oxDNA. The regime can be used for a
starting point for new simulations used to optimize sequence dependent rupture.

However, the simulations also show, that the pickup-handle requires a certain minimum
length to ensure that the pickup-process is successful. This becomes apparent when
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4.4. Conclusion

looking at the frequency of shearing events F' for the 27bp-cargo-strand and the 35bp-
cargo-strand. F' can be interpreted as the probability of shearing, once the simulation
has terminated and many rupture events have been detected. A too short pickup-handle
results in the shearing-induced rupture from the cargo-strand, which is primarily caused
by thermodynamic instability.

The difference of rupture rates regarding isolated substructures compared with the orig-
inal parentstructure (fig. 4.8) indicates, that the dynamics of the pickup-handle do in-
fluence the unzipping of the deposit-handle. Thus, it is not possible to conclude from
other experiments, simulations or theories that investigate shearing- or unzipping-only
rupture, to the rate of successful pickup of the cargo-strand.

It should be noted that the additional 4-polyT bases that extend from the pickup-handle
to limit the maximum velocity by introducing drag, may contribute to destabilization
of the pickup-handle [60] and thus potentially increase the shearing rate. Therefore, it
is not possible to directly compare the shearing rates and the probability of unzipping
with the previous simulations, which did not have the 4-polyT extension.

4.4. Conclusion

In this chapter, we showed how to perform MD-simulations of dynamic mechanisms in
a massively parallelized manner using oxDNA. We used this method to understand how
sequence dependency and applied forces to the pickup-handle influence the successful
pickup-process of a cargo-strand. Thereby we found, that a longer pickup-handle results
in a higher fraction of successfully picked-up cargo-strands, and that a longer deposit-
handle results in a slower unzipping rate. Overall the rupture process agrees well with
the theoretical proposed rupture rates from eq. 2.6. We found that the MD-simulations
resemble the random-walk-like dynamics of rupture, especially for unzipping. This be-
havior significantly slows down rupture events. Thus, we defined ranges, in which rupture
events can be simulated using oxDNA within reasonable simulation times (= 7d for sim-
ulating 256 cloned structures for ~ 35pus) with current computing power. Finally, we
investigated how the dynamics of competing unzipping- versus shearing-rupture differs
from isolated unzipping-only and shearing-only rupture. Thereby we concluded that
MD-simulations of the whole three-strand-system are required to infer about rupture
rates of sub-systems.
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5. Experimental Part

This chapter presents the experimental progress towards the realization of molecular
cargo transport using the roboarm that was introduced in Sect. 2.5. The transportation
mechanism is based on the difference in force requried for unzipping and shearing in
order to separate a DNA duplex The foundation of the mechanics was described in
Sect. 2.3 and was simulated in-depth in Sect. 4.

This chapter addresses challenges faced in experiments:
e only loading specific handles with cargo-strands while preserving others

e Visualization of cargo-strands and orientation of the roboarms using high-resolution
microscopy during different time points over the course of the experiment.

e Increasing exerted torque on the pointer while preventing overheating by the ap-
plied electric field. High temperatures can lead to unsuccessful pickup of cargo or
can even result in the melting of the DNA nanostructures.

5.1. Experimental methods

5.1.1. DNA Origami Fabrication
Folding Process

The folding (see Sect. 2.4.2) of the baseplate and the pointer, is performed with an
excess of 3 times as many oligonucleotides as there are scaffold-strands they could bind
to. This ensures that most structures do not miss any staples.

The folding itself is performed using a thermocycler with a protocol that depends on the
structure to be folded:

e Baseplate and Pointer (separatly): Temperature ramp from 70°C down to
20°C with 0.1°C steps and holding temperature for 2min in each step. The tem-
perature ramp ensures that the structure-specific cooperative folding termperature
will be reached. At this point, the baseplates and the pointers are folded sepa-
rately, since a similar sequence is being used for both structures. Trying to fold
the whole roboarm at once would result in staples designed for the pointer to bind
to the scaffold of the baseplate and vice versa.
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e Attaching the pointer to the arm of baseplate: Since here both the pointer
and the baseplate with the arm are already folded, the attachment of both happens
in only 30 min at 37°C.

PEG Purification

Polyethylenglykol (PEG-purification) is an easy and efficient way to remove the excess
of staples that did not bind to the scaffold [61]. This method can also be used to change
the solvent or increase the concentration of the structure.

PEG is a polymer with chemical formula HO(CHyCH30),,H where n specifies the number
of repeating units. It is highly soluble in water [62] and forms surfactants [63].

When mixing the precipitation buffer containing PEG with the unpurified sample, the
H50 molecules will associate to the -OH of the PEG molecules, leading to precipitation
of the larger folded origami structures. Oligonucleotides are more mobile due to their
much smaller size, thus less likely to aggregate and therefore still dissolved in solution.

After centrifugation, the precipitated structures form a pellet. The supernatant con-
taining the unbound staples and the precipitation buffer can now be removed, leaving
ideally only the folded origami-structures behind. Finally, the pellet is dissolved in the
target buffer. Vortexing the sample ensures that the pellet is again fully dissolved.

Gel-Electrophoresis Purification

Gel-electrophoresis purification is a method to separate different types of DNA-origami
or DNA multimeres solved in the same dissolved from each other. Thus, unlike PEG-
purification, it can also be used to separate misfolded DNA-origami structures from
correctly folded ones. However, downsides of Gel-electrophoresis lie in a lower yield of
the target structures and a more time-consuming process compared to PEG-purification.
Detailed example protocols of how gel electrophoresis is performed and how this method
is employed to purify origami constructs can be found in [64].

Fundamentally, gel-electrophoresis is based on the negative charge of the backbone of
DNA. With an externally applied electric field, DNA strands experience a force and thus
accelerate towards the anode. When placed in a gel matrix, smaller macromolecules
migrate faster through the pores of the gel matrix than larger macromolecules.

In this thesis, a solidified agarose gel matrix was used and was placed in a gel cham-
ber.Unpurified samples were loaded into wells in the gel matrix. The wells were formed
using a comb and were placed on a line orthogonal to the electric field. An electric field
is generated by applying a voltage (in this thesis: 9V em™!) between two electrodes that
contact the buffer at opposite sides of the gel-chamber. Higher voltages result in faster
migration, thus speeding up the purification process. However, this comes at the cost
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of resolution, as higher voltages lead to higher temperatures which can cause the gel to
melt.

After applying the voltage for a defined duration (in this thesis: 1h), equally-sized
structures cluster and form distinct bands at size-dependent migration distances in the
gel-matrix. To visualize the bands containing the desired structure, a fluorophore labeled
staple oligonucleotide was inserted into the structure during the folding process. Finally,
the bands are cut out from the gel, squeezed to eliminate the agarose and diluted in the
target buffer. Misfolded structures and unbound staples remain in the gel.

5.1.2. Monitoring of molecular transport experiments with single
molecular TIRF microscopy

The experimental readout had three main requirements:
e Readout of the current orientation of the roboarm/pointer
e Verify if cargo- or auxiliary-strands are attached to the baseplate.

e Readout should take place in real-time and should only include structures in im-
mediate proximity of the surface of the glassslide.

For that purpose, a total internal reflection fluorescence microscope (TIRFM) was used,
which detects the excited fluorophore of the pointer, cargo- and auxiliary-strands.

TIRF-Microscopy

Single molecule interactions that are of interest for this thesis occur near the surface
of the glassslide. Fluorescent molecules in bulk contribute to background noise, leading
to a lower signal-to-noise ratio. To improve the signal-to-noise ratio, the effect of total
internal reflection is used: at a criticle angle, the excitation light does not propagate
through the glassslide into the sample, but gets reflected, generating an evanescent wave
that has exponentially decreasing intensity with regard to the distance of the surface.
Thus, only fluorescent molecules near the surface of the glassslide get excited, resulting
in a high signal-to-noise ratio.

A schematic of a TTRF-microscope is shown in Fig. 5.1. A laserbeam is directed parallelly
to the optical axis of the camera through the objective towards the glassslide that holds
the fluorescent sample. The beam enters the objective off-center of the optical axis, so
that it defletcs in the lens and hits the glassslide at a large angle. When the incident angle
is equal or above a critical angle, then total internal reflection occurs at the interface
between the glassslide and the buffer of the sample, because the glassslide has higher
refractive index than the buffer. Thus, the beam does not exit the glassslide into the
sample, but rather reflects back into the oil drop. Thereby it generates an evanescent
wave at the interface. The amplitude of the evanescent wave drops exponentially with
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distance away from the surface, therefore only fluorophore near the surface are excited
and emit photons. These photons emitted by the fluorescent dyes are then detected by
a camera.

The signal-to-noise ratio decreases when the incident angle is below the critical angle,
as fluorophore that are further away also become excited. However, an incident angle
well above the critical angle reduces the intensity of the signal, again decreasing the
signal-to-noise ratio [65].

The evanescent wave can propagate up to ~ 100 nm into the sample, depending on the
incident angle, the refraction index and the thickness of the glassslide [65,66]. Further-
more, one can use multiple wavelengths to select only specific type of fluorophore. In
this thesis, lasers with wavelength of 480 nm and 532 nm were used.

Ceramic Plate

% % :4» *  Inactive Imager
= x v 0 ow % X
b % Fluorescent Imager

Glassslide

Laser

Optical Axis

Figure 5.1. | TIRFM. Schematics of TIRFM-setup, shown with fluorescent imager, that only emit photons
when excited by the evanescent wave (blue).

Superresolution imaging with DNA-PAINT

Direct labeling of DNA nanostructures with fluorescent dyes, as performed for tracing
the tip of the DNA pointers, comes with several drawbacks:

e Long measurements or powerful laserbeams can result in bleaching of the dye,
which decreases the signal and consequently increases the signal-to-noise ratio.

e The resolution between two nearby fluorophores is limited by the Abbe diffraction
limit [67]. The distribution of detected photons for a single fluorophore is described
by a point-spread-function (PSF), with the centroid of the distribution being the
position of the fluorophore. When two nearby fluorophores simultaneously emit
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photons, the two PSFs overlap, resulting in combined distribution that approxi-
mates a single PSF. This is demonstrated for the case of gaussian beams in see
Fig. 5.2. Both fluorophores can only be distinguished with elaborate measurement
techniques whereby one of the two dyes can be deactivated temporarily (STORM,
STED [68,69]).

e Multiplexing can only be achieved by using various types of fluorophores that
have different excitation wavelengths. Every type of fluorophore would require its
own laser leading to an expensive and more complex optical setup. Furthermore,
fluorophores can even get excited with photons of lower wavelength than intended,
thus the channels can mix up.

DNA-PAINT (Points Accumulation for Imaging in Nanoscale Topography) is a promis-
ing alternative that solves these problems [70,71|. This imaging method builds upon
prior methods of PAINT [72]. In DNA-PAINT, fluorophores are not attached to the
structures directly. Instead, the structures have oligonucleotide extensions, the docking-
handle, to which the imager can transiently bind to. Imager strands are dye modified
oligonucleotides with complementary sequences to the docking-handle, which temporar-
ily bind to these handles. The stability of the bond can be varied by the sequence used
for the imager and the docking-handle. The on-time #y,ign, Which is the average time an
imager is bond to the docking-handle, is then given by the dissociation rate kg of the

imager, by the relation
1
torieht = —— 5.1
bright koﬁ“ ( )
The off-time tg.1, depends on the salt concentration, the concentration of the imager ¢

and the association rate k,,, by the relation

1
C'k:on‘

tdark = (5.2)

With appropriate parameter choice, the imager will constantly bind to and dissociate
from the docking-handles, which will be perceived as blinking. The concentration of
the imager should be chosen low enough, so that two simultaneous blinking events of
neighboring docking-handles at the same time are highly improbable. However, a high
concentration of imager strands reduces recording time due to more frequent binding
events. A 2D-PSF is fitted to each blink-event. Afterwards, the centroids of all 2D-
PSF localizations are visualized in a 2D-histogram. With this method, a much higher
resolution (sub 5nm spatial resolution |71]) compared to direct labeling of DNA an-
nostructures can be achieved, as the PSF-distributions of the docking-handles do not
interfere with each other.

Furthermore, bleaching is no longer problematic, as the imager near the surface that

become excited by the evanescent wave are constantly being replaced by diffusive imager
in the buffer.
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Figure 5.2. | Paint Distribution Comparison. Shows PSF of two fluorescent sites, fluorophore 1 (FI.1)
and fluorophore 2 (F1.2). The combined PSF FI.1+FI.2 provides the intensity distribution for direct labeling.
In a, both fluorescent sites are far apart from another, so that the maxima are found at the same positions
for direct labeling or PAINT-measurements. In b, the fluorescent sites are close together, so that only one
maximum can be seen for the combined channel FI.14+F|.2 and thus both sites cannot be distinguished from
another. PAINT-techniques are required.

Exchange-PAINT

Exchange-PAINT is used for multiplexing and is based on DNA-PAINT [71|. Here,
various types of docking-handles with orthogonal DNA sequences are used. The imager
only bind to their corresponding docking-handle. For each type of docking-handle, a
separate buffer is used that contains the corresponding imager. All buffers are then
exchanged and measured separately. When exchanging the imager-buffer, the sample is
washed thoroughly with a clean buffer, to ensure that no imager of the previous buffer
is left, before adding the new imager-buffer. Finally, all localizations are visualized in a
2D-histogram, color-coded with the type of imager-buffer they were measured with.

In conclusion, Exchange-PAINT provides the benefits of DNA-PAINT, plus the flexibility
that comes with multiplexing while using only one fluorescence channel.

Speed-PAINT

Speed-optimized DNA-PAINT (Speed-Paint) is based on the principles of DNA-PAINT,
but is optimized for shorter recording times. Shorter imaging is useful to reduce drifting-
related artifacts.

Using multiple docking-handles increases the on-rate k,,, which speeds up the measure-
ment. These docking-handles can be combined to one single strand, that consists of
several repetitions of the original docking sequence. However, both methods lower the
spatial resolution of the localizations.

Speed-PAINT also uses a single docking-handle with multiple repetitions, however, here
the repetitions overlap with each other. With this approach, the docking-handle can be
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shorter, which generally implies a higher spatial resolution, while still having the same
number of repetitions [73].

The on-rate k,, scales linearly with the number of repeats of the docking-handle up to
5x repeats, independently of the chosen sequence for imager and docking-handle. Using
more repeats, can lead to a decreased accessibility so that k., stagnates [73].

Naming convention

The naming-convention for the buffers used in this thesis is analog to [71,73]. Con-
ventional PAINT-imager are denoted as P1, P2, ..., P6 and SpeedPAINT-imager are
denoted with R1, R2, ..., R6. The sequences for all imager are orthogonal to each other,
enabling the ability of multiplexing.

The sequences for docking-sites for Speed PAINT begin with the number of repetitions.
For example the docking-site with sequence 5xR2 corresponds to the R2-imager with 5
repetitions implemented.

PAINT-Buffer

For all Speed PAINT-measurements, the BufferC from [73] was used, which is defined in
the Appendix A.3. In addition to the BufferC, TWEEN in was used to obtain a more
reproducable bright time.

5.1.3. PAINT image processing routine

The microscopy videos obtained from PAINT, Speed PAINT or by single particle track-
ing fluorescence microscopy measurements using TIRFM are processed, analyzed and
visualized with the software package picasso [71]. First the blink events are localized,
using picasso: localize. One can adjust the sensitivity and specificity with param-

eters like Box side length or Min. net gradient in picasso: localize . The program
then proceeds in two steps:

e Identify: Here picasso: localize searches for any blinking event with a spot-
size smaller than provided Box side length in each frame of the movie. A positive
blink-event is identified when the contrast-gradient exceeds a certain threshold.

e Fit: For the fit, every identified blink-event is fitted with a 2D multivariate Gaus-
sian distribution [74].
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Raw Movie

Figure 5.3. | Workflow DNA-PAINT analyzation. a, raw movie recorded using an TIRFM. b, histogram
of all blink-event-localizations from a, using picasso: localize . c, post-process of localizations using

picasso: render . Three corners of the baseplate become clearly visible. Scalebar: 500 nm

When using Exchange-PAINT, this localization step must be repeated for each measure-
ment separately.

The fitted blink-events can then be visualized using picasso: render . Besides provid-

ing various representations for the fits, picasso: render also allows post-processing,
for example to correct for the drift. Furthermore, localizations of multiple separate
measurements can be combined, aligned and color-coded. This is especially useful when
multiplexing with multiple different imagers.

The typical workflow used in this thesis is summarized in Fig. 5.3 on the basis of a
baseplate with 3 corners containing 3 adjoined 5xR1 docking-handles.

5.2. Structural Design of the Cargo Transport System

All structures used in this thesis were based on the CQO baseplate introduced in
Sect. 2.5. These baseplates were further equiped with functional staple extensions,
for example handles to position and store the molecular cargo. This section also de-
scribes changes performed on the pointer, so that the pickup of cargo-strands could be
realized.

5.2.1. Deposit- and Target-Handles

The deposit-handle and the target-handle are staple extensions on the baseplate, to
which cargo-strands can bind to. The goal of the cargo loading procedure is to generate
a starting configuration in which all deposit-handles have a cargo-strand hybridized to
while simultaneously preserving the target-handles.
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Multiple variations of deposit-handle and target-handle were designed and tested. All
variations had in common, that all deposit-handles and target-handles were bundled on
one side respectively. This maximized the distance between deposit-handle and target-
handle, simplifying PAINT-imaging. In the variations, the number of deposit-handles
and target-handles varied from 1 to 3, increasing the density of cargo-strands to be
loaded and transported.

In the cargo loading process, only the deposit-handles should be loaded with cargo-
strands. Methods to minimize the fraction of target handles with cargo oligonucleotides
falsely attached are described in Sect. 5.3.

The two most promising design-approaches are:

e Triple-cargo-site:
Here, three deposit-handles and target-handles are placed with radius of ~ 22nm
from the joint and ~ 9.5nm apart from each other. This equals an average an-
gular difference of ~ 26.0° between neighboring deposit- and target-handles. This
approach is shown schematically in Fig. 5.4a). Implementing three deposit- and
target-handles provides redundancy for cargo-loading.

e Single-cargo-site:
Here only one deposit-handle and one target-handle is implemented at opposite
sides of the baseplates, both ~ 22nm distant from the joint. This approach is
shown in Fig. 5.4Db).

a)

X Deposit-

X Deposit-
§ Region
)

§ Region

Figure 5.4. | Deposit- and Target-Handle. Overview of the baseplate on which cargo-strands were
stored. The pointer is not drawn. The cargo-strands were initially placed at the deposit-region and should be
transported to the target-region. The corners labeled via PAINT-handles are shown by red “X". The cargo-
strands are shown in green. Here, all deposit-sites were loaded with cargo-strands, while all target-sites
had no cargo-strands attached to. Solid-line circles represent deposit-handle, dotted-line circles represent
target-handle. a shows the triple-cargo-site design. b shows the single-cargo-site design.
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5.2.2. Pickup-Handle

A staple extension on the nanorobotic arm acts as a pickup-handle to transport the
cargo-strand. When no cargo-strands are present, the arm with the pickup-handle can
freely rotate. Applying an electric field can manipulate the pointer and therefore also
apply forces to the pickup-handle.

For the experiments, the pickup-handle was tested on two pointer constructs: The longer
High-Aspect-Ratio-Pointer and the shorter, cone-like shaped Tapered-Pointer, who was
also thicker and thus stiffer near the pivot (see Fig. 2.10). Which pointer exerts more
torque under given electric field is still subject of current research.

When the deposit-handles are loaded and the pickup-handle reaches the a cargo-strand,
either via diffusion or by electroactuation, the pickup-handle hybridizes with the cargo-
strand. Once hybridization has taken place, the arm is connected to the baseplate via
pickup-handle <+ cargo-strand <+ deposit-handle and thus cannot freely rotate anymore.
The diffusive motion of the pointer is therefore a good indicator of whether the pickup-
strand is bond to a loaded cargo-strand.

To pick up the cargo-strand, an electric field must be applied at an angle, inducing
a pulling-force on the pickup-handle via the arm. When rupture occurs, the pointer
immediately tries to align to the electric field.

At this point, it is not clear whether the cargo-strand unzipped from the deposit-handle,
or the pickup-handle sheared away from the cargo-strand. The latter case is indicated
when the pointer snaps back to the deposit-position after eliminating the electric field.
However, if the pointer remains aligned pointing towards the target-handles, a successful
transport is not guaranteed. This could for example be the case when the pickup-handle
shears away from the cargo-strand at the deposit-handle and hybridizes with a falsly
occupied target-handle. Thus the cargo-strands was visualized independently, using

Speed-PAINT.

The process of pickup and transportation with all possible cases is depicted in Fig. 5.5.

5.2.3. Marker

Marker-structures (MCQO) were used to improve drift-correction and the alignment of
the different Exchange-PAINT channels, as thees markers are visible in both Exchange-
PAINT channels and for single molecule pointer tracking. To construct marker-structures,
two approaches were tested.

The first approach used the already existing PAINT-corners of the roboarm (see Fig. 5.6a)).
PAINT handles in the three corners create a distinguishable pattern for drift-correction
and alignment. This marker did not include the pointer and arm, and therefore required
PAINT-imager to be visible. The docking-handle at the corners could either be R1, R2
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Figure 5.5. | Pickup and Transportation. The dynamics of the pointer is shown for an examplary
protocol to transport cargo-strands from the deposit-region to the target-region. Initially, no cargo-strands
are present and the pointer fluctuates without an electric field (1). After loading the deposit-handles with
cargo-strands, the pickup-handle binds to the cargo-strands, resulting in the pointer to stay localized (2).
When applying an electric field, the cargo-strand is picked-up by the pickup-handle, as the electric field exerts
torque on the arm (3). The field is then rotated so that the arm points towards the target-region, where the
cargo-strand hybridizes to a target-handle (4). The cargo-strand is then dropped off at a target-handle, as
the electric field again exerts torque on the arm (5). To pickup more cargo-strands, the electric field must
be rotated in opposite direction, so that the arm points towards the deposit-region (6). Steps 3 — 6 can be
repeated until all cargo-strands are transported from the deposit-region to the target-region.
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or both combined. If the marker is utilized for drift-correction only, then 3 docking-
handles for each corners of either R1 or R2 were implemented. However, when using
the marker for alignment as well, both types of docking-handles R1 and R2 were used
simultaneously. To obtain equal contrast independent of the imager species, only one
docking-handle per corners and imager-type was implemented.

Overall this marker-structure containing only one docking-handle per corner and imager
type was not reliable and showed low brightness compared to other structures of the
sample. This becomes even more apparent when comparing it to the CQO in Fig. 5.3,
which has 3 docking-handles per corner. There the signal-to-noise ratio is lower and all
3 corners can be seen for all structures.

Furthermore, when using this marker together with roboarm, it could easily be confused
with the roboarm, which also partially used R1 imager for the corners.

For these reasons, an improved marker was designed (see Fig. 5.6b)), that could be used
for drift-correction and the alignment for the fluorophore A655 and for both R1- and
R2-imager. This marker uses the same baseplate as the roboarm, but does not utilize
the docking-handles at the corners. The R1- and R2-docking-handles were placed in a
checkerboard pattern, containing in total 44 docking-handles. The A655-fluorophore,
was placed on the bottom-side of the marker. This marker had the advantage of being
much brighter compared to the previous marker, because it contained more than seven
times as many docking-handles. However, because the docking-handles were too closely
together, blinking events could not be assigned to the corresponding docking-site, which
thus led to lower resolution. A practical solution is to use more of the marker.

Throughout all measurements shown here, the improved version of the marker was
used.

5.3. Cargo Loading- and Transporting-Protocol

A reliable cargo-loading procedure is critically for the setup of transporting cargo-strands
from the deposit-handle to the target-handle. The roboarm is successfully loaded when
cargo-strands are attached to the deposit-handles only but not to the target-handles.
This chapter introduces three cargo-loading protocols:

e the simple protocol
e the Post-Blocking-Cargo-Loading protocol
e the Pre-Blocking-Cargo-Loading protocol

The starting point is given by a sample, in which roboarms are bond to the PEG-coated
glassslide. The loading procedure consisted of sequential buffer exchange steps, that
contain cargo-strands or other auxiliary strands. Between each buffer exchange, the
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Figure 5.6. | Marker Comparison.  Shows to types of marker-structures tested in the scope of this
thesis. a, only 3 PAINT-handles for both, R1 and R2, were used for three corners of the baseplate. The
white solid-line circles show correctly identified markers. The white dashed-line circles show markers, that
were only identified in R1 but not in R2. b, different marker that uses more PAINT-handles for M1, R1
and R2, that are all localized in the middle of the baseplate. M1 is a direct label with A655-fluorophore.
Here, the white dashed-line ellipses show marker, that are too close together to be distinguishable without
PAINT-techniques. The white solid-line circles show markers, that were correctly identified for M1, R1 and
R2. Overall, a much higher signal-to-noise ratio and fewer unidentifiable markers were seen in b compared
to a, as more PAINT-handles were implemented. Scalebar: 100 nm
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sample is thoroughly flushed with a neutralizing buffer that does not contain any DNA-
strands, to remove any unbound strands. Finally, when the roboarms are supposedly
loaded, the sample is flushed with an imaging buffer.

For simplicity, let us define domains of sequences that are similarly used on all involved
strands. Domains are denoted by a capital letter A and their reverse-complement A
Different naming of multiple domains suggest, that they are orthogonal to each other.
They are read from 5’ to 3.

The simple protocol consists in exchanging the buffer of the chamber for a short period of
time. The exchanging-buffer contains cargo-strands in low concentration, that contain a
domain C that can bind to the deposit-handles, the target-handles or both. In addition,
the cargo-strands have a domain PH, which can hybridize with the pickup-handles (see
Fig. 5.8a)). However, as only roboarm-structures with just the deposit-handles loaded
are of interest, this protocol would yield in the best case scenario only 25 % of correctly
loaded roboarms. Furthermore, the yield depends on a multitude of parameters, like the
cargo-strand concentration, the temperature or the duration of the cargo-strands being
exposed to the deposit-handles , making reproducible cargo-loading very difficult.

The post-blocking-cargo-loading protocol and the pre-blocking-cargo-loading protocol try
to solve these challenges. Both protocols are more robust against external parameters
and allow nearly perfect yield for correctly loaded roboarms. They are based on the
principle of toehold mediated strand displacement (see Section 2.4.1). For that, the
deposit-handles and target-handles have different sequences, enabling the insertion of
toeholds only for specific handles.

5.3.1. Post-Blocking-Cargo-Loading

In the post-blocking-cargo-loading protocol, all deposit-handles and target-handles are
first blocked using blocker-strands with sequence ﬁ*@*, which hybridizes to the
common domain C2 of the handles. The blocker-strands are first flushed into the
chamber. The deposit-handles have additionally a toehold B2. Once all deposit- and
target-handles are blocked, the sample is flushed with an exchange buffer containing
cargo-strands, that will only hybridize to the B2 domain of the deposit-handles. Af-
ter hybridization, toehold mediated strand displacement takes place between the in-
vading cargo-strand and the protecting blocker-strand on the deposit-handles. Thus the
blocker-strands, that were previously attached the deposit-handles, will dissociate, while
simultaneously the cargo-strand hybridize with the deposit-handles. After all deposit-
handles are loaded with cargo-strands, the sample is flushed with activator-strands. The
activator-strands are consisting of the entire complementary sequence to the remaining
blocker-strands at the target-handles. In a second toehold mediated strand displacement
(TMSD) reaction employing the toehold D2, the activator strands invade and remove
the blocker-strands from the target-handles. As a result, only the deposit-handles are
loaded with cargo-strands while the target-handles remain single-stranded.
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An overview the secondary structure and the domains of all strands involved is given in
Fig. 5.8b). This protocol has the advantage that it is much less time-dependent, as long
as TMSD can take place. The displacement rates and stability of all involved strands
mostly depend on their sequence. Therefore, this loading protocol provides a highly
reproducible method for cargo-loading.

However, this protocol also comes with several drawbacks:

e When adding the cargo-strands with a too highly concentrated buffer, or for a too
long exchange time, the cargo-strands can even displace the blocker-strands at the
target-handles.

e The cargo-strand is strongly bound to the deposit-handle, because of the added
base-pairs of the toehold formed at B2. Optimizing the sequence to favor the
unzipping from the deposit-handle B2C2 versus the shearing from the pickup-
handle PH is therefore more difficult.

e Once the deposit-handle is loaded and the target-handle is activated, diffusive
cargo-strands that remain in the sample chamber despite extended flushing can
bind to the target-handle.

5.3.2. Pre-Blocking-Cargo-Loading

The pre-blocking-cargo-loading protocol is an attempt to further improve the cargo load-
ing process. An overview of all strands involved is given in Fig. 5.8¢c). In this protocol,
the cargo-strands are added in the first step, before the target-handles are protected
with blocker-strands. Thereby the cargo-strands bond to the C3 region of both deposit-
and target-handle. Subsequently, the sample is flushed with a buffer containing blocker-
strands D3 ' B3'C3". T hereby cargo-strands attached to the target-handle are displaced
while cargo attached to the deposit-handle remain. In the last step, activator-strands
are added to remove the blocker strands again from the target-handle via TMSD.

Similarly to the post-blocking-cargo-loading protocol, cargo-strands are now only at-
tached to the deposit-handle, while the target-handle is single-stranded. However, this
protocol is much less sensitive to an upper limit of buffer exchange timings. If exceeding
optimum buffer-exchange-times, blocker-strands could start spontaneously displacing
the cargo-strand from the deposit-strand. This is less problematic than cargo-strands
hybridizing to the target-handle, which would happen when exceeding buffer-exchange-
times in the Post-Blocking-Cargo-Loading protocol. Another advantage of this protocol
is, that it can be repeated multiple times, for example after (partially) successful trans-
portation of cargo-strands from deposit-handle to the target-handle.
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a) Post-Blocking-Cargo-Loading Protocol

+Blocker-

Strands
+Activator-
Strands
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\ 4

b) Pre-Blocking-Cargo-Loading Protocol

+Cargo-

+Blocker-

Strands
+Activator-

\ 4
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Figure 5.7. | Loading Procedure Strand Overview. The sequence of strands visualized for both loading
procedures. PAINT-handels at the corners are shown as red “X". Deposit-handles have a solid-line edge,
target-handles have a dashed-line edge. Deposit- or target-handles that have cargo-strands attached to are
solid green. Deposit- or target-handles that have blocker-strands attached to are solid orange. In a, the
blocker-strands are added in the first step (1). Cargo-strands displace the blocker-strands at the deposit-
handles (2). Activator-strands bind to remaining blocker-strands. In b, the cargo-strands are added in the
first step (1) and bind to both, the deposit- and the target-handle. Blocker-strands remove the cargo-strands
from the target-handle (2) and are eliminated via activator-strands (3).
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a) Simple Protocol

C1
Deposit-Handle ‘ >
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Target-Handle N x
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PH1 C1 5xR2
1. Cargo-Strand < H
b) Post-Blocking-Cargo-Loading B2 C2
Deposit-Handle ‘ >
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Target-Handle B x
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c) Pre-Blocking-Cargo-Loading o3
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Figure 5.8. | Loading Procedure Strand Overview. All domains that are required for loading the cargo-
strands to the deposit- or target-handle are visualized and color-coded accordingly. The red “X” represents
the fixation to the baseplate. The blue “X" represents the fixation to the arm of the roboarm-structure. The
blue domain is used for PAINT-measurements with R2-imager.
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5.3.3. Bulk loading

The loading procedure in bulk requires PEG or gel purification between each step. Bulk
cargo-loading has the advantage to prepare activated roboarm structures for multiple
experiments. However, it is unknown with what rate the cargo-strands dissociates from
the deposit-handle. Furthermore, if any unbound cargo-strands remain in the sample
despite purifications, they can bind to the target-handles. Thus, bulk cargo-loading
does not provide a reproducible method loading cargo-strands on the roboarm. Thus,
we chose to perform the loading procedure on the slide.

Figure 5.9. | Bulk Cargo Loading. Bulk Cargo Loading with the triple-cargo-stites implemented and
loaded with the Post-Blocking-Cargo-Loading protocol. At this point, it is not activated. Scalebar left side:
500nm. Scalebar in a — f: 50 nm

5.3.4. Visualization Domains

Regardless of the protocol used, the cargo-strands and the blocker-strands also included
domains for PAINT that could be used for visualization in the transport experiments.
For the cargo-strands, this was the 5xR2 domain, used for SpeedPAINT with R2-imager.
For the blocker-strands, D2" or D3" could simultaneously incorporate a PAINT docking
sequence. In this thesis, often the sequence for P1-docking handle was used for this
purpose, as R1 was already used for the corners and R2 was utilized for the cargo-
strands.
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5.3.5. Cargo Transporting Protocol

The transport of the cargo-strand was tried out using electric fields that control the
roboarm. The electric field was generated by applying voltages to 4 symmetrical elec-
trodes in the chamber [20]. By varying the voltages V(t) = (V,(t), V,(t))", one could
vary the alignment and magnitude of the electric field. The electric field was primarily
used to apply a torque on the pointer of the roboarm, that should lead to the unzipping
of the cargo-strand from the deposit-handle. The cargo-transporting-protocol provides
a time-dependent function V(t) that should increase the probability of successful pickup
(see Sect. 4.1.1). For defining such a protocol, it is assumed that all roboarms on the
slide are loaded and activated. Moreover, the pickup-handle has hybridized with the
cargo-strand at the deposit-handle, thereby fixing the pointer as well.

With an electric field also comes a current caused by the ions in the buffer. This current
heats up the sample, eventually leading to structural damage of the DNA nanostructures
due to melting of individual staples [75]. Thus, the temperature increase was the limiting
factor restricting the maximal power performed by the arm.

A constantly rotating electric field is an intuitive protocol that could be used for cargo-
transportation. However, the induced torque is maximized when the electric field is
aligned perpendicular to the pointer of the roboarm (see eq. 3.4). Using a constantly
rotating electric field, the time duration where a high torque is exerted is very confined.

For that reason, the electric-field was aligned in 1-dimension only. Since the roboarm-
structures are aligned randomly on the slide, only few pointers were oriented perpen-
dicular to the electric field. However, even if not perfectly aligned, the pointers experi-
ence the torque for a longer duration, compared to a constantly rotating electric field.
This should increase the probability of the cargo-strand to successfully unzip from the
deposit-handle.

To prevent excessive heating, the 1-dimensional electric field was driven using a pulse-
width-modulated (PWM) signal.

Ve(t) =0
Ve T <t - T+ PWg, N 5.3
Vy(t):{ b o, n <t<n-T+ | n e (5.3)

0 , else

with the periodic time T' = PW,, + PW,g where PW,, and PW,g are the duty cycles
of the on- and off-time respectively. In the off-time, no electric field is present so the
sample can cool down. This phase is called the cool-down phase. An example of this
function is shown in Fig. 5.10.

Finally, the buffer composition can be varied. For example, the valency of ions in the
buffer can influence the shielding of the negatively charged backbone of the pointer,
reducing the effective torque applied by the electric field [44].
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Figure 5.10. | PWM Example.
5.4. Attempts of Cargo-Transport

When attempting to perform cargo-transportation in experiments, one could either fol-
low the process by tracing the fluorescent tip of the pointer or one could determine
the cargo position using DNA-PAINT. Measuring the pointer gives instant feedback of
the position of the pointer, giving insights into the dynamics of cargo-transportation.
However, interpreting the position of the pointer gives only implicit interpretation of
the cargo-strand. On the other hand, measuring the cargo-strands via Speed PAINT
provides explicit information about the position and thus is a straightforward approach
to verify potential cargo-transportation. In the current experimental design, the same
fluorescence channel was employed for both tracking and PAINT imaging. Therefore it
was not possible to perform both types of measurements within the same experiment.

This section presents some promising examples of two attempted cargo-transportation
experiments, using both analysis methods: observing the pointer only or detecting the
cargo-strands via SpeedPAINT. The data shown in Fig. 5.11 and Fig. 5.12 provide an
excerpt of the data collected in a TIRFM measurement.

5.4.1. Cargo transport experiments (pointer tracking)

Fig. 5.11 shows an attempt to transport cargo-strands in which the fluorophore of the
High-Aspect-Ratio-Pointer was detected while applying an electric PWM voltage in y-
direction. The cargo-transporting-protocol consisted of 5 PWM pulses with PW,, = 2s
in negative y-direction (= 3T’Trad = 270°), followed by 5 PWM pulses with PW,, = 2s in
positive y-direction (= Frad = 90°). In between the pulses, the sample could cool down
for PWog = 3s. The voltage in y-direction is plotted in Fig. 5.11c).

In the experiment shown in Fig. 5.11, the triple-cargo-site was implemented and loaded
via the post-blocking-cargo-loading protocol. For both picked roboarms, the angle is
plotted with respect to time in Fig. 5.11a-b). Angles of interest are visualized with
colored, horizontal lines in the plots. At these angles, the assumed alignment of the
pointer is sketched in the localization histogram in Fig. 5.11a-b), using the corresponding
color from the horizontal lines in the plots.
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The angle of the High-Aspect-Ratio-Pointer during the first 2s in fig. 5.11a-b) shows
the position of the pointer, before any external force was exerted. In the case of the
two picked examples, the pointers appear fixated at absolute angles of 248° for a) and
208° for b). This suggests that the pickup-handle of the pointer did hybridize with a
cargo-strand which in turn is attached to a deposit- or target-handle on the baseplate.

When applying the first 5 PWM pulses in negative y-direction, both pointers in fig. 5.11a-
b) instantly align towards the electric field. In the cool-down phases in between the PWM
pulses, the pointer immediatly snaps back to the steady state, resting position. This
indicates, that a rupture from the cargo-strand has not occurred yet. Instead, the change
of the pointer angle is very likely the result of pointer-bending. This is supported by the
fact that the pointer in Fig. 5.11b) was aligning less to the electric field than Fig. 5.11a)
(248° for b) and 262° for a)), as b) was starting from a more horizontal angle and thus
experienced more bending, compared to a).

When applying the electric field in positive y-direction, the two selected particles behave
differently, indicating two slightly different transport processes.

For Fig. 5.11a), the pointer orients at 180° during the first PWM pulse in positive y-
direction, but then snaps back again to the initial position during the cooldown-phase.
This again indicates possible pointer-bending. In the second PWM pulse in positive
y-direction, the pointer stays only shortly at 180°, before abruptly increasing the angle
to 115°. This event suggests a rupture from the cargo-strand. From this point on, the
pointer alternates between 115° and 138°, depending on whether a PWM pulse or a cool-
down phase is present. The new resting position at 138° indicates, that the pickup-handle
of the pointer has hybridized again to a cargo-strand. Thus, it could be speculated, that
a cargo-strand was transported from the deposit-area to the target-area. The difference
of angle between the initial position and the final position is 111° and therefore well in
agreement with the theoretical proposed angle of ~ 130°. The pictogram in Fig. 5.11a)
summarizes this interpretation. The pictogram is rotated so that the pointer is aligned
above a deposit- or target-handle when the pickup-handle is hybridized to a cargo-
strand. For this interpretation, it was assumed that cargo-strands only bound to the
deposit-handles and were blocked successfully from the target-handles.

In Fig. 5.11b), the pointer is first localized at 155°, as soon as the first PWM pulse
in positive y-direction is applied. Towards the end of the first PWM-pulse in positive
y-direction, the angle of the pointer abruptly increases to 105°. This suggests, that the
localizations at 155° were caused by pointer-bending, before eventually rupture occurred.
In the cool-down phase that follows the first PWM pulse in positive y-direction, the
pointer remains at 155°. This suggests, that the pickup-handle of the pointer is now
hybridized to a cargo-strand at another position. However, the angular difference of 53°
between the initial resting position and the newer resting position after applying PWM
pulses in positive y-direction is too small for a transportation from the deposit-area
to the target-area. This could be explained by a cargo-strand being transported from
one deposit-handle to the outer deposit-handle at the other side, as visualized in the
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pictogram in Fig. 5.11b). This could for example happen, when the not all deposit-
handles were correctly loaded and thus a cargo-strand could potentially bind to a free
deposit-handle during transportation.

Furthermore, the pointer in Fig. 5.11b) alternates between 124° and 105° during the
PWM pulses in positive y-direction. This could be explained by two phenomena. Since
the alignment at 124° is not delayed with a PWM pulse, it is thought to be the result of
pointer-bending, while the pickup-handle stays hybridized to a cargo-strand. Towards
the end of the PWM pulses in positive y-direction, the pointer further aligns to the
electric field up to 105°. As this consistently occurred towards the end of pulses, it could
be speculated to be result of rupture from the pickup-handle away from the cargo-strand,
for example due to heating.

The two picked examples in Fig. 5.11a-b) suggest, that a rupture of the cargo-strand
does occur. This is important to show that the applied electric field is strong enough
to rupture cargo-strands placed on the baseplates. Whether the cargo-strands thereby
unzip from the deposit-handles, or the pickup-handle shears away from the cargo-strands
can only be speculated at this point. The experiment in Sect. 5.4.2 tries to give a better
insight into the transportation-mechanism.
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Figure 5.11. | Cargo transport experiment (pointer tracking). Localizations of the High-Aspect-
Ratio-Pointer during the cargo-transporting-protocol for two selected roboarm-structures are shown in a and
b. Pictograms of the roboarm-structure are shown in the localization-images. The pictograms are positioned
in the origin of the fitted dashed circles. The rotation of the baseplate, the position of cargo-strands,
the alignment and deformation of the High-Aspect-Ratio-Pointer are result of the interpretation given in
Sect. 5.4.1. The colors of the pictogram correspond to the states in the trajectories on the right side. In
c, the PWM-signal for the cargo-transporting-protocol is shown. On the left side of c, the direction of the
PWM-pulses is shown as well as the convention for the coordinate system. The pictograms drawn are not
to scale. 83
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5.4.2. Cargo transport experiments (cargo tracking)

Fig. 5.12 shows two selected proximate roboarms in another attempt of cargo/transport.
The starting point was based on loaded roboarms via post-blocking-cargo-loading with
triple-cargo-sites for deposit- and target-handles. Like in previous experiments, the
deposit- and target-handles were activated on-slide. However, a different cargo-transporting-
protocol was used compared to the previous transportation attempt in sect. 5.4.1. In the
experiments shown here, 15 PWM-pulses (PW,, = 4s and PW,g = 25) only in positive
y-direction were applied, as plotted in Fig. 5.12b). Furthermore, the fluorophores of the
pointer was bleached before the transport protocol was applied to allow DNA PAINT-
imaging. Instead, the cargo-strand was measured using SpeedPAINT before and after
performing the transportation-protocol. To obtain the orientation of the structures, the
corners of the baseplate were measured additionally.

Fig. 5.12a) shows the drift-corrected super-resolved image of the three PAINT measure-
ments taken. The measurements were aligned and overlayed with each other. High-
precision alignment was only possible by utilizing MCQO-structures. These structures,
as well as other roboarms, are not visible in the magnified views shown in Fig. 5.12.

To better understand whether cargo-strands are attached to the deposit- or the target-
handles, the cargo-strand measurements are individually shown for both picked roboarms
separately in Fig. 5.11c-d). The shown measurements are split into 3 categories:

e Activated: showing the cargo-strands after being activated via TMSD using activator-
strands, prior to applying any electric field.

e Transported: showing the positions of the cargo-strands after applying the transportation-
protocol. The transportation-protocol was performed using the EB-buffer.

e Combined View: showing an overlay of the cargo-strands from the activated-
and transported-measurements. It should help tracing the cargo-strand from the
deposit-handle to the target-handle.

The pictograms in Fig. 5.12¢-d) should visualize a possible explanation for the observa-
tions from the activated- and transported-measurements. The orientations are roughly
aligned to the corners that can be seen in Fig. 5.12a).

In the measurement for the activated structures, both picked structures have all cargo-
strands localized in a single region. This suggests, that the activation was successful for
these structures. The activated cargo-strands in Fig. 5.12c¢) are elliptically shaped, which
could indicate, that all 3 deposit-sites of this structure are loaded with cargo-strands. In
contrast, the localizations for the activated cargo-strands in Fig. 5.12d) are more densely
packed together compared to Fig. 5.12¢), which could be a sign of a missing cargo-strand
one of the deposit-handles.

After applying the transportation-protocol, the cargo-strands for both picked roboarms
are clearly visible in two separate regions (Transported View of Fig. 5.12c-d)). Based
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on the orientation of the structure shown in c), a cargo-strand is likely to have attached
to a target-site. It could be speculated, that the pointer did successfully transport a
cargo-strand from the deposit-site to the target-site.

However, for the structure shown in d), the orientation does not indicate that a cargo-
strand is bound to a target-site. Still at least two separate cargo-strands are visible.
This could be explained by a cargo-strand switched from the middle deposit-site to the
other outer deposit-site. If both outer deposit-sites are occupied by cargo-strands, they
are 18.6 nm distant from each other and could then theoretically be distinguished from
another using SpeedPAINT. The switching from the middle deposit-site to the outer
deposit-site could as well be the result of transportation via the pointer. However, this
would not explain why the cargo-strand would not unzip again from the outer deposit-
site and be transported to a target-site. It could be speculated that the pickup-handle
that was bound to the cargo-strand was ruptured due to the heating that was caused
by the electric current.

The orientation of both structures has as a result, that the cargo-strands that are as-
sumed to be transported by the pointer, are roughly perpendicular at the deposit-sites
with respect to the direction of the electric field (77° for ¢) and 111° for d)). This would
result in a maximal torque exerted by the pointer as a consequence of the electric field
which would make a successful pickup of cargo-strands more reasonable.

This experiment yields very promising results that do indicate that cargo-transportation
could be possible. Furthermore, this experiment shows the importance of a reliable cargo-
loading-protocol and also confirms the validity the pre-blocking-cargo-loading protocol.
Finally, it was also one of the reasons for the redesign of the deposit-handles from
triple-cargo-site to single-cargo-site, as latter yields a more discrete signal regarding the
position of the cargo-strand.

However, it must be stressed, that such structures indicating potential cargo-transportation
were the exception throughout all experiments performed.
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Figure 5.12. | Cargo transport experiment (cargo tracking). Overlay of all SpeedPAINT-measurements
is shown in a. Visualized are the corners of the baseplate (blue) and for the cargo-strands before (green) and
after (red) performing the cargo-transporting-protocol. In b, the PWM-signal for the cargo-transporting-
protocol is shown. ¢ and d shows an isolated view of the SpeedPAINT-measurements of the cargo-strands
for the selected particles 0 and 1 respectively. The pictograms in ¢ and d are rotated to approximately
align to the measured corners. Here, the High-Aspect-Ratio-Pointer that was used in the experiments was
not drawn in the pictograms. The combined view presents an overlay of the cargo-strand measurements.
Scalebar: 50 nm
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5.5. Conclusion

In this chapter, we developed DNA nanorobots that are able to transport cargo DNA.
Despite being unreliable and returning only a low yield of transported cargo, we showed
that the transportation mechanism does in principle work.

In this chapter, we developed DNA nanorobots for the transport of a DNA cargo. Ex-
perimental data of individual nanorobots suggests a successful transport. However, this
successful transport was only observed for a small fraction of the observed nanorobots.
To mitigate these low yields, we introduced multiple variations of these nanorobots,
storing up to 3 cargo-strands. The cargo-strands were stored on designated deposit-
handles and were picked up by the arm. We formulated voltage protocols that would
control an electric field and thereby exert torque on the arm, transporting the picked-up
cargo-strands to designated target-handles.

We developed methods to assemble the starting configuration, where only the deposit-
handles are loaded with cargo-strands, while preserving the target-handles. In order
to locate the cargo-strands, we adapted and optimized DNA-PAINT-methods to our
nanorobots.

For that purpose, we developed auxiliary nanostructures, that improved the post-processing
of recorded PAINT localizations and thus increase spatial resolution.

5.6. Outlook

This section lists possible improvements for further research and development using the
roboarm to transport DNA cargo.

Single- or Dual-Cargo-Handles

Triple-cargo-sites provides redundancy for the cargo-transportation process, as successful
transportation of any one of the three stored cargo-strands will result in two distinguish-
able spots. However, implementing three deposit-handles as well as three target-handles
makes reproducible cargo-loading more challenging for two reasons:

e If any cargo-strands are attached to the target-handle after activation, then these
structures become invalid for potential transportation since a picked-up cargo-
strand cannot bind to an already occupied target-handle. With more target-
handles, the probability of cargo-strands being wrongfully hybridized to a target-
handle after activation increases.
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5. Experimental Part

e Implementing more deposit-handles also increases the chance that not all deposit-
handles will be loaded with cargo-strands. This can result in cargo-strands being
transported from one deposit-handle to another deposit-handle, as was the case in
Fig. 5.12d).

Thus, decreasing the number of cargo-sites should make the cargo-loading procedure
easier and also provide a more robust output-signal to identify successfully transported
cargo-strands.

A single-cargo-site variation was already developed in the scope of this thesis (see
Sect. 5.2.1), but further studies are required to evaluate the quality compared to triple-
cargo-sites. Unfortunately, the release of the cargo-strand at the target-handle is more
difficult to assess, since only one cargo-strand can be transported.

Dual-cargo-sites were not developed yet, but could potentially be an efficient compromise
between the single-cargo-site and the triple-cargo-site.

Visualization of Deposit-Handles

Implementing a Speed PAINT-handle adjacent to the deposit-handles could be useful to
verify cargo-transportation more easily. Using another orthogonal PAINT-sequence (e.g.
the R3-sequence were not yet used) provides more flexibility.

Cargo-Transporting-Protocol

All cargo-transporting-protocols used voltage curves based on PWM-signals introduced
in Sect. 5.3.5. The PWDM-signals did solve the problem of overheating, however, they
were only applied in y-direction of the sample. It is thought that an updated voltage pro-
tocol could return a better yield for successfully transported cargo-strands. For example,
the PW,, signal could be extended with a rotating, low-power electric field, transporting
the cargo-strand to the dedicated target-handles. An updated voltage protocol could
also incorporate repetitions at different angles, so that more of the randomly orientated
nanorobots will be addressed.

Multiple Fluorophore Channels

When utilizing multiple fluorescence channels, the pointer could be measured indepen-
dently of PAINT-imager. Therefore, it would not be required to bleach the pointer
anymore, when measuring activated cargo-strands prior applying the cargo-transporting-
protocol. This was briefly tested during this thesis and provided promising results.
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5.6. Outlook

Torque Optimized Pointer

Developing and implementing pointers that exert more torque on the pickup-handle
increases the probability of successful pickup of cargo-strands from the deposit-handle.
This is motivated by three reasons:

e A weaker electric field is required, thus a lower voltage is applied and less heating
occurs.

e Since the unzipping probability is expected to scale exponentially with pulling
force, (as was observed in the simulations in Fig. 4.6b)), small increase in torque
would probably lead to a much higher rate of successful pick-ups.

e When more force is available, then the deposit-, target- and pickup-handle can be
designed with a longer sequence and thus more base-pairs, compared to the design-
choice used in this thesis. With more base-pairs, the difference of force required
for shearing versus unzipping a duplex increases (before the difference converges
starting from =~ 20bp as simulated in [27]).

89






6. Conclusion

In this thesis, we investigated the physical and mechanical properties of the nanorobotic
structure by performing coarse-grained molecular dynamic simulations with oxDNA.
Thereby we found, that the joint of the nanorobot acts similar to a torsional spring that
follows Hooke’s law. We found, that mechanical energy can be stored in the joint when
winding up the arm. We showed how variations of the joint influence the torsional spring
coefficient and the range of motion of the joint. The simulations provided insights into
internucleotide interactions during wind-up.

Furthermore, we designed and experimentally tested a nanorobot that is able to trans-
port single-molecular cargo. The nanorobot was controlled using an electric field. Aux-
iliary nanostructures based on the baseplate of the nanorobotic structure were designed
to improve imaging resolution. Several implementations for the deposit-, target- and
pickup-handle were tested to increase the probability of a successful cargo-transport.
The sequences for these handles were tuned using massively parallelized simulations in
oxDNA. The experiments suggest, that single-molecular cargo is transported. However,
at the current stage, successful cargo-transport is still unreliable and happens at a low
yield.

The parallelized simulations that were used for sequence tuning provided insights into
the dynamics cargo-pickup-process. The simulations showed under which conditions a
successful cargo-pickup is more likely. We found that the dynamics of competing rupture
of a three-strand-system cannot be treated as the combined rupture of two isolated sub-
systems together.

In this thesis, we have set the foundations for a cargo-transporting nanorobot. We
expect, that the yield for successfully transported cargo can be vastly increased by
tuning the sequences using the parallelized simulations as well as by implementing the
suggestions listed in Sect. 5.6.
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A. Appendix

A.1l. Radial- and tangential component of rotating
harmonic traps

Rotating Trap — — be
A Firap = F = ks

} F = 2krsin (%)
2
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Pivot r Current position
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A.2. Sample oxDNA Input File

T
#### PROGRAM PARAMETERS ####
T
interaction_type=DNA2
salt_concentration=1.0
sim_type = MD

backend = CUDA
backend_precision = mixed
max_density_multiplier = 10
#debug = 1

seed = 42

fix_diffusion = O
i 2
#H##H# SIM PARAMETERS #i#H#
S 2
steps = 1el0

ensemble = nvt

thermostat = john

T = 20C

dt = 0.005

verlet_skin = 0.5

diff_coeff = 2.5
newtonian_steps = 103
CUDA_list = verlet
CUDA_sort_every = 0O

use_edge = 1

edge_n_forces = 1
S 2
#H##H# INPUT / OUTPUT #H##H#
S 2
topology = ...

conf_file = ...

lastconf_file = ...
trajectory_file = trajectory_out.dat
refresh_vel = 1

#log_file = log_trap.dat
no_stdout_energy = 0
restart_step_counter = 1
energy_file = energy_out.dat
print_conf_interval = 100000
print_energy_every = 10000
time_scale = linear
external_forces = 1

external _forces_file = ...
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A.3. Buffers

A.3. Buffers

NaB: 1M NaCl, 1xTAE

NaB + PEG: 1M NaCl, 1xTAE, 11% (W/V) PEG 8000

FOB20: 10xTE, 0.2M MgCl2, 0.05M NaCl

FB20: 10xTAE, 0.2M MgCI2

e EB: 6 mM MgCl2, 0.5xTBE

BufferC (PAINT-buffer): 500 mMm NaCl, 1xPBS, [l mM EDTA], 0.07% Tween20
Anti-Bleach Buffer: 2mM Trolox, target buffer, 50nMm PCD, 2.5 mMm PCA

A.4. Sequences

All sequences used in this thesis are available at
https://github.com/gouderm/MSc-DNA-Nanorobots-Directed-Molecular-Transpo
rt-and-In-Silico-Studies-of-a-Molecular-Torsion-Spring.
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