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Summary

This thesis explores how functional nucleic acids (FNAs) can be used to construct ultrasound-
responsive release systems and theranostic applications for the diagnosis and therapy of
cancer. In contrast to synthetic polymers, FNAs offer powerful sequence programmability, the
ability to form defined secondary and tertiary structures and can directly interface with
biological systems. Another outstanding feature of FNAs is that they can easily be chemically
modified. In particular, this thesis highlights two versatile techniques that can be used to
generate multifunctional NAs: rolling circle amplification and copper-free Click reaction. RCA
is an isothermal amplification technique that generates polynucleotides with very large molar
mass. Due to their size, RCA products can be used to construct US-responsive systems. They
are also a useful tool in the context of drug delivery, since they exhibit high nuclease stability
and slow renal clearance. The copper-free Click reaction is one of the most important
biolabeling reactions, which can be used to functionalize NAs with a variety of labels to facilitate
imaging or therapeutic applications.

Chapter 1 of this thesis summarizes the necessary scientific context for this work. Firstly, the
fundamentals of FNAs and their applications in the context of cancer drug delivery are
summarized. The most common reactions for the chemical modification of NAs, as well as
different labeling strategies for FNAs to facilitate various imaging techniques are discussed.
Furthermore, the basics of polymer mechanochemistry, and how they can be applied to NAs
in order to generate biocompatible mechanochemical systems are introduced.

In chapter 2, a mechanoresponsive system for the US mediated activation of an RNA-cleaving
DNAzyme is presented. This system is based on a large DNA strand generated through RCA,
onto which the DNAzyme is hybridized to deactivate it. The DNAzyme can then be released
through US and subsequently cleave its substrate which is monitored by fluorescence.
Chapter 3 presents an RCA based drug delivery system for the treatment of glioblastoma
using an in ovo model. For this purpose, the AS1411 aptamer sequence is encoded onto the
RCA strand, providing a glioblastoma targeting function. Additionally, a chelator for
radiolabeling is attached to the RCA strand through Click chemistry and the anticancer drug
Doxorubicin is loaded onto the DNA via non-covalent interactions. In combination, these
elements form a flexible theranostic platform for positron emission tomography using ®3Ga, and
the co-delivery of Dox and '"7Lu for combined chemo- and radiotherapy.

Chapter 4 introduces an aptamer Click labeling strategy to generate targeted contrast agents
for magnetic resonance imaging. The enhancement in MRI contrast is achieved through para-
hydrogen induced polarization (PHIP). When conjugated with an aptamer, these PHIP tags
are promising tools for targeted cancer imaging with MRI at low magnetic fields, for example
in portable MRI machines.

The final section summarizes this work and gives some outlook on potential future research
topics.



Zusammenfassung

Diese Arbeit untersucht die Nutzung von funktionalen Nukleinsauren (FNS) flr das Design von
Ultraschall-responsiven Systemen zur Wirkstofffreisetzung und fur die Entwicklung von
theranostischen Systemen zur Diagnose und Behandlung von Krebs. Im Gegensatz zu
synthetischen Polymeren bieten FNS effektive Sequenz-Programmierbarkeit, sowie die
Fahigkeit definierte Sekundar- und Tertiar-Strukturen zu bilden und direkt mit biologischen
Systemen zu interagieren. Ein weiterer Vorteil von FNS ist, dass sie einfacher chemisch
modifiziert werden konnen. In dieser Arbeit werden zwei vielseitige Techniken zur Entwicklung
von multifunktionalen FNS hervorgehoben: Rolling Circle Amplification und die kupferfreie
Click-Reaktion. RCA ist eine isothermale Amplifikations-Methode, wobei Polynukleotide mit
sehr hoher Molmasse generiert werden. Durch diese hohe Masse eignen sich RCA-Produkte
zur Konstruktion von US-responsiven Systemen. Sie sind ebenfalls nitzlich als
Wirkstofftransport-System, da sie hohe Nuklease-Stabilitdt besitzen und nur langsam Uber die
Nieren ausgeschieden werden. Die kupferfreie Click-Reaktion ist eine der wichtigsten
Biokonjugations-Reaktionen, und kann verwendet werden, um FNS mit verschiedenen Labels
fur Bildgebungs- oder Therapie-Anwendungen zu funktionalisieren.

Kapitel 1 fasst den wissenschaftlichen Kontext dieser Arbeit zusammen. Die Grundlegenden
Eigenschaften von FNS und ihre Anwendung im Wirkstofftransport fur Krebstherapie werden
erklart. AuBerdem werden die haufigsten Reaktionen zur chemischen Modifikation von FNS
und Labeling-Strategien fiir verschieden Bildgebungs-Anwendungen diskutiert. Zusatzlich
werden die Grundlagen der Polymer-Mechanochemie und ihre Anwendung zur Konstruktion
von biokompatiblen mechanochemischen Systemen erlautert.

Kapitel 2 prasentiert ein System flr die US-Aktivierung eines RNA-spaltenden DNAzyms.
Dieses System basiert auf einem groflen DNA-Strang, der durch RCA generiert wird, und
anschlielfend mit dem DNAzym hybridisiert wird, um dessen katalytische Aktivitat
auszuschalten. Das DNAzym kann dann durch US freigesetzt werden und anschliefend sein
Substrat spalten, was durch Fluoreszenz beobachtet werden kann.

Kapitel 3 prasentiert ein auf RCA basierendes Wirkstofftransportsystem fur die Behandlung
von Glioblastoma in einem in ovo Modell. Hierzu wird die AS1411 Aptamer-Sequenz auf den
RCA-Strang kodiert, was eine Ziel-Funktion fur Glioblastoma-Zellen bereitstellt. Zusatzlich wird
ein Chelator-Molekl fir Radiolabeling durch Click Chemie an den RCA-Strang konjugiert, und
das Krebsmedikament Doxorubicin wird durch Interkalation auf den RCA-Strang geladen. In
Kombination bilden diese Elemente eine flexible theranostische Plattform fir Positronen-
Emissions-Tomographie mit ®Ga oder den Co-Transport von '"Lu und Dox fiir kombinierte
Radio- und Chemotherapie.

Kapitel 4 stellt eine Click-Labeling-Strategie zur Synthese eines gezielten Kontrastmittels fir
Magnet-Resonanz-Tomographie vor. Die Erhdhung des MRT-Kontrasts wird in diesem Fall
durch Para-Wasserstoff induzierte Polarisation (PHIP) erzielt. Aptamere, die mit diesen PHIP-
Labels konjugiert werden, sind ein erfolgsversprechendes Kontrastmittel flr gezielte
Tumorbildgebung durch MRT bei niedriger Magnetfeldstarke, z.B. in portablen MRT-Geraten.
Der letzte Abschnitt fasst die erzielten Ergebnisse zusammen und stellt potenzielle darauf
aufbauende Forschungsthemen vor.
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Aim and motivation

Cancers are still some of the most life-threatening diseases with a notoriously high recurrence
rate after traditional treatments, due to the formation of metastases. Current chemo- and
radiotherapy are also accompanied by heavy side-effects, while many cancer types are able
to develop resistance towards these treatments. In order to increase the patient survival rate,
methods to diagnose cancer earlier and to increase the therapeutic efficacy of drugs need to
be developed. Modern technologies allow these modalities to be combined into theranostic
systems, which allow real-time monitoring of the therapeutic progress and enable cancer
treatments to be heavily personalized."

An important aspect of theranostic systems is their targeting ability, which facilitates their
accumulation at the cancer site after systemic application. This is achieved by conjugating a
targeting moiety either directly to the drug/tracer molecule, or to the surface of carrier systems,
for example nanoparticles. On the diagnostic side, this allows for the early detection of
metastases, increases contrast between healthy and diseased tissue and therefore makes it
possible to accurately assess the disease state. Therapeutic applications also benefit from a
targeting function, since it increases the local drug concentration at the tumor site, leading to
increased therapeutic efficacy and reduced side-effects.?

Commonly used targeting moieties are antibodies, cell specific metabolites or a class of
functional nucleic acids (FNAs) called aptamers.®! These are synthetic DNA or RNA
oligonucleotides that fold into specific 3D structures, which gives them the ability to bind target
molecules or receptors with high affinity and specificity. Among targeting ligands, aptamers
stand out, since they offer low immunogenicity and are cheap to synthesize. NAs can easily
be chemically modified compared to other biomacromolecules like proteins. This allows
aptamers to be conjugated with different labels for various imaging applications or with drugs
for targeted therapy. In vivo applications of aptamers still suffer from low circulation times, due
to renal clearance and nuclease degradation, but modern systems try to address this by
increasing the molecular weight of the conjugates and through the use of chemically modified
oligonucleotides.™!

While the use of targeting ligands greatly boosts the efficacy of theranostic agents, off-target
effects still occur. To further increase the specificity, stimuli-responsive systems have been
developed.®! Compared to traditional “always-on” systems, they offer higher signal to noise
ratio and a lower limit of detection during diagnostic applications, as well as reduced drug
toxicity for therapeutic applications. Tumor-related stimuli, for example high amounts of
reactive oxygen species (ROS) or low pH, can act as convenient triggers to activate these
systems, but external stimuli like light can also be used.

A notable external stimulus is ultrasound (US), which is already widely used in clinical practice
for non-invasive imaging or cancer therapy due to its high tissue penetration depth. Polymer
mechanochemistry is a research field that explores how mechanical forces, including US, can
be exploited to induce chemical transformations in polymers.t® Traditionally, mechanochemical
systems use strong cavitational US that is not biocompatible, since the energy barrier for
activation is quite high. However, more sophisticated mechanochemical systems can be
designed based on non-covalent interactions, which lowers the activation barrier and makes
them responsive to lower energy US.! These systems might form the basis for the
development of theranostic systems, which are activatable with clinical US.



This thesis explores how nucleic acid (NA) based systems can act as a platform to overcome
these diverse challenges for the design of stimuli-responsive theranostic applications. Their
sequence programmability allows for easy incorporation of a targeting moiety through an
aptamer sequence. Other functional sequences can be incorporated that directly interface with
biological systems, for example DNAzymes. Due to their ability to form supramolecular
interactions, NAs also exhibit some unique mechanoresponsive properties that can be
exploited for the design of US-activated systems. Lastly, this thesis demonstrates how the
functionality of NAs can be vastly expanded through Click-labeling to facilitate various imaging
modalities and targeted therapy.



1. Introduction

1.1 Functional Nucleic Acids

1.1.1 Base Pairing Interactions

NAs are composed of the nucleobases adenine, guanine, cytosine, thymine (only DNA) and
uracil (only RNA), which are attached to a ribose unit (2’-desoxyribose for DNA) and connected
through phosphate groups between the sugar units. These structural features enable multiple
supramolecular interactions, including electrostatic interactions at the phosphate groups,
hydrogen bonding at the amine groups of the nucleobases and stacking interactions with the
m-systems of the nucleobases. Two very important binding modes, which lead to the formation
of DNA secondary structures, are Watson-Crick base pairing® and Hoogsteen base pairing.!!
Both base pairing types are stabilized through hydrogen bonds with opposing nucleobases
and Tr-stacking with adjacent nucleobases. Other factors impacting the thermodynamic
stability of base pairing are the reduction in entropy caused by the base pairing, counterion
concentration and hydration.!”

The most famous NA

Watson-Crick Hoogsteen

secondary structure
is the DNA double

NH,--- O NH2 (0] . .
2 X N— = helix (B-DNA), which
<,N N HN\H/N% <}\J /N HN\”/NW consists of two DNA
21 N/) O T (anti) N) O T(antij strands coupled
A (syn) ¢ through Watson-

A (anti
(@nt) Crick base pairing.®

H,N .
P NS -
o m ) HzN\(\ B-DNA is best known

|
ANON g ‘ for its function of
NH \ﬂ/ ) 0 NH* N .| uncti :
< PY -0 ¢ (anti) HN N storing genetic
NTONTNH, HQN/L\N Iy © c*(antj information in
G (anti N eukaryotic cells and
(ant G (syn) several bacteria and
Figure 1. Watson-Crick and Hoogsteen base pairing modes. viruses. Hoogsteen

base pairing is responsible for the formation of other secondary structures like triplexes, G-
quadruplexes and i-motifs. In the genome, these non-canonical secondary structures are often
found in promoter regions and play a role in regulating gene expression through the binding of
transcription factors!'''2 or the inhibition of nucleosome formation.['*'¥ These secondary
structures are also prone to mutations and are often involved in the development of
diseases.!">"% Beyond these simple base pairing modes, nucleic acids can also form a variety
of non-canonical base pairs like wobble pairs, reversed Watson-Crick and Hoogsteen pairing,
sheared conformations or multiplets.'"”! These interactions can form long range tertiary
contacts, and are therefore responsible for the folding of NA secondary structures into tertiary
structures. In the cell, these complex structures are typically formed by RNA which enables it
to perform a large variety of functions, for example tRNA, ribosomes, ribozymes or
riboswitches. Even though DNA generally exhibits lower structural diversity than RNA, it still
has the potential to form functional tertiary structures.



Triplex (parallel) Triplex (anti-parallel) G-Quadruplex

s
PN
N =N N,G =0-"- N
o H H,N NH '
! o H,N o
L NHe7 O | NHp~ - O A S NH
T 1 , o | 2
N--- HN_' N N ' HN

N X T =
¢ | A o y ﬁN HN_ N, N o= &GN
U | Set o

Reverse Watson-Crick Reverse Hoogsteen Wobble Pair
!5‘
N

$ 4 O%\

.O<_N \ﬁ- /EO T
. N HN_' N

NH, o T o H NN
N X N r” : NH2 O ; O
N N/) ¢ 1A ¢ G
3 N">N7 N™ N7 NH,

8 3

Figure 2. Examples of non-canonical base pairing modes.

1.1.2 SELEX

This chapter focuses on two classes of functional DNAs: DNAzymes (catalytically active DNA
oligonucleotides) and aptamers (oligonucleotides which bind targets with high affinity and
specificity). These are not found in nature but through an in vitro enrichment process called
“systematic evolution of ligands by exponential enrichment” (SELEX).'"®'9 During this process,
functional NAs are selected from a library of random oligonucleotides, which are obtained
through phosphoramidite synthesis, followed by in vitro transcription in the case of RNA. These
oligonucleotides typically contain a random sequence in the middle and two defined primer
binding sites at the ends to enable polymerase chain reaction (PCR). During aptamer SELEX,
this library is then incubated with the immobilized target molecule, non-binding
oligonucleotides are washed off, and the binding oligonucleotides are amplified through PCR
to obtain an enriched library. This process is then repeated up to 20 times to obtain the
oligonucleotides with the highest affinity for the target. Since its inception in 1990, this process
has been optimized by developing new methods for the design of libraries and the separation
of bound oligonucleotides (electrophoretic mobility, magnetic beads), by using more complex
targets (cell & in vivo SELEX) and by improving the post-selection evaluation and modification
process.?” SELEX for ribozymes follows the same principles, but separating the catalytically
active sequences from the library is a bit more complicated. To solve this problem, Silverman
and colleagues have pioneered product-capturing strategies, which couple the reaction
product with another oligonucleotide in a follow-up reaction. Due to its increased molecular
weight, this construct can then be separated from the library through gel-electrophoresis.?"
Since SELEX is a time consuming procedure, in silico methods are becoming increasingly
relevant in the process of finding new aptamers and ribozymes.??
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1.1.3 Aptamers

Aptamers are synthetic oligonucleotides which fold into tertiary structures that can bind targets
with high affinity and specificity. The first aptamer was found in 1990 by Ellington and Szostak,
which was an RNA aptamer with the ability to bind anthraquinone dyes.!"® They also coined
the term aptamer, which is derived from the Latin word “aptus” (to fit) and the Greek word
“mers” (particle). Due to their function, aptamers are often compared to antibodies, but since
they are NAs they have some inherent advantages over proteins, including cheaper and faster
synthesis, higher thermal stability and higher chemical modifiability. The size of aptamers
usually ranges from 35 to 100 nt, which means they can either act as a receptor for small
organic molecules and metal ions or as a ligand for larger molecules (e.g. proteins). Their
selective binding ability has been exploited in different diagnostic and sensing applications.
For these systems, aptamers can be combined with different readout mechanisms in a modular
fashion, which include optical methods (fluorescence, colorimetry), electrochemical methods
(potentiometry, impedimetry, voltammetry) and mass sensitive methods (quartz crystal
microbalance, microcantilever).l?>241 One big category of applications for these sensors is the
detection of pathogens, which include bacteria (e.g. Staphylococcus aureus 29,
Mycobacterium tuberculosis®?®®), viruses (e.g. HIV®# Influenzal®®), and parasites (e.g.
Plasmodium and Trypanosomal®). Another area of application is the detection of
environmental pollutants like antibiotics®®”, bisphenol ABY, heavy metals®? and pesticides.
Aptamer sensors are also used to detect biomarkers for the early diagnosis of cardiovascular
and neurological diseases, as well as cancer.®* Cancer cells can also be targeted directly
through specific receptors on their surface, which can help in the detection of metastases.

Beyond detection, aptamers are a popular tool for the treatment of cancers, since their
targeting ability can greatly reduce side effects and boost therapeutic efficacy of
chemotherapeutic drugs. For the purpose of cancer therapy aptamers have been conjugated
with different therapeutic agents, for example nucleic acids like siRNA, miRNA or shRNA,
which can suppress the expression of a variety of disease-related genes. These chimeric
RNAs are typically synthesized through in vitro transcription, with a DNA template containing
the aptamer and siRNA sequence connected with a few spacer nucleotides.>%6 Both RNA
fragments can also be assembled through non-covalent interactions like Watson-Crick base
pairing®! or biotin-streptavidin coupling.®® Aptamers can also be coupled with small organic
drug molecules like Doxorubicin (Dox) or Paclitaxel, which are commonly used in
chemotherapy. Covalent conjugation with drugs can be achieved through different reactions,
including N-hydroxy succinimide (NHS) coupling®®, thiol-maleimide Michael-addition®®, or
formaldehyde mediated coupling of two amine groups.®*" Chemotherapeutics, for example 5-
fluorouracil, can also be directly incorporated into aptamers through phosphoramidite
chemistry.[*?l Some drugs can form non-covalent interactions with aptamers, for example Dox
can be loaded onto NA double helixes through intercalation.®¥! Instead of conjugating aptamers
directly to drug molecules, they can be used to decorate the surface of particle based drug
delivery systems (DDSs). Popular carrier systems include polymer particles, e.g. poly(lactic
acid)/polyethylene glycol (PLA/PEG)™“4, gold nanoparticles® or lipid nanoparticles.“®! Due to
their receptor binding ability, aptamers can also act as therapeutics themselves, by either
acting as an agonist activating a receptor or an antagonist blocking a receptor. One example
of an aptamer antagonists is the NX1838 aptamer, which binds the vascular endothelial growth
factor (VEGF)®*"! and therefore has potential to combat pathological angiogenesis during the
proliferation of tumors. Aptamer agonists are generally rarer than antagonists, but one example
is the 4-1BB aptamer, which stimulates T-cell activation for cancer immunotherapy.®
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Figure 3. Examples of aptamer-based systems for imaging (left) and therapeutic (right)
applications. Created in BioRender. Rath, W. (2025) https://BioRender.com/s17w753.

The biggest factor limiting the potential of aptamers for in vivo applications is their short half-
life, caused by nuclease degradation and renal clearance. In order to avoid nuclease
degradation, aptamers can be modified at the sugar unit with a 2’-amino, 2’-fluoro or 2’-O-
methyl function.*®! Locked nucleic acids (LNAs) have also been utilized as backbone
modification.®® Alternatively, chemical modifications can be implemented at the nucleobases,
for example 2'-fluoropyrimidines.“® Additionally, an inverted deoxythymidine nucleotide can
be inserted at the 3’-end to further enhance nuclease stability.®" Ideally these chemical
modifications are already applied during the SELEX process, since post-SELEX modification
of aptamers can reduce their target affinity.®? To avoid renal clearance, the molecular weight
of aptamers has to be increased above the renal filter threshold (30-50 kDa). To achieve this,
aptamers can be conjugated with molecules such as PEGP® or cholesterol.®* Multivalent
aptamer constructs are also large enough to avoid renal clearance and additionally exhibit
increased binding affinity.®® Even though aptamers generally induce less side effects than
antibodies due to their lower immunogenicity and toxicity®®!, adverse reactions to aptamer
therapy have been observed in clinical trials.®”! These might be caused by the polyanionic
nature of the aptamers, which promotes non-specific binding to blood proteins and subsequent
accumulation in non-target tissues.®® These side effects can be further exacerbated by
chemical modifications like an LNA backbone!® or 2’-fluoropyrimidine bases.®® PEGylated
aptamers can also cause severe allergic reactions in patients with pre-existing PEG
antibodies.5"



1.1.4 DNAzymes

The first catalytically active NA was reported in 1982, which is a self-splicing RNA sequence
in Tetrahymena®, and over a decade later in 1994, the first catalytically active DNA
(DNAzyme) was discovered through SELEX.[®! Since DNA exhibits higher chemical stability
and nuclease resistance than RNA, and therefore is much easier and cheaper to synthesize
and handle, DNAzymes have attracted the interest of many researchers. This has led to the
development of new in vitro selection methods® and the discovery of a plethora of DNAzymes
which catalyze various reactions, including DNA/RNA ligation, ester hydrolysis or thymine-
dimer cleavage.?" 8581 An important subclass of DNAzymes are RNA-cleaving DNAzymes.
The most prominent DNAzymes in this subclass are two Mg?*-dependent DNAzymes named
Dz8-17 (also known as 17E) and Dz10-23, which were identified by Santoro and Joyce in
1997.151 These DNAzymes, which consist of two side chains and a catalytic core, catalyze
RNA cleavage through a nucleophilic attack of the 2’-hydroxy group of the ribose unit towards
the phosphate backbone. The side chains bind to the substrate through Watson-Crick base
pairing and their sequence can be arbitrarily chosen, because they are not involved in the
cleavage reaction. The side chains of the substrate can also consist of DNA, since only the
nucleotide at the cleavage site requires a 2’-hydroxy group. The sequence of the catalytic core
is mostly fixed and folds into a specific tertiary structure with the help of the M?* cofactor. This
geometry aligns the phosphate and 2’-hydroxy group of the substrate in a way that facilitates
the nucleophilic attack.® Since the 8-17 and 10-23 DNAzyme sequences are very simple,
they have been isolated in other independent in vitro selection experiments, a phenomenon
that has been called the “tyranny of the small motif”."®! Due to their ubiquity, these DNAzymes
have been studied extensively and have been used in a variety of applications.["®
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Figure 4. Reaction mechanism of 8-17-catalyzed RNA cleavage. (a) Orientation of
nucleobases and cofactor at the catalytic site of the DNAzyme. (b) Nucleophilic attack of 2’-
OH group at phosphate leads to formation of a cyclic intermediate, which is subsequently

hydrolyzed.

The first big area of application for RNA-cleaving DNAzymes is sensing, the most important
one being heavy metal ion sensing, since they are major environmental toxins. DNAzymes
enable on-site detection of heavy metals in the environment and the monitoring of their in vivo
distribution after ingestion. Since the original 8-17 and 10-23 DNAzymes bind M?* cofactors
quite promiscuously, versions of them have been engineered, that bind specific metals with
high selectivity."""21 For metal sensing applications, the DNAzyme-substrate complex is
typically pre-formed and upon addition of the metal cofactor, the substrate gets cleaved. One
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of the oldest and most popular readout methods for DNAzyme sensing is the catalytic beacon,
which consist of a fluorophore-quencher pair attached to the adjacent ends of the DNAzyme
and the substrate strand.® Upon substrate cleavage, the fluorophore dissociates from the
quencher and its fluorescence gets switched on. Other examples of detection methods are
colorimetric readout!”, which is particularly useful for on-site applications, or electrochemical
readoutl”™, which is less prone to background noise than optical methods. Besides metal ions,
DNAzymes have also been used for the detection of proteins!’®’" or nucleic acids!’®, by being
coupled with various recognition domains.

Another field which utilizes DNAzymes is cancer gene therapy.l”® The substrate binding
domains are freely programmable, therefore these DNAzymes can degrade any target mRNA
and suppress tumor growth through different mechanisms: Firstly, the expression of
oncogenes can be downregulated, for example the transcription factor c-Jun, which regulates
cell proliferation, transformation and apoptosis in healthy cells, but is overexpressed in
melanoma cells.® Cancer cells also commonly express membrane transport proteins, which
can remove drugs from the cell, for example MDR1. By reducing the expression of these
proteins, drug sensitivity can be restored.®"l Lastly, DNAzymes can be used to reduce the
expression of endothelial growth factors (EGFs), thereby reducing angiogenesis, which plays
an important part in tumor growth and the formation of metastases.®?

RNA-cleaving DNAzymes have clearly demonstrated their potential for therapeutic and
imaging applications, but their transfer to in vivo applications presents problems, mostly
concerning stability and off-target effects. DNAzymes exhibit higher nuclease stability than
their RNA counterparts, but it is still a limiting factor for in vivo applications of DNAzymes. To
combat this, their stability has been enhanced through chemical modifications like xenobiotic
nucleic acids (XNA)®3, 2'-O-methyl modifications®*! or phosphorothioate backbones.®®! Other
problems that arise are poor cell uptake and low cofactor concentrations in the cell. By utilizing
DNAzyme delivery systems, for example liposomes, polymers or inorganic nanoparticles®®,
their cell uptake can be improved and additionally, their circulation time after systemic
application can be increased through reduced renal clearance. These delivery systems can
also be conjugated with targeting agents, e.g. aptamers, to further increase the local DNAzyme
concentration at the target site. One of the biggest innovations for DNAzyme based sensing in
cells have been caging-decaging strategies which enable spatiotemporal control over
DNAzyme activity and therefore reduce false-positive signaling.®”! These strategies usually
involve a chemical modification to the DNAzyme, which suppresses its catalytic activity and
can be cleaved off through an external stimulus.®88% Such strategies have been realized using
light(®7- %91 heat®'*2 enzymes® or ROS[® as external stimulus. Chapter 2 presents a system
for the US mediated activation of a DNAzyme. So far there is only one example utilizing US
for the activation of an RNA-cleaving DNAzyme, which has been reported by Lu and coworkers
in 2022.%1 |n this system, the DNAzyme is deactivated through hybridization with a protector
strand, which prevents the catalytic core from forming. Upon heating to 43 °C with the help of
high intensity focused ultrasound (HIFU), the base pairing with the protector strand gets
cleaved and DNAzyme activity is recovered. This system’s utility has also been demonstrated
in vivo, however potential problems might arise due to the prolonged hyperthermia (30 min)
that is necessary for activation. Also, the specificity of heat as a stimulus is generally low. By
switching to a mechanochemical activation mechanism, we hope to create a more sensitive
system with a more specific stimulus, and therefore less off-target effects.



1.1.5 Rolling Circle Amplification

As outlined in the last paragraphs, in vivo applications of aptamers and DNAzymes are often
limited due to rapid renal clearance and nuclease instability. These two problems can be
addressed by utilizing rolling circle amplification (RCA) based systems. RCA is an isothermal
amplification technique, which is conceptually similar to the PCR, except it uses a circular
template.l-%"1 The circular template is typically generated through the circular hybridization of
a single stranded template with a primer followed by enzymatic ligation, typically with T4 DNA
ligase. This process is often referred to as “padlock ligation”. Afterwards, a phage derived DNA
polymerase with a 5’-3’ strand displacement function (P29, Bst or Vent exo polymerase) is
used to generate polynucleotides with the repeating complementary sequence of the template.
Due to the high activity and processivity of the phage derived DNA polymerases, very large
molecular weights can be achieved for these polynucleotides. The template sequence can be
freely chosen, so functional DNA sequences like aptamers and DNAzymes can be
incorporated into the RCA strands. During the enzymatic DNA synthesis from dNTPs,
pyrophosphate is formed as a side product, which forms insoluble Mg.P-O; with the
magnesium ions from the polymerase buffer. This Mg2P207 co-crystalizes with the DNA
strands and forms DNA nanoflowers (DNFs). These are particles comprised of an inorganic
Mg2P-07 core with the DNA adsorbed to the surface.[*&°9

Nucleotides &7 —

Figure 5. Padlock ligation, RCA and the subsequent formation of DNFs. Created in BioRender.
Rath, W. (2025) https://BioRender.com/a26j677.

Since the DNA is present in this condensed state and has very few nicking sites, it is highly
resistant against nuclease degradation.!'-19 Due to their high biostability and biocompatibility
DNFs have been used for a variety of bioimaging and therapeutic applications.['°1%2 |n this
thesis, two different novel applications for RCA are presented: Firstly, a DNF based system for
the US triggered activation of a DNAzyme is shown in chapter 2. In this system, the DNAzyme
is deactivated by hybridizing to a complementary RCA strand and its activity is recovered
through ultrasonication. The reason to use a DNF based system for this task is the RCA
strands’ large molecular weight. This makes the DNA US-responsive and enables the
DNAzyme to be released through a mechanochemical mechanism. The scientific background
behind this US mediated release mechanism is discussed in chapter 1.2. DNF based systems
have also been used to deliver DNAzymes for cancer gene therapy in the past.['%! DNFs are
interesting in this context, since the Mg-P>07 nanoflowers dissolve under acidic conditions, and
therefore provide additional Mg?* ions for the DNAzyme.

The second RCA system in this thesis, which is presented in chapter 3, is an aptamer based
system for the targeted delivery of anti-cancer drugs. DNF based DDSs can achieve long
circulation times in vivo, since DNFs naturally exhibit higher nuclease stability than their
oligomeric counterparts and their renal clearance is also suppressed, due to their large
molecular weight. This also mitigates the need for conjugation with polymers like PEG, which
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can cause adverse effects. Their very high DNA content helps to exploit the multivalency effect
for increased binding affinity and to retain targeting ability in case of partial nuclease
degradation. Due to these advantages, DNF based aptamer DDSs have already attracted
some attention in the past.[104-109]

1.2 Polymer Mechanochemistry

The macroscopic mechanical properties of polymer materials have been studied for a long
time. They often exhibit viscoelastic properties, meaning they exhibit behaviors of both solids
(elastic) and liquids (viscous).l'%! These macroscopic attributes are determined by molecular
characteristics like molecular mass, chain entanglement and crosslinking density. The
mechanical toughness of polymer materials can be characterized by metrics like tensile
strength, failure strain or fracture toughness.'”! During these stress tests, force gets
transferred into individual polymer chains, leading to chemical aging due to bond breakage
and eventually mechanical failure.
Aside from solid
polymer materials,
force induced bond
scission can also occur
in polymer chains in
Dumbbell solutions. This was first
observed by
Staudinger in 1930
Half Dumbbell  @ft€r  exposing  poly
styrene (PS) to high
shear  flow.['1 A
Folded polymer coil passing
through a flow field
Kinked gets elongated once
the hydrodynamic force
exceeds the entropic
elasticity of the
polymer.['% Bond
scission occurs once
the strain rate ¢
exceeds the critical
strain rate &, which is inversely proportional to the molecular weight of the polymer.['10-112]
Mathematical calculations like the “yo-yo” model predict, that the strain rate is highest at the
center of the polymer chainl''%, and indeed this is where chain scission primarily occurs.
Shearing experiments on fluorescently labeled DNA molecules have enabled the visualization
of the stretching of individual polymer chains, which can adopt a large variety of stretched
conformations including dumbbell, half dumbbell and folded geometries."'? The dumbbell
conformation closely resembles the “yo-yo” model, but it is still unclear which conformations
promote midpoint scission, since this phenomenon was also observed for partially uncoiled
polymers.[113-114]

Coiled

Figure 6. Conformations of polymer chains during stretching.
Created in BioRender. Rath, W. (2025)
https://BioRender.com/p39g383.
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1.2.1 Ultrasound and Cavitation

The term US describes longitudinal pressure waves between 20 kHz and 100 MHz. When US
is applied to a liquid medium and the negative pressure of the soundwave exceeds the internal
pressure of the medium, the liquid evaporates and so-called cavitation bubbles are formed.['
Microbubbles can also be added directly to the medium to enhance bubble nucleation.
Therefore microbubbles enhance cavitation and increase contrast for US imaging, making
them an important tool in various therapeutic and imaging applications.['"®! After nucleation,
the cavitation bubble’s size oscillates correlating with the acoustic pressure and slowly grows
over many cycles. Once a critical size is reached, the bubbles collapse violently, resulting in
localized increases in temperature and pressure up to 4500 K and several hundred bar. These
collapses can also be accompanied by the emission of light (sonoluminescence). Cavitation
events can induce chemical transformations in solution through a variety of effects, which can
be separated into two categories: radical and mechanical effects.® """ Radical effects, like the
generation of ROS due to homolytic cleavage of water molecules, occur under the extreme
conditions in collapsing cavitation bubbles or at the gas-liquid interface. The most important
mechanical effects are shockwaves!'"® and microjets!''®, which are direct outcomes of
cavitation bubble collapse, and are responsible for the induction of shear forces in solution.
These mechanical effects can induce polymer chain scission if the hydrodynamic force is
strong enough, similar to the elongational flow fields described above.!'?-2 Other mechanical
effects include acoustic streaming, which is induced by the US wave itselfl'??, or
microstreaming caused by oscillating cavitation bubbles.['®! These effects are weaker than
shockwaves and microjets and cannot induce chemical transformations, but they enhance the
mass transport in solution.

US induced bond

Acoustic scission typicall
Pressure y‘? y
occurs  homolytically,

/\ /\ /\ /\ which has been

confirmed by radical
‘ \/ \/ \/ \/ Time trap  experiments!
and isotope

labeling.l'®® It was

discovered early, that a
large molecular weight
is a very important
parameter to ensure a
high rate of US induced

Bubble Growth chain scission. For
Bubble over multiple Bubble example, during the US
Nucleation Oscillation Cycles Collapse induced scission of PS

in decalin a minimal
Figure 7. Cavitation bubble nucleation, growth and collapse in molecular weight of 30

response to the US pressure wave. Created in BioRender. Rath, W. kDa was found.['2
(2025) https://BioRender.com/o76e095. While molecular weight
is an important factor, a lot of contextual parameters also have been uncovered over the years.
For example, recent studies have shown, that contour length and not molecular weight is the
crucial parameter influencing scission rate.'?’-128 For this reason, polymer architecture plays
a major role in determining the scission behavior.'?®! Polymer-solvent interactions also play a
crucial role, since swollen polymer coils undergo a coil-stretch transition more easily than
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collapsed coils, and are therefore degraded faster.['?]

While bond scission in elongational flow fields is largely independent of solvent viscosity!'3"!
and temperature!3', US induced bond scission is dependent on a variety of solvent properties,
which influence the cavitation process. The most important solvent parameter is vapor
pressure, which is inversely proportional to the chain scission rate.'3>'3% Since solvents with
higher vapor pressure are more volatile, more vapor is generated upon nucleation of a
cavitation bubble. This vapor is believed to have a cushioning effect on the collapse of the
bubble, therefore reducing the generated shear force. Vapor pressure is also proportional to
the solvent temperature, therefore increases in temperature typically lead to a decrease in
scission rate.['**'3% The viscosity of the solution is inversely proportional to the bond scission
rate, since the collapse of cavitation bubbles in solvents with high viscosity generate lower
shear forces. Additionally, viscous solvents exhibit an increased cavitation threshold. High
polymer concentrations can also increase the viscosity of the solution and therefore lower the
scission rate.[132 136-137]

1.2.2 Mechanophores

Mechanochemical bond scission can fundamentally be described as a thermally activated
process!'®® whose rate is predicted by the Arrhenius equation. The mechanical force however
lowers the activation energy required for bond scission, since increasing the bond distance
between two atoms increases the bond’s potential energy, as described by the Morse potential.
The “thermally activated barrier to scission” (TABS) model can be derived from these two
equations.l"® This means, that the rate of mechanochemical bond scission is directly
correlated with the bond dissociation energy. Therefore, weak bonds can be strategically
incorporated into polymers to induce bond scission at defined points of the chain, so called
mechanophores. An early example of this has been shown by Radic and coworkers!'*%, who
incorporated a peroxide bond into poly vinylpyrrolidone, which is significantly more labile than
a C-C bond (146 kJ/mol vs. 348 kJ/mol'#). In the 2000s the field of mechanophores was
vastly expanded by Moore et al., who designed a plethora of new mechanophores, including
Azo-bonds!'?®!, benzocyclobutenel'#? or spiropyranes.l'4®!

1.2.3 Soft Mechanochemistry

Mechanical force has also been shown to affect non covalent interactions between polymer
chains, including hydrogen bonding!44, Tr-stacking!'*! or metal coordination.!"®! This has led
to the design of mechanophores which rely purely on non-covalent interactions like hydrogen
bonding and closely resemble natural structures like DNA base-pairing!™” or beta sheets.['48]
Other examples of supramolecular mechanophores are based on excimers, which separate
upon force application, and in turn exhibit a blue shift in fluorescence.['*) Mechanoresponsive
supramolecular materials can be applied for US mediated drug delivery!'*® or force sensing.['®"!
Besides disrupting supramolecular bonds, mechanical force can also induce conformational
changes in covalent bonds!'%2, which is the mechanism upon which many mechanosensitive
biological systems rely.l's3l All these non-covalent chemical transformations are typically
reversible and require low mechanical force, therefore they are referred to as soft-
mechanochemistry.[”!
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1.2.4 Chemical Ultrasound vs. Medical Ultrasound

Besides its utility in mechanochemistry, US is an ubiquitous clinical tool which has a variety of
diagnostic!'* and therapeutic!'® applications. Therefore, it seems like a natural conclusion to
utilize mechanochemical concepts for the development of new clinical applications. Indeed US
has proven to be viable stimulus to control the release of drugs (sonopharmacology)!%% 156-158l
or the expression of genes (sonogenetics).'™ US is an elegant trigger for biological
applications, since it offers accurate spatiotemporal resolution and higher tissue penetration
than other stimuli like light, therefore enabling non-invasive treatment. A big barrier for the
mass adoption of these novel US applications in biological systems are the safety risks
associated with prolonged exposure to US. These risks result from the thermal and mechanical
effects of US.['Y |n a few applications, these effects can be useful, for example during tumor
treatment through hyperthermial'®"! or thrombolysis through cavitation effects!'®?, but they
necessitate strict safety guidelines to avoid injuries like burns or bleeding.'®® An important
parameter to judge the safety of US is the mechanical index (M), which quantifies the amount

of cavitation generated by US. It is calculated with the following equation:

P
Ml =—

7

P: Acoustic pressure [MPa]
f. US frequency [MHZz]

Below an MI of 0.5 no cavitation bubbles are formed and the maximum MI approved by the
FDA for diagnostic imaging is 1.9.['" Since the MI is inversely proportional to the US
frequency, lower frequencies, e.g. 20 kHz, are mostly reserved for mechanical shearing
applications. There are rare examples of 20 kHz US being used for clinical applications like
transdermal drug delivery!'®!, which benefits from strong cavitation to disrupt the skin barrier
(sonophoresis!'®®), but most medical applications like imaging are performed at higher
frequencies above 1 MHz and low intensities.

1.2.5 Towards Biocompatible Mechanochemistry

Since the use of 20 kHz US in biological systems is so limited, it has been a challenge to apply
mechanochemical principles for the design of biomedical systems. One potential solution for
this problem is to use high intensity focused US (HIFU) instead of 20 kHz US, since it typically
operates at higher frequencies (500 kHz — 5 MHz) and therefore exhibits a lower MI. The
activation of a naphthopyran-, dioxetan- and an azo-mechanophore through HIFU have
already been demonstrated by Moore and coworkers.['*7-1%8 Recently, the Herrmann lab has
also successfully activated disulfide mechanophores through HIFU.['®®! Additionally, Robb and
coworkers have shown, that the activation of 2-furylcarbinol mechanophore with HIFU can be
enabled by the addition of microbubbles.['’% All these examples have utilized HIFU to induce
covalent bond breakage in mechanophores, but to achieve a further reduction in activation
barrier, mechanophores can be designed with the principles of soft mechanochemistry in mind.
Therefore, the Herrmann group explored the potential of biomacromolecules like DNA for
mechanochemical applications, since their functions usually emerge from their noncovalently
assembled secondary and tertiary structures.

Many of the mechanosensitive DNA systems we have designed are based on DNFs generated
through RCA (see chapter 1.1.5). Since RCA strands have a very large contour length, they
are susceptible towards US. Since the RCA template sequence can be freely customized, a
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variety of functional DNA motifs can be incorporated into the DNFs, including aptamers,
DNAzymes and restriction sites.['’ Based on this, we have been able to design different force
responsive DNF systems to control the activity of the enzyme thrombin!'"?! or the antibiotics
neomycin B and paromomycin.l'”®! Both examples utilize DNFs bearing the aptamer to either
thrombin or the antibiotic (polyaptamer), which deactivates the catalytic or antimicrobial activity
of the ligand upon binding. Through the application of US, the hydrogen bonds stabilizing the
aptamer secondary structure, as well as the covalent bonds at the DNA phosphate backbone
get cleaved!'7, resulting in the release of the ligand. Both these systems can be activated with
20 kHz US, and the thrombin-polyaptamer system is responsive towards 5 MHz HIFU as well.
Very recently we have developed the first mechanochemical system that can be activated with
diagnostic US (4-12 MHz, MI=0.9).['"® This system again utilizes a DNF based carrier system,
onto which therapeutic oligonucleotides are loaded through Watson-Crick base pairing. We
have successfully used this system to release CpG oligodeoxynucleotides (ODNSs) in vivo with
the help of diagnostic US, in order to achieve targeted immunostimulation through the TLR-9
pathway. These three examples illustrate that DNFs are a versatile platform for the design of
force responsive release systems, which have the potential to bridge the gap between
chemical and medical US applications due to their low activation barrier. In chapter 2 of this
thesis, a DNF based system for the US triggered activation of an RNA cleaving DNAzyme is
presented.

1.3 Cancer Drug Delivery

1.3.1 Historic Development of Chemotherapy

Chemotherapy is one of the most common cancer treatments besides surgery and radiation
therapy. It was pioneered after World War Il by Louis Goodman and Alfred Gilman, who
observed significant anti-cancer effects after administering nitrogen mustard to lymphoma
patients.['’61771 These compounds have originally been designed as chemical warfare agents,
whose toxicity is caused by the formation of interstrand cross-links (ICL) between DNA
molecules.['8 Other early chemotherapeutics also work by disrupting DNA replication, such
as 5-fluoro-uracill'®, mitomycin C['®! or cisplatin.'”®"! Since cancer cells divide faster than
healthy cells, these compounds disproportionally affect cancer cells, but healthy tissues are
still damaged, which can lead to strong side-effects. In order to reduce these side effects, more
specific treatments had to be developed. Paul Ehrlich, who also was a pioneer of
chemotherapy, recognized this need for targeted therapy early in his career and coined the
term “magic bullet” to describe these treatments.['® In order to achieve this,
chemotherapeutics have been developed in the 1970s and 1980s, which interact with the
specific cellular signaling pathways that are dysregulated in cancer cells. These signaling
abnormalities include an upregulation of angiogenesis and growth signals as well as
suppression of apoptosis.l'®! An important class of drugs that interfere with these specific
pathways are tyrosine kinase inhibitors, which block the ATP binding site at the intracellular
kinase domain of various receptors like the EGF receptor or the VEGF receptor, therefore
inhibiting their downstream signaling pathways.['®! More recent research has focused on the
development of drugs that target metabolic pathways!’®® ion channels'® or the
epigenome.l'®” Despite these advances in drug development that enable pharmacological
targeting of cancer cells, the outcomes during therapy have been sobering, since the uptake
of drugs into the target cells is typically very low.
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1.3.2 Tumor Microenvironment

In order to explain the process of drug delivery into the target cells, it is important to understand
the patterns of pathogenic angiogenesis in tumors.['®! Angiogenesis in tumors is mediated
through different growth factors, most importantly VEGF.['®! The expression of these growth
factors is upregulated in response to metabolic stresses like lack of oxygen and low
intracellular pH, mechanical stress through the pressure of proliferating cells or genetic
mutations. This unusual growth factor profile leads to the formation of irregular, highly
branched vasculature!’®, which is not fully surrounded by perivascular cells (e.g. pericytes)
and therefore lacks vasoactive control, leading to permanent dilation.'®! This lack of
perivascular support alongside wider interendothelial cell junctions and the lack of a basement
membrane promotes increased leakiness of the tumor vasculature compared to the
surrounding tissue.!'%?! VEGF also promotes fenestration of newly formed vasculature, further
increasing the permeability of the tumor vessels. ['%1 Another feature of tumor tissue is its
distinct lack of lymphatic drainage, especially at the tumor center, which is likely caused by the
mechanical stress that gets exerted onto the newly forming lymphatic channels by the rapidly
proliferating cancer cells.[' This lack of lymphatic drainage combined with the increased
permeability of the vasculature leads to an increase in interstitial pressure inside the tumor.['%
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Figure 8. Different features of the tumor microenvironment, which hinder the delivery of drugs
into the tumor cells. Created in BioRender. Rath, W. (2025) https://BioRender.com/z79d908.

Since tumor vessels exhibit irregular branching patterns and are permanently dilated, the blood
flow in these vessels tends to be stagnant and undirected. This, in addition to the high
interstitial pressure, leads to slow and inhomogeneous blood circulation. Systemic therapies
rely on passive transendothelial drug delivery, which is purely based on a concentration

gradient between blood and tumor. This typically results in a very low percentage of the given
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drug actually reaching the tumor site (< 1%), thus necessitating very high drug doses, which
in turn lead to drug toxicity.['%! Some attempts have been made to increase therapeutic efficacy
of drugs by improving the blood flow into the tumor, for example through the co-administration
of VEGF blockers.[”! These anti-angiogenic therapies have yielded mixed clinical results so
farl’®® since many tumor types can establish their blood supply through VEGF-independent
processes, for example vessel-co-option.[199-200]

1.3.3 Drug Resistance

Besides the low delivery efficiency of drugs into tumors, cancer cells can also develop multi
drug resistance (MDR) in response to the exposure to chemotherapeutic drugs. The processes
behind the development of MDR vary between drugs and cancer types, but possible
mechanisms include increased repair of DNA damage, suppression of apoptosis, upregulation
of alternative signaling pathways and alterations in drug metabolism and drug transport.!2°"!
The best known drug transport protein is P-glycoprotein (P-gp)®?°4, which recognizes hundreds
of hydrophobic molecules that accumulate in the lipid bilayer of the cell membrane and expels
them. Due to its substrate promiscuity, P-gp plays an important role in the development of
resistance to a variety of drugs. One of the drugs whose resistance is mediated through P-gp
is Dox, which is also used in the system presented in chapter 3. Dox is used for the treatment
of various cancers including breast cancer?® lung cancer?*, bladder cancer?® or
glioblastoma.%! |t is an anthracycline drug, which interferes with DNA replication by inhibiting
Topoisomerase I, intercalating into DNA double helixes and disrupting DNA-histone
binding.?°" Side effects include major cardiotoxicity, gonadotoxicity or even the formation of
therapy-related malignant neoplasms, therefore it is not recommended to increase the dose,
once Dox resistance develops in a patient. In order to prevent the formation of Dox resistance,
the cellular mechanisms that stimulate the expression P-gp have been extensively studied. For
example, P-gp expression can be downregulated by inhibiting the PI3BK/AKT/mTOR signaling
pathway2%® or by reducing NRF2 signaling.2%!

1.3.4 Glioblastoma and the Blood Brain Barrier

Glioblastoma is a highly aggressive and treatment-resistant form of brain tumor.?'% The
standard treatment is comprised of surgical removal followed by chemotherapy with
temozolomide, but the current 5 year survival rate is < 10 %. Glioblastoma’s treatment
resistance seems to arise from its uniquely complex tumor microenvironment and its
propensity to mutate in response to external stress.?'" One of the most prevalent mutations is
found in isocitrate dehydrogenase (IDH). IDH mutated glioblastomas are associated with better
disease outcomes, but also recur more often with malignant transformations.?'?! An additional
reason for glioblastoma’s treatment resistance is the blood-brain barrier (BBB), which greatly
limits the passage of drugs into the brain.!?'® The BBB is a non-fenestrated barrier that consists
of specialized endothelial cells, which are connected through transmembrane proteins to form
tight junctions. These endothelial cells are supported by pericytes and astrocytes.?'* The BBB
only lets small hydrophilic molecules (<500 Da) and hydrophobic molecules like O2 or CO2
diffuse through, while larger molecules like glucose or insulin get transported across by
pinocytosis, receptor- or carrier-mediated transcytosis and solute-carrier-protein
mechanisms.[?"! In addition, P-gp has also been found on the surface of endothelial cells of
the BBB, which further prevents drugs like Dox from entering the brain.?'® In many
glioblastoma patients the BBB is disrupted, since hypoxic glioblastoma cells release VEGF,
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which promotes the formation endothelial cells with downregulated expression of the
transmembrane proteins that form tight junctions.?'” This helps to increase the permeability of
the BBB, although in a very heterogeneous fashion, which is why additional disruption is
needed to overcome the BBB for drug delivery. One of the earliest methods to open the BBB
has been through osmotic shrinkage of the BBB endothelial cells.?'® Other strategies rely on
the invasive administration of wafers or infusates.?'”l Recent research focusses on the
transient opening of the BBB through focused US.[22%
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Endothelial Cell

Figure 9. Architecture of the BBB and its disruption through glioblastoma. Created in
BioRender. Rath, W. (2025) https://BioRender.com/b49x088.

1.3.5 Targeted Drug Delivery

Due to low drug accumulation in the target cells and the development of MDR, it has become
clear that pure pharmacological targeting is not sufficient to realize Paul Ehrlich’s vision of the
“‘magic bullet” that selectively kills cancer cells. In order to further boost therapeutic efficacy
and to reduce drug toxicity, targeted DDSs have been developed.??!! These systems rely on
carrier materials to transport drugs to the tumor site and can roughly be categorized into two
categories: passive targeting and active targeting. Passive targeting is based on the
accumulation of nanoparticles (d < 200 nm) at the tumor site, due to the increased leakiness
of the vasculature and poor lymphatic drainage. This phenomenon is called enhanced
permeability and retention (EPR) effect. Encapsulation of drugs into nanoparticles also
increases the blood circulation time, since they are above the size threshold for renal clearance
(20-30 nm or 60 kDa).l?22-2231 Many different materials have been used for particle based drug
delivery, including gold??4, silical??®!, liposomes!??®! and polymers.©??”] Particle size is arguably
the most important parameter for the design of these systems, since it fundamentally affects
the biodistribution. Particles with a size below 30 nm are rapidly cleared through renal
excretion, 30-150 nm particles preferentially accumulate in the bone marrow, the heart, the
kidney and the stomach, while 150-300 nm are found mainly in the liver and the spleen. The
optimal size for tumor targeting seems to lie between 70 and 200 nm.[?%8! This medium size
seems to balance out plasma half-life, vascular permeability and tumor clearance.??®! Other
parameters that impact the biodistribution of particles include surface charge!?*” and shape.?3"
Despite all advances in the field of passive tumor drug delivery, delivery efficiency of
nanoparticles is still quite low, therefore necessitating the use of active targeting strategies.
These strategies utilize nanocarriers that are conjugated with antibodies, aptamers, peptides
or carbohydrates, which recognize cell surface proteins that are overexpressed in cancer cells.
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Common targets include the EGF receptor!?*? or the tumor necrosis factor (TNF) receptor 2.123%
Historically, antibodies have been the most popular targeting agents, but since their discovery
in the 1990s, aptamers have seen widespread use.?*¥ The general advantages and limitations
of aptamer conjugated DDSs have already been discussed in chapter 1.1.3. The first
examples of aptamer-based cancer drug delivery have been presented in 2006 by two
independent research groups. Both used an anti-prostate specific membrane antigen (PSMA)
aptamer to deliver siRNA into prostate cancer cells.®® 38! Since then, various cancer targeting
DNA aptamers have been developed, for example the 5TR1, 5TRG2 or MA3 aptamers, which
all target the Mucin 1 (MUC1) protein[?®!, or the Sgc8-c aptamer, which targets the receptor
tyrosine kinase PTK7.[2%]

1.3.6 AS1411 Aptamer

The DNF based DDS presented in chapter 3 utilizes the AS1411 aptamer, which specifically
binds to nucleolin, a protein that is overexpressed on the surface of various cancer cells.!?*"]
AS1411 (also known as AGRO100) is a G-rich DNA 26-mer that forms uni- and bimolecular
G-quadruplex structures with a predominantly parallel conformation.?%®! Studies have
demonstrated the intrinsic therapeutic effects of AS141123%-2401 byt it is mainly used as a
targeting agent. There are examples of AS1411 drug conjugates, for examples with Dox[?4" or
melittin®*?, and numerous examples of AS1411 conjugated nanocarrier systems, including
chitosan particles®?, PLGA particles?*, silica particles?®®, liposomes?*! or DNA
tetrahedrons.?*"1In 2019, Li et al. have demonstrated that Dox can be loaded onto the AS1411
aptamer solely through non-covalent interactions, instead of forming a covalent aptamer-Dox
conjugate.?*® This is achieved through intercalation of Dox into the aptamer’s G-quadruplex
structure. In the same study, the authors have observed increased accumulation of Dox in the
nucleus and higher cytotoxicity after the administration of AS1411-Dox complexes, compared
to free Dox. This effect can be explained by the endocytotic uptake of the AS1411-Dox
complex, which circumvents the P-gp mediated removal of Dox from the cell. Nucleolin is also
involved in nucleocytoplasmic transport processes?*®!, which explains the increased
accumulation of the AS1411-Dox complex in the nucleus.

1.3.7 Glioblastoma Targeting

Since the success rate of systemic glioblastoma treatment is so low, current research is
focusing on targeted strategies to combat glioblastoma. On the one hand, new drugs are being
developed for the pharmacological targeting of specific genotypes of glioblastoma, for example
the IDH mutated variant.?'? Another important goal is to overcome the complex tumor
microenvironment of glioblastoma. For this purpose, aptamer-based systems have been
developed for a variety of molecular targets, and one aptamer has entered phase 1/2 clinical
trials so far.?° Among the various aptamers, AS1411 has also been used to construct targeted
DDSs for the treatment of glioblastoma.?>'-2%%l, Additionally, the transport of drugs across the
BBB has to be further improved. Aside from the methods to transiently increase permeability
of the BBB that are described above, physiological transport processes like receptor-mediated
transcytosis can be exploited. A common pathway for this is the transferrin receptor, which can
be targeted with antibodies®?*®! or peptides!?®’, and more recently aptamers have been
developed for this purpose.l?®® These aptamers have been used to construct dual-targeting
systems in combination with a cancer targeting aptamers like AS1411.[25%-260 |n this thesis, an
AS1411 based DNF system is used. The general advantages of using DNFs for drug delivery
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purposes have already been discussed in chapter 1.1.5. Very recently; DNFs specifically
bearing the AS1411 aptamer sequence have been shown to be effective DDSs.[?61-2621 This
thesis builds upon this concept by introducing a chelator for radiolabeling through Click-
chemistry (see chapter 1.5).

1.3.8 Chicken Embryo Model

During pre-clinical studies, animal models provide valuable information that in vitro models
cannot deliver, including disease progression, off-target effects and toxicity. Since the
postulation of the 3Rs principle (reduction, replacement and refinement) by Russel and Burch
in 1959, there has been an increasing drive to reduce animal experiments.?%3! To achieve this,
more complex in vitro models have been developed, like 3D cell culture modelsi?®* or
microfluidic “organ-on-a-chip” models.?®® These microfluidic models are also specifically
available for glioblastomal?%¢-2671 and the BBB.[?°®! Even though these in vitro models are
becoming more advanced, they still cannot provide information about off-target effects,
pharmacokinetics and toxicity. The chicken (Gallus Gallus) embryo is a more complex model
which still meets the 3R criteria to reduce animal use.?®® Chicken embryos are considered to
be a more ethical animal model, since they only experience pain in their later parts of
development (day 15+).27% For this reason, chicken embryos are exempt from many
regulations concerning the protection of lab animals, for example the EU guideline
2010/63/EU. Additionally, chicken embryos grow much faster than mammals, making the
model overall easier to handle, faster and less costly. During its development, the embryo is
surrounded by the chorioallantoic membrane (CAM), which is a highly vascularized structure
that is responsible for the exchange of O, and CO; between the embryo and the environment.
Since the CAM undergoes rapid angiogenesis during its development, it has been used as
model environment to study anti-angiogenic drugs?’"! and wound healing.?’? It is also an ideal
environment for tumor xenografts, since it mimics the mammalian tumor stoma.?”3! Tumor
xenografts in the CAM grow much faster compared to mammal models, since the chicks
adaptive immune system is only fully functional after hatching.?”# Since the CAM is readily
accessible through a fenestration in the eggshell, these tumor models are easy to handle and
treatment outcomes can be immediately observed. For these reasons, CAM xenograft models
are a popular tool for the assessment of tumor angiogenesis and metastasis potential, as well
as the efficacy of various treatment and imaging modalities.?”®! The CAM xenograft model has
been extensively used to evaluate the efficacy of various nanoparticle-based DDSs.[275-276]
Chicken embryos are a good model for the distribution of particle-based DDSs, since
macrophage-like cells are present in the liver of the embryo and are capable of phagocytosing
particles after day 12, similar to mammal models.?’ They also accurately model unwanted
interactions with plasma proteins, extravasation and interactions with interstitial fluid in the
tumor.?’’1 Some studies have directly compared the efficacy of nanoparticle-based DDSs in
CAM xenograft and mouse xenograft models, and observed very similar results.278-279
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1.4 DNA Functionalization

1.4.1 Bottom-up Synthesis of Nucleic Acids

The main two synthesis methods for NAs are either chemical synthesis or enzymatic
polymerization, which respectively utilize phosphoramidites or nucleoside triphosphates as
building blocks. The bottom-up synthesis of these building blocks has opened up the possibility
for extensive chemical modifications of NAs. Nucleotide synthesis starts off by choosing a
nucleobase. Besides the natural nucleobases, a variety of modified nucleobases can be
chosen, for example halogenated nucleobases.?®” These can easily be further functionalized,
for example through Suzuki coupling®®! or Sonogashira coupling?®? to introduce Click-
functionalities like azides or alkynes. Methylated nucleobases, which play important roles in
vivo, can also be incorporated.[?%3
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Figure 10. Examples of various chemical modifications of DNA.

In the next step, the sugar unit is introduced, which can also be heavily modified. For example
2’-O-alkylated sugars or LNA modifications can be incorporated during this step.!?®4 Finally,
the 3’-OH group of the sugar is coupled with either a phosphoramidite moiety to perform
chemical NA synthesis or with a triphosphate unit for enzymatic NA synthesis. When
comparing the two synthesis approaches, the phosphoramidite method allows for the synthesis
of large amounts of NAs, but it is limited to short oligonucleotides.?®s The handling of
phosphoramidites is especially complicated, since they are prone to oxidation and degrade
quickly in the presence of small amounts of water.?8¢! Enzymatic synthesis enables the
formation of longer NA strands, but is only suitable for small amounts. Additionally, the
polymerase enzymes might not be compatible with fully synthetic nucleotides. Overall, the
bottom-up modification of NAs through fully synthetic nucleotides is an invaluable tool to
expand the functionality of NAs, but it is very labor intensive and poses unique synthetic
challenges. Therefore, it makes sense to only introduce selected functional groups like azides,
alkynes, amines or thiols through synthetic nucleotides, which allow the post-synthetic
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modification of NAs with more complicated label molecules. The position in which these
chemical handles can be introduced into oligonucleotides is dependent on the synthesis
method. Phosphoramidite chemistry enables the modifications to be inserted at very specific
spots in the sequence. For example, it is very easy to terminally functionalize NAs at the 5’- or
3’-end through commercially available phosphoramidites.?®”! This is for example utilized during
the synthesis of molecular beacons (compare chapter 1.1.4).288 Chemical synthesis also
accommodates a wide variety of internal nucleobase modifications?®®, 2’-OH modifications on
the sugar unit?°>-2°! and backbone modifications.?°? Enzymatic synthesis generally offers less
flexibility for the attachment of chemical handles. Modifications are also less site-specific, since
the modified nucleoside triphosphates are statistically incorporated into the chains.
Nucleobase modifications are usually attached at the 5-position for pyrimidines and at 7-
position for purines, since they are best tolerated by polymerase enzymes.?®! Some
polymerases, especially DNA polymerases, also cannot process nucleotides with 2’-OH
modified sugars due to steric hindrance.?®¥ To widen the scope for enzymatic polymerization
of modified NAs, the polymerase compatibility of many nucleotides has been evaluated?® and
mutation studies have been conducted on polymerase enzymes to expand their nucleotide
tolerance.!?®® Backbone modifications can also be incorporated during enzymatic NA synthesis
through the use of a-phosphate-modified triphosphates.’2°7]

1.4.2 Post-synthetic Modification

Post synthetic labeling reactions need to achieve high selectivity and yield under mild
conditions, ideally in aqueous solution. The oldest biolabeling approaches involve the coupling
of an amine function with thiocyanates, activated esters or acid chlorides.?® Since these
reactants quickly degrade in the presence of water, various alternatives have been developed.
For example, thiol groups can be used for the coupling with maleimides!?®®, disulfides®® or a
bromoacetyl group.B°" Alternatively, maleimide functions can also be utilized in the Diels-Alder
[4+2] cycloaddition.? Another highly selective cycloaddition is the Huisgen [2+3]
cycloaddition between an azide and an alkyne. This reaction is often referred to as “Click
reaction”, and arguably is the most important biolabeling reaction.% The first iteration of the
Click reaction has been catalyzed by Cu(l), but in order to avoid copper’s cytotoxicity, metal
free versions of this reaction have been developed. These metal free Click reactions typically
employ cyclic alkynes, for example dibenzocyclooctyne (DBCO), which exhibit a lot of ring
strain due to the linear alkyne bond. An alternative use for an azide moiety is the Staudinger
ligation, which allows the coupling of azides with triarylphosphines.%

1.4.3 Backbone Complexation

Due to their polyanionic nature, post-synthetic NA chemistry is limited to aqueous solution only,
with a limited possibility to add co-solvents. This can hinder the post-synthetic modification of
NAs with hydrophobic moieties or water-labile compounds, e.g. NHS esters. There are
however strategies to transfer NAs to organic solvents through complexation with cationic
lipids, which form a contact ion pair with the anionic phosphate backbone of the NA. This
results in a charge neutral complex in which the hydrophobic tails of the lipids are attached to
the NA in a brush-like fashion. This technique was pioneered by ljiro and Okahata in 199230,
and has since been a popular tool to enable the use of NAs in organic media. At the Herrmann
group, we have demonstrated this approach’s usefulness numerous times. For example, in
2014 we have used didoceyldimethylammonium bromide (DDAB) for the complexation of
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ssDNA to enable its subsequent functionalization in THF and CHCI3.B%! This way we have
been able to couple a 5’-amino functionalized DNA with NHS esters or acid chlorides of
hydrophobic compounds like pyrene or triphenylphosphine. Additionally, we have been able to
perform post-synthetic Sonogashira coupling between a 5-iodouracil base and 1-
ethynylpyrene by transferring the DNA into the organic phase this way. One drawback of this
method is the very narrow range of surfactants that are suitable for the complexation of DNA,
which need to be hydrophilic enough to be soluble in water and hydrophobic enough to
precipitate the DNA complex from aqueous solution. To address this problem and widen the
scope of possible ligands for the backbone complexation of DNA, we developed a two-step
complexation method in 2015.83%1 This process starts with the precipitation of DNA through the
addition of 4-(hexyloxy)anilinium hydrochloride (ANI-HCI), which can then be exchanged with
other amphiphilic amines in organic solvents. This ligand exchange is unlikely to be purely
diffusion based, since it is performed in solvents with low dielectric constant, which heavily
favor the formation of a contact ion pair between DNA and ANI. Therefore, it has been
hypothesized that the ligand exchange is driven by the transfer of a proton from the ANI onto
the more basic aliphatic amine. Since its inception, this two-step complexation method has
proven a useful tool to obtain complex DNA-based supramolecular assemblies.[08-3%

1.5 Chelator Labels

Chapter 3 presents a DNF based DDS, which is post-synthetically Click-functionalized with
the chelator NOTA. This chelator can bind the radionuclides 3Ga and ""Lu in order to enable
positron emission tomography (PET) imaging and endogenous radiotherapy respectively. PET
is a powerful diagnostic method, which is based on the detection of the gamma radiation that
gets emitted during the annihilation reaction between a positron and an electron. Through the
application of positron emitting tracers which selectively accumulate in cancer cells, PET can
be utilized for the identification of tumors and metastases. A traditional tracer molecule is
Bfluoro-2-deoxyglucose (FDG), which accumulates in tumor cells due to their increased
metabolic rate and makes them visible for PET due to the positron emission of '8F.
Unfortunately, this method is quite unreliable, since FDG also gets taken up by healthy tissues
or inflammatory cells like macrophages.®'® To enable the specific uptake of positron emitters
into cancer cells, targeting ligands like antibodies, peptides or aptamers can be used.
Aptamers are becoming increasingly popular in this field, due to their advantages that have
been discussed in chapter 1.1.3. In the past decade, %8Ga has become a popular positron
emitter for PET imaging, since it is conveniently available through the decay of ®Ge and does
not require a cyclotron.B'! For this reason, %Ga is also used in this work. Other suitable
isotopes for PET imaging are **™Tc, ""In or 84Cu.B' In order to label targeting agents like
aptamers with these radioactive isotopes, they are usually complexed with a chelate ligand,
which can then be conjugated to the targeting moiety. Various cyclic and non-cyclic chelators
are available®®'3, but one of the earliest chelators for ®Ga which is still relevant today, is
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA).B™

DOTA coordinates %8Ga®" through its 4 nitrogen atoms and 2 of its 4 carboxy groups, leaving
2 carboxy functions to be utilized for conjugation reactions.®'® Typical conjugation methods
include coupling amine compounds with DOTA NHS ester'6-318 or other activated esters.®'9
These methods have also been used to couple DOTA with Click moieties for subsequent
biolabeling!32%-3211 which resembles the approach that is implemented in chapter 3. With time,
2,2',2’-(1,4,7-triazacyclononane-1,4,7-triyl)triacetic acid (NOTA) has overtaken DOTA as the
most popular ®Ga chelator. Chemically, these two compounds are very similar, therefore they
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can be conjugated through similar methods and complex ®Ga®* through the same functional
groups. Even though NOTA has fewer binding sites, it exhibits higher binding affinity for ©Ga®*
than DOTA, because the smaller ring structure offers a better fit for 8Ga3*.*??l For larger metals
like lanthanoids, the smaller amount of coordination sites can lead to low binding affinity.
Therefore NOTA derivates have been developed, which are not conjugated through the acetic
acid groups, for example 1,4,7-triazacyclononane-1-glutaric acid-4,7-acetic acid (NOGADA) or
NOTA-p-Bn-SCN.323!

Figure 11. Complexes of DOTA with (a) Ga®* ion or (b) Lu®* ion.

Due to its ability to penetrate tissues, gamma radiation is very useful for diagnostic
applications. For endogenous radiotherapy, alpha and beta radiation are needed, since they
actually get absorbed by tissues where they cause ROS mediated DNA damage.?? Common
alpha emitters are ?25Ac, 2'2 Pb and 2"'At32%], and typical beta emitters are *°Y, '88Re or '77Lul®?¢],
the latter is also being used in chapter 3. The premier chelate ligand for '’Lu is DOTA, which
complexes it with all of its 8 binding sites.®?”] Despite its smaller ring size, NOTA can still bind
77_u, although the stability of the complex is lower compared to DOTA, especially if one of the
carboxy groups is used for conjugation reactions. While complex stability is an important
consideration, other factors can impact the choice of chelator molecule, for example
complexation kinetics and the required temperature.®?®! These parameters are typically
proportional to the number of coordination sites, which is the reason why DOTA radiolabeling
is slow and requires high temperatures. This can cause problems when using radionuclides
with a short half-life time, e.g. 8Ga, or heat sensitive ligands, e.g. antibodies.

The high chemical and thermal stability of aptamers compared to antibodies makes them ideal
targeting ligands to be radiolabeled. The first radiolabeled aptamer has been the TTA1
aptamer, which has been conjugated with the chelator mercapto-acetyl diglycine (MAG2) and
radiolabeled with ®MTc.®?°l The AS1411 aptamer has also been radiolabeled in various
studies, for example with **™Tc for the PET imaging of prostate cancer®*® and glioblastomal®"!
or with #Cu for the imaging of lung cancer®*? and glioblastoma.l**® Besides the aptamer, the
choice of chelator also has a great effect on the pharmacokinetics.?*? Due to their low
molecular weight, radiolabeled aptamers still get easily cleared from the bloodstream through
renal and hepatic clearance. To mitigate this, radiochelators can be attached to the surface of
nanoparticles, which additionally can be decorated with targeting moieties.®34 This approach
gets also implemented in chapter 3, where a DNF based DDS bearing the AS1411 aptamer
is presented, which is radiolabeled through Click chemistry. To achieve this goal, azide
functionalized RCA products are synthesized through the addition of N8-(6-azido)hexyl-dATP
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to the RCA reaction mixture. In 2021, Brown and coworkers have already demonstrated the
synthesis of modified RCA products and their subsequent Click functionalization.?%! In that
study, various 5-modified dUTPs have been used for the introduction of the Click handles into
the RCA strands, which have previously been known to be compatible with ®29
polymerase.® |n this work, the successful formation of RCA products using an N8-modified
dATP is demonstrated for the first time. These azide-modified RCA products are then
decorated with DBCO-NOTA to enable PET imaging with ®®Ga and endogenous radiotherapy
with "7Lu.

1.6 Hyperpolarization
1.6.1 Nuclear magnetic resonance basics

Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool for the structure
elucidation of organic molecules and magnetic resonance imaging (MRI) is a widespread
clinical imaging method. Both are based on the physical principle of magnetic resonance,
which is explained below.®*"! Protons and neutrons are fundamentally characterized by a
magnetic spin quantum number ms. This number can assume the values V2 or -2, which are
commonly referred to as “spin up” and “spin down”. Protons and neutrons combine to form the
atomic nuclei, which possess a total nuclear spin /. In the case that all protons and neutrons
are paired, | assumes a value of 0, and if the number of protons and neutrons is odd, / is a
multiple of .. The number of possible spin states is 2/+1 and only nuclei with / > 0 can be
observed by NMR spectroscopy. The most important example is 'H, which has / = % and
therefore two possible spin states. In the absence of an external magnetic field Bo, these spin
states are degenerate, but when the nuclei are exposed to an external magnetic field By, the
spins orient themselves parallel (a) or antiparallel (8) to Boand the energy levels of these states
are split up due to the Zeeman effect.
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Figure 12. Nuclear magnetization of "H nuclei resulting from exposure to external magnetic
field Bo. (a) Spin state a is parallel to By, spin state B is antiparallel. The magnetic moment
vector M of the nucleus precesses around By. (b) The a spin state is more populated and the
precession of M is phase incoherent. This results in a net magnetization parallel to By. Created
in BioRender. Rath, W. (2025) https://BioRender.com/i83h987.

The a state is energetically favored, therefore it is more populated, which results in a net
nuclear magnetization M in the direction of Bo. Additionally, the magnetic moment vectors of

24



the nuclei precess around the direction on By at the angular frequency w (Larmor frequency),
which is dependent on the gyromagnetic ratio y of the nucleus and the strength of By. In thermal
equilibrium, these precessions are out of phase, therefore the net magnetization M is parallel
to Bo, but they can be moved out of equilibrium through nuclear resonance. This occurs when
a second magnetic field By, which is perpendicular to By and oscillates at w, is introduced. This
causes the precessions of the magnetic moments to be phase coherent, making M rotate
around the axis of B.
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Figure 13. Nuclear resonance and relaxation. (a) When B; is applied, nuclear resonance
occurs and M precesses around Bjy. After By is removed, M undergoes longitudinal relaxation
(b) and transversal relaxation (c¢). Created in BioRender. Rath, W. (2025)
https://BioRender.com/x51i344.

After By is removed, M undergoes relaxation into its equilibrium state. During the relaxation
process, M rotates around the z-axis of By. This rotating magnetization can then induce a signal
in an RF coil, enabling signal readout. T; is the longitudinal relaxation time that describes the
time M takes to return to its original orientation around the z-axis. T» is the transversal
relaxation time that indicates the return to phase incoherence of the magnetic moment vectors,
resulting in a decrease in net magnetization. This decay in magnetization leads to a decreasing
signal in the receiver coil, which is referred to as free induction decay (FID). By modulating the
frequency of By, nuclear resonance can be induced in different nuclei. While the resonance
frequency should be identical for the same nuclei in a given magnetic field, it is greatly
influenced by the chemical environment in the molecule. A nucleus in an electron dense
environment experiences a smaller local magnetic field, a phenomenon called shielding. These
changes in resonance frequency are called chemical shift and are a key element for structure
elucidation with the help of NMR spectroscopy. Chemical shifts are usually given in parts per
million (ppm) in comparison to a reference compound. Besides the shielding effect, nuclear
spins are also influenced by nearby nuclei that are covalently bound to it. This effect is called
J-coupling and arises from nuclei polarizing the spin of binding electrons, which in turn affect
the neighboring nuclei. J-coupling causes signal multiplicity, which informs the observers about
the number of neighboring nuclei and therefore is another important factor to infer the
molecular structure of the sample.
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1.6.2 MRI contrast agents

Most MRI applications utilize "H-NMR signals to construct accurate images of soft biological
tissues. These images are taken in a slice-wise manner. In order to only excite 'H nuclei of a
specific slice, a magnetic field strength gradient is applied to Bo (z-axis), resulting in slight
changes in resonance frequency along the gradient.3-33 |nside of this slice, specific voxels
can be excited by applying additional gradients in x- and y-direction. From the signal intensity
that is recorded for each voxel, a 2D image can be reconstructed. This signal intensity is mostly
determined by the spin density as well as the T1 and T2 relaxation times of the 'H nuclei, which
can vary whether they are connected to water molecules or to macromolecules like proteins or
lipids. 'H nuclei in fats typically exhibit shorter relaxation times compared to water, making
them appear brighter during MRI scans. This enables the differentiation of tissues due to their
variations in water and fat content.?*? T, and T times of "H nuclei are also dependent on tissue
microstructure, which can differ between healthy and pathogenic tissue.®*'! The contrast that
can be achieved between different tissues is heavily dependent on the field strength of Bo.
Routine medical applications nowadays utilize 3 T fields, but field strengths up to 21 T are
being researched.**? To achieve magnetic fields of this strength, superconducting coils with
liquid helium cooling (4 K) are necessary, which greatly increases the technical complexity and
the operating costs of these imagers. As an alternative to strong magnetic fields, contrast
agents can be used to increase the image quality of MRI.343l Most contrast agents are based
on Gadolinium(lIl), which is complexed by chelate ligands, for example DOTA (see chapter
1.5).841 Gd(lIl) is a paramagnetic contrast agent, which exhibits high magnetic susceptibility
due to its 7 unpaired electrons. This makes Gd (lll) based contrast agents especially useful for
high-field MRI applications. Other examples of paramagnetic contrast agents are high-spin
Mn(Il) or Fe(lll) complexes. These contrast agents reduce the T1 and T; times of nearby water
protons, which in turn increases their brightness during the MRI scan. Gd(lll) based contrast
agents are routinely used and are generally considered safe, but over the last decade some
safety concerns have been raised, regarding the development of nephrogenic systemic
fibrosis®*! and the accumulation of Gd(lll) in the brain.?* Therefore alternative contrast
agents have to be developed, for example through the use of para-hydrogen induced
polarization (PHIP). During PHIP, the magnetization of the substrate is artificially enhanced
through the use of para-hydrogen, and is therefore independent of the strength of Bo. This
makes PHIP contrast agents especially useful in combination with portable MRI machines,
which have to operate at lower magnetic field strength.

1.6.3 Para-hydrogen

Molecular hydrogen (H2) has a total nuclear spin / of either 0 or 1, which results in four possible
spin states: three triplet states with / = 1 and the magnetic spin quantum number ms = -1, 0 ,1
(ortho-hydrogen), and one singlet state with /= 0 and ms = 0 (para-hydrogen). The singlet state
has slightly lower energy, but at room temperature all spin states are equally populated,
resulting in a para-hydrogen content of 25 %. At low temperatures however, ortho-hydrogen
slowly converts to para-hydrogen in an exothermic reaction. This poses a challenge during the
storage of liquefied hydrogen, since the internal heat liberation of ortho-para conversion leads
to the boil-off of hydrogen. Through the addition of a catalyst, the ortho-para conversion can
be accelerated to reach the equilibrium state (99.9 % para-H. at 21 K) before storage.?*’!
Typical catalysts for the ortho-para conversion are iron oxide®*® or other metal oxides.!3*9
Para-H, can be stored much longer, which is crucial for its use as spacecraft fuel.**? High
enrichment of para-H: is not only desirable for its storage, but is also necessary for PHIP
applications.

26



1.6.4 PHIP

The equilibrium net nuclear magnetizations resulting from the Zeeman effect are less than 10*
the value that could theoretically be achieved if all spins were parallel to By. This fundamentally
restricts the signal intensity, and therefore the limit of detection during NMR spectroscopy and
MRI imaging. One way of achieving higher non-equilibrium magnetizations is an addition
reaction of para-H; onto an unsaturated carbon compound. This concept was hypothesized in
19861°" and experimentally verified in 1987152 by Weitekamp et al., who termed this concept
PASADENA (parahydrogen and synthesis allow dramatically enhanced nuclear alignment).
Since then, many variations of this technique have been developed, which are collectively
referred to as PHIP.
A simple way to explain the principle
a of the PASADENA effect is a
| ‘ ‘ | ‘ | | _____ | population model of an AX spin
vveev——— B 10 system (see Figure 15).°%% In a
normal AX spin system, all four
Pttt o 101 states aa, ap, Ba and BB are almost
rerrrrr equally populated. The observed
b Prerm = 0.00005 ~ SPectral lines correspond to the
transitions between these states,
resulting in two doublets. Once para-

Energy

>

o l H. is introduced into this AX spin

2 Due = 0.00005  System, the of and Ba states

L TT TTTTTTTTT become selectively more populated.
NEEEREERRE

This leads to the observation of two
antiphase doublets with significantly
enhanced signal strength due to the
large population differences. It is
crucial that the symmetry of the para-
H> molecule is broken during
hydrogenation, so the transition of the spin states from para-H. to the AX system is not
symmetry-forbidden.

After hydrogenation, this effect lasts until T; relaxation is completed, which for most 'H nuclei
take a few seconds. Therefore, fast hydrogenation kinetics are important to obtain significant
polarization before the system returns to equilibrium. To achieve this, a suitable catalyst has
to be chosen, for example [Rh(1,5-cyclooctadiene)(1,2-bis(diphenylphophino)ethane)].?%4 The
hydrogenation mechanism of this specific complex also ensures that protons are added in a
pairwise manner and their spin correlation is maintained, which are important factors for the
efficient transfer of hyperpolarization onto the target molecule.% The hyperpolarization from
hydrogenative PHIP can also be transferred from the para-H. protons onto neighboring
(hetero)nuclei through J-coupling.®%6-3%7] This is commonly used to enhance the signal intensity
during "*C NMR, which is typically low due to the low isotope prevalence of *C and low
gyromagnetic ratio. Similarly, J-coupling can also be exploited to achieve PHIP without directly
transferring para-H; onto the target molecule. The first non-hydrogenative PHIP method was
discovered in 2009 by Williamson et al. who coined it SABRE (signal amplification by reversible
exchange). During this process, para-H; and the substrate reversibly bind to a polarization
transfer complex (PTC), for example [Ir(H)2(1,3-bis(2,4,6-
trimethylphenyl)imidazolium)(py)s].**® The J-coupling between the hydride and the substrate
through the equatorial plane of the PTC is then strong enough to induce spin-order transfer
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Figure 14. Net nuclear magnetization M under (a)
thermal equilibrium conditions purely due to Zeeman
effect or (b) PHIP conditions. Created in BioRender.
Rath, W. (2025) https://BioRender.com/i75e551.



onto the substrate. Similar to

hydrogenative PHIP, it is
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Figure 15. Spin state transitions in an AX spin system and their biologically . relevant
corresponding spectral lines under (a) thermal equilibrium substratgs like drugs or
conditions and (b) PHIP conditions. Created in BioRender. Rath, Metabolites has attracted

W. (2025) https://BioRender.com/n62h032. more and more attention
over the last two decades,

since they are a potentially useful tool for bioimaging applications with MRI.

1.6.5 Biocompatible PHIP

Applications of PHIP techniques in vivo present some unique challenges. First off, the
substrate has to be rapidly separated from the solvent and the catalyst before being
administered, for example through precipitation.%?! To avoid organic solvents, water-soluble
catalysts for hydrogenative PHIP®53 and SABREP®3%% have also been developed.
Additionally, methods for the efficient removal of the catalyst have been explored, for example
through capturing and centrifugation with 3-mercaptopropyl functionalized SiO;
nanoparticles.*%! Alternatively, heterogeneous catalysts for hydrogenative PHIP!7-3¢ and
SABREP%-371 have been tested, also in aqueous media. These are promising tools to solve
the problem of catalyst removal, but so far, their hyperpolarization efficiency is quite low.
Finally, the lifetime T4 of the hyperpolarized state is a limiting factor. Higher T4 times are
associated with generally stronger hyperpolarization and ensure that the substrates stay
polarized until they arrive at the target site. So far, in vivo hyperpolarization markers have relied
on heteronuclei like *CI372-373 or 1®NB74] which offer reasonably long T+ times (> 10 s). In order
to achieve even longer T1 times, symmetric molecules that form long-lived spin states like
diazirines ("°N-"°N) can be used for hyperpolarization (T1 ~ 30 s).B”® Other potential
heteronuclei include 2°Si (T1 ~ 1 min)B7® or 3'PB771 which has a T, time of only 6 s, but still
achieves high sensitivity through its high gyromagnetic ratio and 100 % natural abundance.
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1.6.6 Targeted MRI

Similar to the targeted imaging applications using radiolabels and PET, which have been
discussed in chapter 1.5, PHIP can potentially be exploited for targeted imaging applications
using MRI. Rudimentary targeting can be achieved with hyperpolarized metabolic agents,
which accumulate in cancer cells due to their increased metabolic rate. Analogous to tumor
PET imaging with "8F-FDG, various metabolic agents have been hyperpolarized, for example
pyruvate®’® succinate®® or phospholactate*®, which all have been used for in vivo imaging
already. Since metabolic targeting suffers from low specificity, achieving hyperpolarization of
active targeting ligands like peptides or aptamers are high priority goals for the future of the
field. Multiple studies have demonstrated hyperpolarization of peptides through hydrogenative
PHIPB81-382] or SABRERP3-3841 put these methods are far away from in vivo applications. Here,
we are pioneering the hyperpolarization of DNA. In 2023, Brenske et al. demonstrated
hydrogenative PHIP of the AS1411 cancer targeting aptamer (see chapter 1.3.6).2%2 This
marks the first time a DNA molecule has been hyperpolarized, since up to that point only
SABRE hyperpolarization of adenosine had been shown.B* In this study, the DNA was labeled
with an alkyne function to enable hydrogenative PHIP. To achieve this, different alkyne
compounds were conjugated to 5-iodo-deoxyuracil or 8-iodo-deoxyadenosine through
Sonogashira coupling (see chapter 1.4.1). The signal enhancement for these modified
nucleotides was assessed and the best was achieved with 5-ethynyl-deoxyuracil and 5-(3-
propargyloxyl-propynyl)-deoxyuridine. Through the use of magnetic field cycling techniques,
polarization transfer from the proton onto the alkene or alkane '*C nuclei was possible in order
to increase T1. Polarization transfer onto the quaternary *C or "*N nuclei of the nucleobase
was not possible, due to the necessity of a spacer unit between the PHIP tag and the
nucleobase. These modified nucleotides were then incorporated into the aptamer sequence at
the 3’-end through phosphoramidite chemistry. The catalytic hydration reaction of the aptamer
was performed in methanol, so the DNA backbone was complexed with NH>-mPEG (see
chapter 1.4.3) to enable its solubility. The PHIP experiments on the aptamer molecules
bearing the 5-ethynyl tag were unsuccessful, likely due to steric effects hindering the binding
to the catalyst, and only DNA bearing the 3-propargyloxyl-propynyl tag could be hydrogenated.
During these measurements, a 187-fold signal enhancement could be achieved.

This study represents a big milestone towards the development of targeted MRI imaging
agents, but the system still faces some problems that are in part addressed in this work. First,
bottom up synthesis of PHIP labelled DNA through phosphoramidite chemistry with modified
nucleotides requires a lot of effort. In order to reduce this effort, the DNA can be post-
synthetically labeled through Click-chemistry (see chapter 1.4.2). Also, the T1 times that were
achieved in this study are not long enough for in vivo targeting, so PHIP tags need to be
designed in a way that enables polarization transfer onto heteroatoms with longer T4 time.
Lastly, the reaction needs to be transferred into aqueous medium, or a method needs to be
developed to separate the hyperpolarized DNA from the catalyst and the NH>-mPEG. This last
point is outside the scope of this work, but possibilities to solve the first two issues are
discussed in chapter 4.
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2. Mechanochemical Activation of DNAzyme by
Ultrasound

2.1 Aim and Motivation

RNA cleaving DNAzymes are a versatile tool for imaging and therapeutic applications. They
enable gene therapy of cancers, due to their ability to degrade mRNA with high sequence
specificity. Different tumor related genes can be silenced this way, including the primary
oncogenes, drug resistance genes and angiogenesis genes. RNA cleaving DNAzymes are
also a popular tool for the detection of metal ions. For this purpose, the DNAzyme-substrate
complex is usually pre-formed, and the substrate gets cleaved in presence of the analyte,
which acts as the co-factor for the DNAzyme. A common readout method is based on a
substrate that is labeled with a fluorescent dye and a quencher, which generates a switch-on
fluorescence signal upon being cleaved (catalytic beacon). This sensing strategy is prone to
false positive signaling during in vivo sensing applications, since the co-factor is present in the
biological environment. To prevent this, various strategies have been developed to enable
spatio-temporal control over DNAzyme activity. These typically involve the chemical
modification of the DNAzyme with a functional group that inhibits its activity and can be cleaved
off through an external stimulus like light, heat, enzymes or ROS. This chapter introduces a
method to enable spatio-temporal control over DNAzyme activity through US induced
mechanical force. US is a superb stimulus for biological systems, due to its non-invasive
nature, high penetration depth and accurate spatial and temporal resolution. In spite of this,
US has rarely been used in the context of controlling DNAzyme activity. Lu and coworkers
developed a system which exploits HIFU induced heating to release a DNAzyme that has been
previously deactivated through base pairing with an inhibitor strand.® The system introduced
here takes advantage of the mechanical effects of US instead of the thermal effects. The use
of mechanochemical concepts in vivo is an underexplored topic. In traditional
mechanochemical systems, covalent bond scission is induced through high intensity,
cavitational US, which is incompatible with biological systems. In order to lower the activation
barrier of mechanochemical systems, they can be designed with non-covalent sacrificial
bonds, for example based on DNA. RCA can be used to generate DNA strands with sufficient
molar mass to be US responsive (Figure 16a+b). The system presented here utilizes an RCA
strand, onto which the DNAzyme is hybridized (Figure 16b). With the help of Mg.P207, the
loaded RCA strands then condense into DNFs to deactivate the DNAzyme. When exposed to
US, shear forces act on the RCA strand, which leads to the cleavage of the RCA backbone as
well as the Watson-Crick base pairing between the RCA strand and the DNAzyme (Figure
16c). The free DNAzyme can then bind to a catalytic beacon and catalyze its cleavage, which
is observable through an increase in fluorescence (Figure 16d).
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Figure 16. Strategy for controlling DNAzyme activity through US. (a) Padlock ligation of RCA
template. (b) RCA reaction and hybridization of DNAzyme to RCA strand. (¢) US induced
cavitation generates shear forces on RCA strand to release DNAzyme. (d) DNAzyme cleaves
fluorophore-quencher-labeled substrate, which turns on fluorescence. Created in BioRender.
Rath, W. (2025) https://BioRender.com/s990814.

2.2 Results

2.2.1 DNA Sequence Design and RCA Optimization

The 8-17 DNAzyme (also known as 17E) was used in this study (see chapter 1.1.4). The 17E
sequence was taken from the literature®®® and slightly altered. First, the side chains were
shortened by 5 nucleotides on each side in an effort to promote the release of the DNAzyme
from the RCA strand due to the reduced number of base pairing interactions. The sequence
of the side chains was also slightly altered to prevent the formation of undesired secondary
structures, which were predicted with the help of NUPACK. This modified DNAzyme sequence
was used as the basis for the template design, meaning the resulting RCA products contained
the reverse complementary sequence. Varying amounts of mismatches with the DNAzyme
were introduced into the template to further reduce the binding strength of the DNAzyme to the
RCA strand. These mismatches also caused the substrate binding to be energetically favored
compared to rebinding of the DNAzyme to the RCA strand. To finish the template design, two
primer binding sites as well as poly-A spacers between DNAzyme and primer binding site were
added. The final DNA sequences can be found in Table 1 (cf Experimental section).
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Next, the padlock ligation of the linear RCA template was performed. The optimal ratio between
template and primer strand varies, depending on the template size and primer sequence.
Therefore, both strands were mixed in different ratios and annealed by heating to 95 °C for 5
min and slowly cooling down to 16 °C. Afterwards T4 DNA ligase was added, and the mixture
was incubated at 16 °C overnight. The circularized templates before and after the addition of
T4 ligase were analyzed by agarose gel-electrophoresis (GE) (Figure 17a).
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Figure 17. Agarose GE of padlock ligation and RCA reaction. (a) Circularized RCA templates
with different template:primer ratios before and after addition of T4 ligase, 4 % agarose, ladder:
GeneRuler ULR. Lane i: linear template; ii 2:1 ratio, no ligase; iii: 2:1 ratio, after ligation; iv
1.5:1 ratio, no ligase; v: 1.5:1 ratio, after ligation; vi 1:1 ratio, no ligase; vii: 1:1 ratio, after
ligation; viii 1:1.5 ratio, no ligase; ix: 1:1.5 ratio, after ligation; x 1:2 ratio, no ligase; xi: 1:2 ratio,
after ligation. (b) RCA reaction with different template:primer ratios, 0.8 % agarose, ladder:
GeneRuler 1kb plus. Lane i: 2:1 ratio, lane ii: 1.5:1 ratio, lane iii: 1:1 ratio, lane iv: 1:1.5 ratio,
lane v: 1:2 ratio.

After annealing the linear template and the primer, one main band with slightly lower
electrophoretic mobility than the linear template was observed (compare lane i and ii), which
confirmed the successful circular hybridization. After the ligation step, multiple bands with
significantly lower mobility than the nicked circularized template were observed (compare lane
i and iii). The first band over the nicked circular template represented the ligated circular
template, which was less flexible than the nicked circular template and therefore migrated
through the gel more slowly. The distinct bands above the ligated circular template indicated
the formation of higher aggregates like tetramers or hexamers. Additionally, a background
smearing could be observed on all lanes, which hinted at the formation of larger linear
aggregates. After successful ligation, the different circular templates were used to perform the
RCA reaction, which was also analyzed by agarose GE (Figure 17b). In all cases, the RCA
products were too large to migrate into the gel and no separation was observed, as is typical
for RCA products. In lanes ii-v, the formation of a side product with an approximate size of
20 000 base pairs was observed. This has been reported before in the literature®®! and is
most likely caused by attachment of the 29 polymerase to the product strand, resulting in the
formation of a double-stranded side product. Since this process sequesters ®29 polymerase
and deactivates the reaction, all following experiments were performed with a template:primer
ratio of 2:1 to avoid the formation of this side product.
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2.2.2 Controlling DNAzyme Kinetics by RCA

To monitor DNAzyme activity, a catalytic beacon labeled with 6-carboxyfluorescein (6-FAM)
and Black Hole Quencher 1 (BHQ-1) was used as a substrate (Table 1, cf Experimental
Section). First, the kinetics of the free DNAzyme were tested (Figure 18a). For this purpose,
varying amounts of DNAzyme were added to a 2 yM solution of the substrate without
performing an additional folding protocol for the DNAzyme. At a 1:1 ratio of DNAzyme and
substrate, full conversion was reached after about one min, resulting in an approximate 10-
fold increase in fluorescence. After reducing the DNAzyme concentration to 1 uM (1:2 ratio),
full conversion was reached after 10 min, or in the case of 0.4 uM (1:5 ratio) after 30 min. When
further reducing DNAzyme concentration to 0.2 uM (1:10 ratio), fluorescence plateaued before
reaching full conversion due to deactivation of the DNAzyme. This indicated that the maximum
number of catalytic cycles for this DNAzyme lay between 5 and 10. Additionally, an extended
fluorescence kinetic was recorded after reaching full conversion, which revealed an

approximate 20 % drop in fluorescence intensity due to photobleaching after 1000 min
(Figure 18b).
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Figure 18. Free DNAzyme kinetics, 2 uM substrate, all data presented as mean £+ SD, N = 3
experiments. (a) Substrate cleavage kinetics at different DNAzyme:substrate ratios. (b)
Photobleaching of cleaved substrate during long-time fluorescence measurement.

Next, the DNAzyme was hybridized with the DNFs to investigate the influence of this process
on the DNAzyme Kkinetics. Interestingly, almost no effect was observed after adding the
DNAzyme to the DNFs post-synthetically and performing an annealing protocol (Figure 19a).
The most likely explanation for this was that the RCA strand was inaccessible for hybridization,
since it was adsorbed to the Mg>P.O7 core of the DNFs. In this state, the DNA was highly
condensed and could not be denatured sufficiently through the typical denaturing step of
heating to 95 °C for 5 min. To prevent this problem, the DNAzyme was added directly to the
RCA reaction mixture, so it can hybridize in situ with the newly synthesized RCA strand before
being condensed into DNFs. This method yielded a significant decrease in catalytic activity
(Figure 4a) therefore it was used for all future experiments.
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Figure 19. DNAzyme deactivation through loading onto DNFs, 2 uM substrate, 8 uM
DNAzyme, all data presented as mean + SD, N = 3 experiments. (a) Fluorescence kinetics
after loading DNAzyme onto DNFs during or after synthesis. (b) Influence of RCA reaction time
on DNAzyme deactivation.

To optimize the deactivation process, the influence of RCA reaction time, number of
mismatches on the template and DNAzyme concentration were systematically investigated.
The influence of the RCA reaction time at a constant DNAzyme concentration of 8 yM and a
template with two mismatches is shown in Figure 19b. After 6 h reaction time only a minimal
effect could be observed and reliable deactivation was achieved after 48 h, which was used
for all following experiments. This is much longer than the time required for the actual RCA
reaction, which should be finished after 10 h (using 900 pmol dNTPs and 30 U ®29
polymerase), according to the manufacturer of the RCA kit. This hints at the possibility, that
the slower condensation process of DNA into DNFs with the help of Mg2.P2O7 plays a big role
in the deactivation process in addition to base pairing. During the RCA process, the viscosity
of the solution also increased, which slowed down RCA kinetics and might explain the long
reaction time required for deactivation. The high viscosity could also play a role in the
deactivation process by hindering substrate diffusion.
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Figure 20. Influence of mismatches on DNAzyme deactivation, 2 uyM substrate, 8 pM
DNAzyme, all data presented as mean £ SD, N = 3 experiments. (a) 2, 6, 10 or 14 mismatches.
(b) 3, 4 or 5 mismatches.
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Next, the influence of the mismatches between the RCA strand and the DNAzyme was
investigated (Figure 20). Reliable deactivation was possible with up to 6 mismatches, but with
10 or 14 mismatches a 2-3-fold increase in fluorescence was observed. This proves that
besides the DNF condensation process, Watson-Crick base-pairing between RCA strand and
the DNAzyme plays a significant role during the deactivation process. In the case of 10 or 14
mismatches, the DNAzyme probably got released through spontaneous strand displacement,
since binding of the DNAzyme to the substrate is energetically favored compared to the RCA
strand. Also, since the mismatches were placed at the ends of the DNAzyme strand, the
substrate strand had a place to attach and start the strand displacement process. Since reliable
deactivation could be achieved with 2 and 6 mismatches, this amount was used for the
following experiments.
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Figure 21. DNAzyme deactivation after loading increasing amounts of DNAzyme, 2 yM
substrate, all data presented as mean + SD, N = 3 experiments. (a) 2 mismatches. (b) 6
mismatches.

Finally, the deactivation process was tested for increasing amounts of DNAzyme with
templates containing 2 mismatches (Figure 21a) and 6 mismatches (Figure 21b). In the case
of 2 mismatches, almost full deactivation was observed after increasing DNAzyme
concentration from 8 uM to 15 puM, but after further increasing the concentration to 25 yM
significant DNAzyme leakage was observed. The template with 6 mismatches exhibited worse
deactivation performance and leakage was already observed at an DNAzyme concentration
of 15 uyM. To ensure consistent full deactivation, a DNAzyme concentration of 8 yM was used
for all following experiments. After the deactivation protocol was optimized, the DNAzyme-
loaded DNFs were characterized through scanning electron microscopy (SEM) (Figure 22).
The SEM images revealed particles with an average diameter of 4.72 + 2.40 um and a sponge-
like morphology which is typical for DNFs. Figure 22b also shows a film covering the surface
of the particles, which likely consisted of excess DNA adsorbed to the surface of the Mg2P.0O7
particles. This film probably also promoted the aggregation of the particles (Figure 22c).
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Figure 22. Representative SEM images of loaded DNFs before sonication. (a) 10 000 x
magnification. (b) 5 000 x magnification. (¢) 2 500 x magnification. (d) Particle size histogram,
diameter presented as mean = SD, N = 160 particles.

2.2.3 Mechanochemical Release of DNAzyme by Ultrasound

After establishing a solid protocol for the deactivation of the DNAzyme, its release through
cavitational US and subsequent recovery of catalytic activity was investigated. For this
purpose, the loaded DNFs and the substrate (2 uM) were added to the DNAzyme buffer and
the mixture was sonicated with a 20 kHz immersion sonicator to form the active DNAzyme-
substrate complex in situ. Different sonication times between 2 and 20 min were tested, during
which the mixture was cooled with ice, resulting in a maximum observed temperature of 6 °C
directly after sonication (Figure 23a). Afterwards, the DNFs were analyzed by agarose GE
(Figure 23b). The gel revealed a sonication time dependent decrease in DNA chain length,
which was caused by cavitation induced bond scission of the DNA backbone. With increased
sonication time, the size distribution got narrower and its maximum approached a cut-off size
of approximately 200 base pairs, which we also observed in our previous work.l'”®l At this
length, the DNA was no longer US responsive. The exact length of the DNA fragments was
determined by quantifying the intensity of the bands using the ImageJ gel analysis tool and
plotting it against the number of pixels in elution direction (Figure 23c). The local maxima of
the ladder bands were then used to correlate the number of pixels with the DNA chain length
in base pairs, which exhibited a linear relationship in the bottom part of the gel. (Figure 23d)
The minimum chain length found this way after 20 min sonication was 225 base pairs.
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Figure 23. Influence of 20 kHz sonication on DNFs. (a) Thermal image of reaction mixture
directly after sonication. (b) Agarose GE of DNFs after sonication, 0.8 % agarose, ladder:
GeneRuler 1kb plus, lane i: 0 min sonication, ii: 2 min, iii: 5 min, iv: 10 min, v: 20 min. (¢)
Normalized intensity of GE bands plotted against pixels in elution direction (y-axis). (d)
Calibration curve correlating pixels in elution direction to DNA chain length, local maxima after
sonication were found at 647 bp (2 min), 338 bp (5 min), 301 bp (10 min) and 225 bp (20 min).

The influence of sonication on the DNFs was also investigated by SEM (Figure 24). The
images showed a decrease in average particle diameter to 2.63 £ 0.70 uM (Figure 24d) and
a change in morphology from spherical to oval (Figure 24a+b) or irregular shapes (Figure
24c). Additionally, no aggregation of particles was observed, opposed to the pre-sonication
images (Figure 22). This is consistent with the GE results, since aggregation was previously
attributed to the presence of large DNA strands adsorbed to the surface of the Mg.P.O7
particles.
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Figure 24. Representative SEM images of loaded DNFs after 20 kHz sonication. (a-c) 10 000 x
magnification. (d) Particle size histogram, diameter presented as mean + SD, N = 100 particles.

After confirming the degradation of DNFs through US, the release of the DNAzyme and
subsequent recovery of its catalytic activity was tested through fluorescence measurements.
Figure 25a shows the fluorescence kinetics after sonication of loaded DNFs bearing 2
mismatches for 2 to 20 min in the presence of the substrate (2 uM). The first striking
observation was that no gradual increase in fluorescence could be observed over time, as
would be expected if the active DNAzyme was present in the mixture. Instead of an increase
in fluorescence, a slight drop-off in fluorescence was observed, likely due to photobleaching
(compare Figure 18b). The negative control sample without DNAzyme also demonstrated that
the substrate was indeed cleaved catalytically and not through cavitation effects. This means
that the DNAzyme must have been present during sonication but got deactivated afterwards.
A possible mechanism that explains this behavior is the rebinding of the DNAzyme to the RCA
strand. During the sonication process, the DNAzyme could have been continuously re-
released, but once the RCA fragments reached the cut-off size and were no longer US
responsive, the DNAzyme would have gotten permanently deactivated. Due to the abundance
of RCA fragments, rebinding to them would have been kinetically favored over substrate
binding, even though the mismatches caused the substrate binding to be energetically favored.

38



(V]
(=}

12000

i ——2 min——>5min 10 min : -
_ 10000 1 T no DAzyme with US no US
S 9000 — 10000
@ ] 3
- ©
2 8000 =
2 1 2 8000
$ 7000 “k—vw c
c ] o
- C
@ 6000 o 6000
= 1 [}
& 5000 5
g ] S 4000
5 4000 —\M_W_M o
o | g
“ 3000 i 2000
2000 4
T T T T 0 T T T T
0 10 20 30 40 0 5 10 15 20
Time [min] Sonication time [min]
C 8000 d 12000 3 hes US 4 mi hes US 5 mit hes US
mismatches L mismatches mismatches
withUS = noUS 3 mismatches no US4 4 mismatches no US 5 mismatches no US
';: 10000
58,6000 T
> [
T 8000 -
c
2
c
"o 4000+ 6000 -
[$]
)
@ 4000 -
(]
§ 2000
2 . \ . . 2000 - X
0 T T T T 0 T T
0 5 10 15 20 0 2 4 6
Sonication time [min] Sonication time [min]

Figure 25. DNAzyme activation through 20 kHz sonication, 2 yM substrate, 8 yM DNAzyme,
all data presented as mean + SD, N = 3 experiments. (a) Fluorescence kinetics after increasing
sonication time. (b) Maximum observed fluorescence after increasing sonication time, 2
mismatches. (¢) Maximum observed fluorescence after increasing sonication time, 6
mismatches. (d) Maximum observed fluorescence after increasing sonication time, 3, 4, 5
mismatches.

Figure 25b-d shows the maximum fluorescence intensity that was reached after sonicating
the loaded DNFs with 2-6 mismatches in the presence of the substrate (2 uM) for 2 to 20 min.
The sample with 2 mismatches reached its maximum intensity after 5 min sonication, while the
samples with 3,4,5 or 6 mismatches reached their maximum intensity after 2 min already. This
demonstrates that an increasing number of mismatches accelerates the release process
without having a significant influence on the maximum conversion that can be reached, which
was 30-40 % in all cases. This ceiling of the maximum conversion could be explained by the
fact that the RCA strands are already heavily fragmented after only 5 min sonication (compare
Figure 8b), and therefore rebinding of the DNAzyme is heavily favored over substrate binding.

In order to support the rebinding hypothesis, the DNAzyme was also activated through a
thermal release process. During this process the RCA strands are not fractured and are still
present as highly condensed DNFs. Therefore, rebinding is less favored compared to the
sonication method. The fluorescence kinetics after heating the loaded DNFs in the presence
of the substrate (2 uM) are shown in Figure 26. Qualitatively, a constant increase in
fluorescence intensity was observed after heating, suggesting the DNAzyme was still present
in solution and did not rebind to the DNFs. The difference between DNFs with 2 and 6
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mismatches was also more pronounced compared to US activation. With 6 mismatches, a total
conversion of approx. 85 % was already achieved after heating to 50 °C (Figure 26a), while
with two mismatches only approx. 30 % were achieved after heating to 100 °C (Figure 26b).
Since the kinetic profile differs so strongly between US- and heat-triggered release, it is likely
that the release during sonication is mediated through cavitation forces and not the thermal
effects of US. The US release was characterized by constant fluorescence intensity after
sonication and limited maximum conversion. This was consistent with constant rebinding to
the RCA strand and a mechanochemical release mechanism, which stops being effective after
reaching the cut-off length. If the US-triggered release were mediated through thermal effects,
a longer sonication time would likely be directly correlated with higher fluorescence intensity,
since a constant re-release would be possible regardless of chain length.
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Figure 26. DNAzyme activation through heating, 2 pyM substrate, 8 yM DNAzyme, all data
presented as mean = SD, N = 3 experiments. (a) 50 °C. (b) 100 °C.

After successfully demonstrating DNAzyme release with 20 kHz US, the activation process
was also tested with HIFU, which has a lower MI due to its higher frequency (see chapter
1.2.4). For this purpose, the samples were exposed to HIFU with a frequency of 0.66 MHz and
a focal pressure of 1940 kPa for 10 min (Figure 27). These parameters resulted in an M| of
2.38, compared to the 20 kHz US with an MI of 20.46 (cf Experimental section). The
fluorescence kinetics after HIFU sonication are shown in Figure 27a, which exhibit no increase
in fluorescence intensity similar to the 20 kHz experiments. This suggests that, even at the
lower MI, the DNAzyme release during HIFU sonication is mediated through the
mechanochemical pathway rather than the thermal effects. The mismatches also played a
larger role compared to the 20 kHz sonication, since with 2 mismatches no activation was
observed, while at 6 mismatches a total conversion of approx. 10 % was achieved.
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Figure 27. DNAzyme activation after 10 min 0.66 MHz sonication, 2 yM substrate, 8 yM

DNAzyme, all data presented as mean £ SD, N = 3 experiments, p = 0.047, calculated through

an unpaired two sample t-test, *p < 0.05. (a) DNAzyme kinetics after HIFU sonication. (b)

Maximum fluorescence intensity after HIFU sonication.

2.3 Discussion and Outlook

This chapter presents a novel approach of controlling the activity of a DNAzyme by loading it
onto DNFs and releasing it through the mechanochemical effects of US. The deactivation
through loading the DNAzyme onto DNFs has proven to be very reliable, even though it is
solely based on non-covalent interactions. The release of the DNAzyme could also be reliably
achieved with 20 kHz US and was also possible with HIFU. The biggest achievement of this
study is the insight into the release mechanism, which was mediated through a cavitation-
induced mechanochemical pathway. This release mechanism is clearly distinct from the similar
system demonstrated by Lu and coworkers!®, which relied on the thermal effects of HIFU to
release a DNAzyme. Beyond acting as a model system for the release mechanism, DNAzyme
loaded DNFs have potential to be adapted for in vivo applications, since they are non-toxic and
are capable of being activated with HIFU. In this study, HIFU with an MI of 2.38 was used,
which is still slightly above the threshold of 1.9 to be considered safe for applications in
biological systems. To further decrease the activation barrier and enable DNAzyme release
with even weaker US, the number of mismatches on the RCA strand can be further tuned, for
example by testing the range of 7 to 9 mismatches. By evenly distributing the mismatches
across the whole sequence, instead of placing them all at the ends, spontaneous strand
displacement can possibly be suppressed even further, enabling the use of even more
mismatches or higher DNAzyme concentrations. Once the activation barrier is tuned to
accommodate biocompatible US, this DNF based system could be utilized for controlled in vivo
bioimaging or gene silencing. These applications would benefit from this mechanochemically
release mechanism, since it enables short sonication times and does not require prolonged
hyperthermia. In vivo applications are also typically hindered by low cellular uptake of the
DNAzyme. As demonstrated in chapter 3, this DNF based system could help to solve this
problem by encoding an aptamer sequence onto the RCA template to facilitate receptor
mediated cell uptake. DNF based DNAzyme delivery systems are also appealing, since they
additionally deliver the Mg?* cofactor, which is typically not abundant enough in cells. To
increase the lifetime of the DNAzyme for in vivo applications, using chemical sugar- or
backbone-modifications should be considered.
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2.4 Experimental

General Materials

All oligonucleotides were purchased from Biomers. The sequences are listed in Table 1, with
the mismatches on the RCA template marked in bold. T4 DNA ligase and 10X ligation buffer
were purchased from Thermo Fisher. ®29 polymerase and 10X polymerase buffer were
purchased from Biosearch Technologies. Tris and boric acid were purchased from Thermo
Fisher. EDTA disodium dihydrate was purchased from Sigma. ROTI GelStain Red was
purchased from Carl Roth. All experiments were performed with ultrapure water (18.2 MQ cm)
from a PURELAB Chorus 1 system by Elga.

Table 1. DNA sequences chapter 2.

Name) Sequence (5'—3)
17E GCC ATC TTC TCC GAG CCG GTC GAA ATACTG ACT
DNAzyme
17E 6-Fam — AGT CAG TAT rAGG AAG ATG GC - BHQ-1
Substrate
RCA P-CCCTCT CTC CTC AAA AAA AAAAAATCCATCTTC TCC GAG CCG
Template 1 GTC GAA ATA CTG ACA AAA AAA AAA AAA CTC CTC CTG ACT
RCA P-CCCTCTCTC CTC AAAAAAAAAAAATGCATC TTC TCC GAG CCG
Template 2 GTC GAA ATA CTG ACA AAA AAA AAA AAA CTC CTC CTG ACT
RCA P-CCCTCTCTC CTC AAAAAAAAAAAATGCATC TTC TCC GAG CCG
Template 3 GTC GAA ATA CTG ATA AAA AAA AAA AAA CTC CTC CTG ACT
RCA P-CCCTCTCTC CTC AAAAAAAAAAAATGGATCTTC TCC GAG CCG
Template 4 GTC GAA ATA CTG ATA AAA AAA AAA AAA CTC CTC CTG ACT
RCA P-CCCTCTCTC CTC AAAAAAAAAAAATGGATCTTC TCC GAG CCG
Template 5 GTC GAA ATA CTG GTA AAA AAA AAA AAA CTC CTC CTG ACT
RCA P - CCC TCT CTC CTC AAA AAA AAA AAA TGG CGC TTC TCC GAG
Template 6 CCG GTC GAA ATA CAC GTA AAA AAA AAA AAA CTC CTC CTG ACT
RCA P - CCC TCT CTC CTC AAA AAA AAA AAA TGG CGA ATC TCC GAG
Template 7 CCG GTC GAA ATG TAC GTA AAA AAA AAA AAA CTC CTC CTG ACT
RCA Primer  GAG GAG AGA GGG AGT CAG GAG GAG

Padlock Ligation

The ligation was performed with a total reaction volume of 60 pL in 1X ligase buffer, containing
40 mMm Tris-HCI, 10 mm MgCl;, 10 mm DTT, and 0.5 mm ATP at pH 7.8. A template
concentration of 40 uMm and a primer concentration of 20 um were used. The two strands were
annealed by heating to 95 °C for 5 min, then cooling down by 1 °C every 2.5 min to 16 °C
(standard annealing protocol). Afterwards, 10 U of T4 ligase were added and the mixture was
incubated at 16 °C overnight. The ligation product was used without further purification. GE
was performed in TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH = 8,0) and

42



staining was performed with ROTI GelStain Red. Gel images were inverted using Imaged and
the contrast was enhanced to 2 % saturated pixels.

RCA

RCA was performed at a total reaction volume of 60 pL in 1X polymerase buffer, containing
50 mM Tris-HCI, 10 mM (NH4)2SO4, 4 mm DTT, and 10 mMm MgCl; at pH 7.5. 10 uL of the
ligation mixture were used. A total dNTP concentration of 15 mMm was used, and the mixture of
nucleotides was adjusted to the template sequence. The DNAzyme was added at a
concentration of 26.7 uM, so the final concentration of 8 uM was reached at a volume of 200 pL.
Finally, 30 U of ®29 polymerase were added and the mixture was incubated at 30 °C for 48 h.
GE was performed as described above.

DNAzyme Activity Assays

All fluorescence measurements were performed with a SpectraMax M3 microplate reader by
Molecular Devices. The wavelength settings were Asxc = 495 nm and Aem = 525 nm and the
PMT gain was set to medium with 6 flashes per read. The DNAzyme activity assays were
performed in a buffer containing 50 mm Tris, 6.25 mm CaCl,, and 2.75 mm MgCl; at pH 7.9
with a total volume of 200 uL and a substrate concentration of 2 pum.

Release Experiments

Sonication experiments were performed under the same conditions as the activity assays,
except the total volume was scaled up to 500 uL and the RCA reaction volume was scaled up
to 150 yL. Sonication was performed with a Qsonica Q125 sonicator with a 3 mm probe
(A12627PRB20). The frequency was 20 kHz with a pulse setting of 2's on, 1 s off and the
amplitude was set to 60%, resulting in a power density of 5.66 W cm2(2.89 MPa). The mixture
was cooled with an ice bath, and the temperature was monitored with a FLIR TG165 thermal
camera. After sonication, GE was performed as described above and the band intensity was
determined using the gel analysis tool in Imaged. The plots were normalized to their individual
maximum. For the thermal release experiments, 200 uL solution was heated for 10 min to
50 °C or 100 °C, respectively. HIFU experiments were performed with a 0.66 MHz HIFU
transducer by Precision Acoustics submerged in a water tank. The transducer was connected
to a 33500B waveform generator by Keysight and an AG1021 amplifier by T&C Power
Conversion. Furthermore, the HIFU setup was equipped with a DSOX3024T oscilloscope and
a needle hydrophone by Precision Acoustics. 200 uL samples were prepared as described
above in a Lumox 96 well plate with foil bottom by SARSTEDT and sealed with a 4titude
moisture barrier seal. The bottom of the well plate was immersed in the water tank and
sonicated for 10 min with a power density of 126.3 W-cm (1.94 MPa) at the focal point.

Scaning Electron Microscopy

Samples (1-5uL) were applied to a silicon wafer and dried at room temperature over night. The
wafer was attached to the sample holder using carbon tape and the sample was coated with
~3 nm carbon using a Leica EM ACEG00 sputter coater. Measurements were performed on a
Hitachi SU9000 electron microscope using a secondary electron detector. An acceleration
voltage of 30 keV at 10 pA was used. Particle diameters were measured using ImageJ.

Statistical Analysis

All data in Figures 18, 19, 20, 21, 25, 26 and 27 were presented as mean + SD, n = 3. Statistical
significance in Figure 27 was determined using an unpaired two sample t-test (P = 0.047),
where significance was defined as P < 0.05. Statistical analysis was performed using OriginPro
2018b.

43



3. Click-functionalized DNFs for Targeted Cancer
Theranostics

3.1 Aim and Motivation

This chapter presents the development of a novel DNF based theranostic platform for the
treatment of glioblastoma through synergistic chemo- and radiotherapy. Glioblastoma is one
of the most aggressive cancer types with a high recurrence rate. In order to boost the efficacy
of chemotherapeutics for the treatment of glioblastoma, targeted DDSs have to be used. In
this case, the AS1411 aptamer is used as a targeting moiety, which binds to nucleolin, a protein
that is overexpressed on the surface of various cancer types, including glioblastoma. Due to
its G-quadruplex structure, the AS1411 aptamer can also be loaded with the anticancer drug
Dox through intercalation. Aptamer based systems often are limited by rapid renal clearance
and nuclease degradation. By using an aptamer bearing RCA polymer instead of an oligomeric
aptamer, renal clearance can be avoided through the increase in molecular weight above the
glomerular filter threshold, and nuclease degradation is reduced since the RCA strand exhibits
fewer nicking sites and is highly condensed.

a Rolling Circle Amplification

f In vitro cell uptake & therapy
g In ovo biodistribution & therapy

b AS1411 aptamer d Click functionalization
¢ Drug loading e Radiolabeling
Figure 28. Synthesis strategy for Dox loaded, radiolabeled *"'DNFs and pre-clinical studies
using in vitro cell culture and a CAM xenograft tumor model. (a) DNF synthesis through RCA.
(b) Encoding of AS1411 aptamer sequence onto RCA template. (¢) Loading of Dox through
intercalation into AS1411’s G-quadruplex structure. (d) Click-functionalization of ~*'DNFs with
DBCO-NOTA. (e) Radiolabeling of NOTA with %8Ga for PET imaging or '"’Lu for endogenous
radiotherapy. (f) In vitro uptake and toxicity studies using glioblastoma cells. (g) Biodistribution,
tumor accumulation and therapy studies in glioblastoma CAM xenograft tumor model. Created
in BioRender. Rath, W. (2025) https://BioRender.com/g57y464.

The RCA reaction is also compatible with azide-modified nucleotides, which allows the post-
synthetic Click functionalization of the RCA products. In this work, the RCA strand is Click
labeled with the chelator NOTA, which can bind the radionuclides ®Ga or '"’Lu. This modified
RCA strands acts as a flexible theranostic platform for either targeted PET imaging with %3Ga
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or the simultaneous targeted delivery of Dox and '"’Lu for combined chemo- and radiotherapy.
This system’s potential for the treatment of glioblastoma is then assessed, first by testing its in
vitro serum stability and its in vitro cell uptake. Its in ovo biodistribution is investigated through
PET imaging in a healthy chicken embryo and one bearing a CAM xenograft tumor. Then its
therapeutic impact after being loaded with '""Lu and Dox is tested in an in vitro cell culture
model.

3.2 Results
3.2.1 Synthesis of Azide-modified A*'DNFs

First, the RCA reaction to synthesize AS1411 aptamer bearing nanoflowers (**'DNFs) was
optimized. As already mentioned in chapter 2.2.1, the optimal conditions for the padlock
ligation to form the circular RCA template vary, depending on the size of the template strand
and the primer sequence. The 5 phosphorylated template strand bearing the reverse
complementary AS1411 aptamer sequence and the primer strand (Table 2, c¢f Experimental
section) were mixed in different ratios, heated briefly to 95 °C and slowly cooled down to 16 °C.
T4 DNA ligase was added, the mixture was incubated overnight and the ligation products were
analyzed through agarose GE (Figure 29a).
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Figure 29. Synthesis of azide-bearing ~""DNFs, analyzed by agarose GE. (a) Padlock ligation
of linear RCA template with different template:primer ratios, 4 % agarose, ladder: GeneRuler
ULR. Lane i: linear template, lane ii: 2:1 ratio, lane iii: 1.5:1 ratio, lane iv: 1:1 ratio, lane v: 1:1.5
ratio, lane vi: 1:2 ratio. (b) RCA products synthesized with different template:primer ratios, 0.8
% agarose, ladder: GeneRuler 1kb plus. Lane i: circularized template, lane ii: 2:1 ratio, lane iii:
1.5:1 ratio, lane iv: 1:1 ratio, lane v: 1:1.5 ratio, lane vi: 1:2 ratio. (¢) RCA products synthesized
with 1:1 template primer ratio and different amounts of dATP replaced by N®-(6-azido)hexyl-
dATP, 0.8 % agarose, ladder: GeneRuler 1kb plus. Lane i: circularized template, lane ii: 25 %
dATP replaced, lane iii: 50 % dATP replaced, lane iv: 100 % dATP replaced.

For all template:primer ratios (lanes ii-vi), two main bands can be observed. The lowest band
represents the circular hybrid between the template and the primer, which exhibits very similar
electrophoretic mobility (approx.60 BP) to the linear template (lane i). Upon ligation, the
template adopts a rigid circular conformation, which occupies a much larger volume than the
nicked template, leading to drastically reduced electrophoretic mobility (approx. 120 BP). The
formation of higher order aggregates like tetramers or hexamers can also be observed. All
these results are very similar to those from chapter 2.2.1. The RCA reaction was performed
with the different circularized templates, and the results were evaluated by agarose GE (Figure
29b). Most of the RCA product is too large to migrate into the gel and the formation of a side
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product around 40 000 BP can be observed®® (compare chapter 2.2.1). In this case, the least
amount of side product was formed with a template:primer ratio of 1:1, which was used for all
following experiments.

Next, Nb-(6-azido)hexyl-dATP was added to the RCA mixture to generate azide modified
AP'DNFs. To test whether this nucleotide was compatible with 29 DNA polymerase, 25-100 %
of regular dATP in the RCA mixture was replaced with N8-(6-azido)hexyl-dATP, and agarose
GE of the different RCA products was performed (Figure 29c¢). The reaction seems to be
unaffected even at 100 % replacement rate (lane iv), indicating full compatibility of the
polymerase with the modified nucleotide, but all following experiments were performed with 50
% N°-(6-azido)hexyl-dATP. The same protocol was also used to generate azide labeled
CYIDNFs, which contained a random DNA sequence instead of the AS1411 aptamer (Table 2,
cf Experimental section). The incorporation of N°-(6-azido)hexyl-dATP into the RCA polymer
was also confirmed through NMR spectroscopy. For this, the native and azide-modified RCA
products were purified with a centrifugal concentrator to remove excess salt and unreacted
nucleotides before recording a 'H-"*C-HSQC spectra in D.O (Figure 30). The spectrum of the
modified ~*'DNFs compared to the native A*'DNFs displays some additional signals in the
aliphatic region ('H: 1.6-1.1 ppm, *C: 25-30 ppm; "H: 3.2 ppm, '*C: 50 ppm), which can be
assigned to the hexyl moiety of the modified nucleotide.
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Figure 30. Superimposed 'H-"*C-HSQC spectra (600 MHz) of native *P'DNFs (green) and N&-
(6-azido)hexyl-modified ~*'DNFs (red) in D,O with peak assignments.

The azide-modified A"'DNFs were then characterized using SEM (Figure 31). The images
show particles with a mean diameter of 4.12+1.20 ym and a sponge like morphology, which is
typical for the Mg.P.O7 scaffold of DNFs. In Figure 31c a film covering the particles can be
observed, which is likely comprised of excess DNA adsorbed to the surface of the Mg>P-O-
scaffold.
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Figure 31. Representative SEM images of azide-bearing *"'DNFs. (a) 20 000 x magnification.
(b) 5 000 x magnification. (¢) 2 500 x magnification. (d) Particle size histogram and mean
diameter £ SD from the mean, N = 150 particles.

3.2.2 Click-Functionalization of A*'DNFs

3.2.2.1 Optimizing Conditions

After successfully incorporating an azide function into the A*'DNFs, the conditions for their Click
labeling were optimized. For this task, DBCO-PEG4-5/6-FAM was used as Click label. In an
effort to increase the accessibility of the azide groups, the reaction was performed at increased
temperature and pH to denature the DNA. The conversion of the Click reaction under these
conditions was quantified by FAM fluorescence (Figure 32). After Click labeling, the A*'DNFs
were precipitated through the addition of NaCl solution and iso-propanol, washed to remove
excess DBCO-PEG4-5/6-FAM, lyophilized and redissolved to generate solutions with identical
DNA concentration. This was confirmed by measuring the UV absorbance at 260 nm (Figure
32a), which was indeed almost identical for most samples, except for the one reacted at 95 °C
and pH 12. In this sample, clouding of the solution and therefore an overall increase in optical
density at all wavelengths could be observed, likely due to degradation of the A"'DNFs.
Afterwards, the fluorescence intensities were compared (Figure 32b) to determine the sample
with the highest labeling efficiency, which was achieved at pH 12 and 25 °C. Under these
conditions, “"DNFs were labeled with AlexaFluor 488 (AF488)-DBCO for
immunocytochemistry, as well as DOTA and NOTA for radiolabeling.
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Figure 32. Quantification of A*"DNF Click-labeling efficiency at different pH and temperature.
(a) UV-Vis absorbance spectra confirming equal DNA concentration. (b) Fluorescence spectra
(Aex = 485 nm) quantifying the amount of 5/6-FAM bound to the *P'DNFs.

3.2.2.2 Chelator Functionalization

After optimizing the conditions for the Click reaction, the ~"'DNFs were functionalized with the
radiochelator DOTA-DBCO. After the labeling reaction, the ~*'DNFs were purified with a
centrifugal concentrator to remove excess DOTA-DBCO, lyophilized and an "H-NMR spectrum
in D,O was recorded to confirm the successful coupling. Figure 33 shows the superimposed
"H-NMR spectra of the native and the DOTA-DBCO functionalized A*'DNFs.

The post-functionalization
spectrum  clearly  shows
additional signals in the

aromatic range (7.5-7 ppm),
which correspond to the
DBCO function, and in the
aliphatic range, which
originate from the chelator
ring (3.5-2 ppm). After
confirming successful
U labeling, the DOTA- ~"DNFs

| ' J l were handed over to Sabri
Sahnoun (Nuclear Medicine,

University Hospital Aachen),
who performed %8Ga
Figure 33. Superimposed 'H-NMR spectra (400 MHz) of N°~(6- radiolabeling  experiments.
azido)hexyl-modified A*'DNFs (red) and DOTA-functionalized The success of the
NG-(G-azido)hexyI-modified APDNFs (blue) in D2O. radiolabeling was evaluated
with radio thin-layer

chromatography (radio-TLC), which allows the intensity of TLC spots to be quantified through
y-counter (Figure 34). During these TLC experiments the DOTA- #P'DNFs were not eluted and
stayed at the baseline, while free %8Ga3* barely interacted with the stationary phase and was
eluted quickly. The first radiolabeling attempt was performed at room temperature and pH 4.5

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0
H chemical shift (ppm)
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(Figure 34a), which resulted in almost no binding of %8Ga3* to the DOTA- #*'DNFs. In an effort
to increase the labeling efficiency, the temperature was raised to 85 °C (Figure 34b). This
resulted in %8Ga*" being bound to DOTA, and no free ®Ga** could be observed on the TLC
plate.

a b

15 min @ RT, pH 4.5 15 min @ 85°C, pH 4.5

ESGa3+
[f®Ga]Ga-DOTA-*P*'DNFs

e

[4Ga]Ga-DOTA
[58Ga]Ga-DOTA-**'DNFs /

/ | o

Figure 34. Radiolabeling of DOTA-*'DNFs with %8Ga. (a) Radio-TLC after radiolabeling at RT
and pH 4.5, showing very little ®®Ga bound to the A*'DNFs. (b) Radio-TLC after radiolabeling at
85 °C and pH 4.5, indicating ®3Ga was fully bound to DOTA but a significant amount of DOTA
was removed from the ®Ga bound to the A*"DNFs through depurination.

The largest part of 88Ga®" was bound to the DOTA- ~*'DNFs, as shown by the intense baseline
spot, but a significant amount of ®Ga3* was bound to a different species that was eluted
halfway up the plate. This is most likely a ®Ga-DOTA-adenine species, that got cleaved off
from the RCA polymer through depurination, which typically occurs at high temperature and
low pH.B8 In order to prevent depurination during the radiolabeling process, the chelator was
changed from DOTA to NOTA, which can bind %Ga3* under milder conditions. NOTA-DBCO
was synthesized through amine-NHS coupling from NOTA-NHS and DBCO-amine. After
purification by HPLC, formation of the correct product was confirmed through 'H-NMR
spectroscopy (Figure 35) and ESI-MS (Figure 36). The Click labeling with NOTA-DBCO was
performed like described above and the NOTA-*"'DNFs were purified with a centrifugal
concentrator. Afterwards the ®Ga radiolabeling was performed at room temperature and pH
4.5 and the radio-TLC experiment was repeated (Figure 37). This time, almost quantitative
binding of 8Ga** to the NOTA-**'DNFs was observed. Additionally, this procedure resulted in
almost no depurination, therefore all further experiments were performed with NOTA labeled
APDNFs.
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Figure 35. 'H-NMR spectrum (400 MHz) of NOTA-DBCO in methanol-ds with peak-

assignments.
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Figure 36. ESI-MS spectrum of NOTA-DBCO.

15 min @ RT, pH 4.5
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—
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Figure 37. Radio-TLC after radiolabeling of
NOTA-*DNFs at RT and pH 4.5, indicating a
majority of %8Ga was bound to the A*'DNFs with
marginal amounts of free %Ga and depurination
fragments.
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3.2.3 Dox Loading

Next, the Dox loading of A""'DNFs was optimized, which can easily be observed through the
quenching of Dox’s autofluorescence once it intercalates into AS1411’s G-quadruplex
structure. To perform the loading, varying amounts of ~'DNFs were incubated in a K*-rich
buffer containing 10 yM Dox-HCI at room temperature for 30 min. Afterwards, fluorescent
spectra (Aex = 488 nm) were recorded (Figure 38a). At an ~*'DNF concentration of 0.5 mg/mL,
full quenching was observed, indicating complete loading of Dox. The same loading protocol
was used for all further experiments. The stability of Dox binding was also tested at pH 7.4 and
5 (Figure 38b). Over a time of 20 h, no Dox release was observed at both pH values. The high
stability of the Dox binding suggests that AS1411 A*'DNFs are a suitable carrier material that
can deliver Dox to glioblastoma cells without leaking.
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Figure 38. Dox loading of ~*'DNFs. (a) Fluorescence spectra (Aex = 488 nm) of 10 uM Dox after
incubation for 30 min at RT with different concentrations of A*'DNFs. (b) Fluorescence kinetics
(Aem = 595 nm) of Dox loaded *P'DNFs at pH 7.4 and pH 5.0.

After successfully synthesizing NOTA-**'DNFs and demonstrating they can be loaded with Dox
and %8Ga, their utility for the treatment of glioblastoma was evaluated. These translational
experiments were performed by Sabri Sahnoun (Nuclear Medicine, University Hospital
Aachen). This thesis only highlights the most important results from these experiments. A more
comprehensive report will be found in a future publication.

3.2.4 Radiochemical Purity and Stability

First, the radiolabeling of NOTA-*'DNFs was investigated in more detail (Figure 39). To
determine the radiochemical yield (RCY) (Figure 39a,b), increasing amounts of NOTA-
APDNF's were incubated with $8Ga®* or "’Lu®* (1 GBq), washed and afterwards radio-TLC was
performed. RCY was calculated by comparing the integrals of the free 8Ga/'""Lu spot with the
integrals of all labeled species. At a NOTA-AP'DNF concentration of 250 ug/mL, RCY of
approximately 95 % was achieved. The representative radio-TLCs (Figure 39¢,d) also show
that NOTA-*"'DNFs were the only radiolabeled species, and no fragments were present. This
demonstrates that very high radiochemical purity (> 95 %) can be achieved through this
method without additional purification steps. Finally, the decay-corrected long-term stability of
radiolabeling in PBS buffer and in human serum at 37 °C was assessed by performing radio-
TLCs in a time dependent manner (Figure 39e,f). The RCY for 8Ga-**'DNFs (t2 = 68 min)
dropped to approximately 90 % after 3 h, and RCY for "’Lu-*P'DNFs (t1», = 6.7 d) dropped to
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approximately 80 % after 24 h. This reduction in RCY was likely caused by radiolysis®®], and
was therefore expected, especially for '7Lu. After these experiments the radiolabeling was
deemed to be stable enough, since the accumulation timespan during most clinical
applications is in the range of 1 h.
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Figure 39. RCY and radiochemical purity of NOTA-*"'DNFs radiolabeled with ®Ga and ""’Lu
as determined by radio-TLC. (a,b) RCY after incubation of ®3Ga (a) and ""’Lu (b) (1 GBq) with
different amounts of NOTA-A"DNFs at RT and pH 4.5. (c,d) Representative radio-TLC of
NOTA-*P'DNFs radiolabeled with 8Ga (c) and '"’Lu (d) demonstrating their high radiochemical
purity. (e,f) Time dependent RCY of NOTA-**'DNFs radiolabeled with %Ga (e) and """Lu (f) in
PBS buffer and human serum as determined by radio-TLC. Data presented as mean + SD, N
=9.

3.2.5 In vitro Cell Uptake

3.2.5.1 Quantification of Cell Uptake

To start, the impact of the aptamer sequence on the uptake of ®Ga-DNFs into glioblastoma
cells was evaluated using y-counter. ®Ga-**DNFs and %Ga-“"'DNFs with a random DNA
sequence were incubated with U87-IDH" and U87-IDH™ ! glioblastoma cell lines. Cell samples
were taken after 1 and 4 h, excess ®Ga-DNFs were washed off with PBS buffer, and cell
uptake was quantified via y-counter (Figure 40). For the U87-IDH"! cell line, approximately
5 % of ®Ga-*"'DNFs were taken up after 1 h and approximately 8 % were taken up after 4 h
(Figure 40a). This represents an 8-10-fold increase over the ®8Ga-“"'DNFs, whose uptake
reached only around 0.5 % after 1 h and 1 % after 4 h. The U87-IDH™ cell line exhibited very
similar uptake behavior (Figure 40b). Statistical analysis confirmed that no significant
difference in uptake rate could be observed between U87-IDH" and U87-IDH™! cell lines
(Figure 40c).
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Figure 40. Time dependent in vitro cell uptake of ®Ga-**'DNFs into U87 glioblastoma cells
quantified by y-counter. (a) ®Ga-"*'DNFs uptake into U87 IDH" glioblastoma cells compared
to %Ga-°"DNFs after 1 and 4 h. (b) ®®Ga-**'DNFs uptake into U87 IDH™ glioblastoma cells
compared to 8Ga-°"DNFs after 1 and 4 h. (¢) Comparison of uptake rate of ¥Ga-*?'DNFs into
U87 IDH" and U87 IDH™ glioblastoma cells after 1 and 4 h. Data presented as mean + SD,
N = 18. Statistical analysis was performed with two-way ANOVA followed by multiple
comparison tests and post-hoc Turkey test, ***p < 0.001.

3.2.5.2 Immunocytochemistry

The intracellular localization of AP'DNFs after uptake was also investigated through
immunocytochemistry. For this purpose, *"DNFs were labeled with AF488. U87-IDH" cells
were incubated with AF488-A"'DNFs, samples were taken after 15 min, 30 min, 60 min, 120
min, and 240 min and excess AF488-*"'DNFs were washed off with PBS. Afterwards, the cells
were stained with phalloidin to visualize the actin cytoskeleton and with 4’-6-diamidin-2-
phenylindol (DAPI) to visualize the DNA in the nucleus. Figure 41 shows the fluorescence
microscopy images that were taken after staining. As expected, the intensity of the AF488
signal increased with higher incubation time, while the phalloidin and DAPI signal remained
stable. In the merged images the AF488 also overlaps with the phalloidin and the DAPI signal,
suggesting the AF488-**'DNFs not only got internalized, but specifically accumulated at the
nucleus.
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Figure 41. Immunocytochemical co-staining of U87 IDH" glioblastoma cells with DAPI (blue)
and phalloidin (red) after incubation with AF488-*P'DNFs for different times.

3.2.6 In ovo Biodistribution

3.2.6.1 Non-Tumor Bearing

Next, the biodistribution of NOTA-*?'DNFs was investigated with an in ovo chicken embryo
model. At first, the biodistribution in a healthy chicken embryo was tested. For this, NOTA-
APDNFs were labeled with ®8Ga and administered to the embryo through peripheral intravenous
injection at day 20 after fertilization. 30 and 60 mins after injection, the distribution of ®3Ga-
APDNFs in the embryo was visualized through combined PET and computer tomography (PET-
CT) (Figure 42a). The PET-CT images after 30 mins circulation time showed that the ®8Ga-
APDNF's were distributed all over the body of the embryo with one hotspot in the torso. After 60
mins circulation time the signal intensity of this hotspot further increased, while dropping off for
the rest of the body. This hotspot indicated the time-dependent enrichment of 88Ga-*"'DNFs in
the heart and the hepatic systems, which are the most perfused organs. After the PET-CT
scans, the embryo was sacrificed, the organs were resected and the carcass (body) and the
blood were collected. Afterwards, the accumulation of ®Ga-*"'DNFs in the individual organs
was quantified by y-counter (Figure 42b). The y-counter showed that after 30 mins the majority
of ®Ga-"'DNFs were still localized in the blood and body, which explains their high presence
in the heart and liver. The organs accumulated only small amounts (< 10 %) of 8Ga-"*'DNFs
and no statistically significant difference in uptake was found between the organs after 30 mins.
After 60 mins of circulation time (Figure 42c), the y-counter showed that the amount of #Ga-
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APDNFs in the blood and the body decreased compared to 30 mins circulation time, while the
amount of %Ga-*"'DNFs in the organs increased. The most notable accumulation was
observed in the liver and surprisingly in the brain. The time dependent increase in brain
accumulation was also found to be statistically significant (Figure 42d). This demonstrated
that the ~*'DNFs had the ability to penetrate the BBB in healthy chicken embryos.
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Figure 42. Biodistribution of 8Ga-"*'DNFs in non-tumor-bearing chicken embryo after 30 and
60 mins circulation time. (a) PET-CT images visualizing the biodistribution of ®Ga-"'DNFs in
the healthy chicken embryo after 30 mins (left) and 60 mins (right). (b) Post-mortem
quantification of 8Ga-**'DNF accumulation in the individual organs after 30 mins circulation
time, determined through y-counter (decay corrected). (¢) Post-mortem quantification of ®¥Ga-
AP'DNF accumulation in the individual organs after 60 mins circulation time, determined through
y-counter (decay corrected). (d) Post-mortem quantification of time dependent accumulation
of 88Ga-**'DNFs in the brain after 30 and 60 mins circulation time, determined through y-
counter (decay corrected). (e) Representative images of resected organs.

3.2.6.2 Tumor Bearing

The same in ovo biodistribution experiments were repeated with chicken embryos bearing a
CAM xenograft glioblastoma (Figure 43). The tumor cells were transplanted on day 15 after
fertilization, and the embryo was intravenously injected with the ©Ga-"'DNFs on day 20. The
PET-CT images again show a full body distribution of ®Ga-A""DNFs with a hotspot at the
heavily perfused organs in the torso (Figure 43a). After 60 min circulation time, the PET-CT
images also reveal accumulation of ®Ga-*'DNFs at the tumor site. After the PET-CT scan, the
embryo was again sacrificed, the tumor was resected and its accumulation of 8Ga-**'DNFs
was compared to the rest of the body by y-counter. Here, a circulation-time dependent increase
in %8Ga-"*'DNFs accumulation in the tumor could be observed. Approximately 5 % of %Ga-
APDNFs were taken up by the tumor after 30 mins circulation time (Figure 43b) and
approximately 15 % after 60 mins circulation time (Figure 43c). This increase was also
confirmed to be statistically significant (Figure 43d).
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Figure 43. Biodistribution of %Ga-*P'DNFs in chicken embryo bearing a CAM xenograft
glioblastoma after 30 and 60 mins circulation time. (a) PET-CT images visualizing the
biodistribution of 8Ga-*P'DNFs after 30 mins (left) and 60 mins (right), white arrows highlighting
xenograft tumor. (b) Post-mortem quantification of $Ga-*"'DNF accumulation in the tumor after
30 mins circulation time, determined through y-counter. (c) Post-mortem quantification of ®®Ga-
APDNF accumulation in the tumor after 60 mins circulation time, determined through y-counter.
(d) Post-mortem quantification of time dependent accumulation of 8Ga-**'DNFs in the tumor
after 30 and 60 mins circulation time, determined through y-counter (decay corrected). (e)
Representative images of resected tumor and remaining carcass.

3.2.7 In vitro Cell Toxicity

After the ~"DNFs demonstrated favorable biodistribution and sufficient accumulation at the
tumor site, their potential for glioblastoma therapy was assessed with in vitro cell culture
experiments. For this purpose, NOTA-**'DNFs were radiolabeled with "Lu, loaded with Dox
and added into the medium for U87 IDH" and U87 IDH™! cell culture. Control cell cultures
were incubated together with unloaded A"'DNFs, free Dox and ~*'DNF[Dox]. Samples were
taken after 48 h, 72 h and 96 h, afterwards cell damage was assessed through lactate
dehydrogenase (LDH) release assay (Figure 17) and resazurin assay (Figure 18). Both these
assays detect NADH, which is a product of many cellular processes, for example the oxidation
of lactate to pyruvate through LDH. Once the cells get damaged and LDH is released into the
medium, the presence of NADH can be detected through the addition of tetrazolium salts which
get reduced into colored formazan compounds.?®! Resazurin is a redox dye that can migrate
into living cells, where it is reduced into the strongly fluorescent resorufin.3%
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Figure 44. LDH release assay of U87 IDH"! (left) and U87 IDH™! (right) glioblastoma cells
after different incubation times with unloaded A"'DNFs (grey), 10 uM free Dox (pink),
APDNF[Dox] (pink-black), ""Lu-*""DNF[Dox] (yellow-red) or 0.1 % H.0- (black), compared to
LDH release after lysis.
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Figure 45. Metabolic activity of U87 IDH" (left) and U87 IDH™! (right) glioblastoma cells
determined through cell titer blue (resazurin) assay after different incubation times with
unloaded A*'DNFs (grey), 10 uM free Dox (pink), ~*"DNF[Dox] (pink-black), """Lu-A*"DNF[Dox]
(yellow-red) or 0.1 % H20- (black), normalized to negative control (white).

Due to their large similarity, the results from the LDH release assay (Figure 44) and the
resazurin assay (Figure 45) mirror each other. Overall, cell viability dropped over time for
untreated and treated cultures, but the difference between the treated and untreated group
grew over time, since the cytotoxic compounds had more time to affect the cells. No statistically
significant difference in cell viability was observed between the negative control group and the
unloaded A*'DNFs, demonstrating the low cytotoxicity of ~'DNFs. After 48 h, no significant
difference was observed between the cells treated with free Dox, *"'DNF[Dox] and ""’Lu-
AMDNF[Dox], suggesting that all cytotoxic effects at this point were caused by Dox, and that
the A*'DNFs did not increase Dox uptake. After 72 h and 96 h however, """Lu-"*DNF[Dox]
caused a significantly larger amount of cell death due to the slow accumulation of additional
DNA damage from '’Lu beta-radiation. These observations were made for both U87 IDH"!
and U87 IDH™ cell lines.
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3.3 Discussion and Outlook

In this chapter, azide bearing DNFs were successfully Click labeled with NOTA to generate a
versatile theranostic platform for targeted cancer imaging and synergistic radio- and
chemotherapy. The sequence programmability is one of the outstanding features of RCA-
based systems, which in this case was used to incorporate the AS1411 aptamer sequence to
achieve a targeting effect towards glioblastoma cells. In the future, other aptamers could easily
be incorporated to target different cancer types or to facilitate BBB permeability through
receptor-mediated transcytosis (see chapter 1.3.7). Other functional sequences like RNA-
cleaving DNAzymes could also be encoded into DNFs for potential gene-silencing
applications. The azide functionalization of the DNFs was achieved through the addition of N°-
(6-azido)hexyl-dATP into the RCA mixture. 29 polymerase seems to be fully compatible with
this nucleotide, which is the first time this has been demonstrated. Since N°-(6-azido)hexyl-
dATP is commercially available, this represents a convenient way of obtaining azide-bearing
DNFs. In the future, other modified nucleotides could also be added to the RCA mixture, for
example 5-fluorouridine-5’-triphisphate, in order to add an additional therapeutic payload to the
system.

The reaction conditions for Click labeling were optimized, and afterwards the azide-bearing
DNFs were functionalized with AF488-DBCO for fluorescent microscopy and with the chelators
DOTA-DBCO and NOTA-DBCO for the binding of radionuclides. This labeling procedure is
simple to execute and could be potentially adapted for other DBCO compounds. For example,
DNFs could be functionalized with folate or cholesterol to improve cell uptakel®! or with
ferrocene derivates to enable electrochemical detection.?% Many Click labels are
commercially available, including the AF488-DBCO and DOTA-DBCO that were used in this
study. NOTA-DBCO had to be synthesized through amine-NHS-ester coupling, but since many
NHS esters are readily available, a variety of Click labels can be accessed with relatively low
synthetic effort. Overall, this synthesis strategy for labeled DNFs constitutes a straightforward
approach, that can easily be adapted through changes in RCA template sequence, nucleotide
mixture and Click label.

The loading of DNFs with Dox through its intercalation into AS1411’s G-quadruplex structure
was also demonstrated. This approach of loading DNFs with a chemotherapeutic drug is quite
elegant, since it makes double use of the targeting function and does not require an additional
loading moiety. The intrinsic fluorescence of Dox also provides a convenient, label-free readout
method to confirm the loading. The long-term stability of Dox binding was also evaluated. No
Dox release was observed at pH 7.4, which ensures that Dox is not released into the blood
stream after administration and reliably reaches the tumor site. Dox binding was stable even
under tumor environmental conditions (pH 5). This suggests that Dox binding to AS1411 is
stable even after cell uptake, which potentially enhances accumulation in the nucleus and in
turn cytotoxicity (compare chapter 1.3.6). In the future, other chemotherapeutic drugs with
intercalating properties could also be loaded onto AS1411-DNFs.2%! Dox conjugates with non-
intercalating chemotherapeutic drugs, for example temozolomide, have also been reported.%4
These novel drug conjugates have great potential for the treatment of glioblastoma, and could
possibly be loaded onto the AS1411-DNFs.

58



Next, radiolabeling of DOTA-DNFs and NOTA-DNFs was evaluated. The necessary conditions
for the radiolabeling of DOTA were too harsh for DNA and led to depurination, which is why
NOTA was used for the rest of the study. NOTA can be labeled under milder conditions, but
also forms less stable complexes, especially with larger metals like ’Lu. Nevertheless,
radiochemical purities above 95 % could be achieved, which is sufficient for the application to
patients. The radiolabeling was also sufficiently stable in serum, demonstrating the usefulness
of NOTA-DNFs for in vivo applications. In the future, NOTA functionalized DNFs could also be
labeled with other trivalent metal cations, for example with Gd®* to enable their use as targeted
MRI contrast agents.3%!

Radiolabeling of NOTA-DNFs with ®8Ga provided a convenient way of quantifying their uptake
into U87 IDH"t and U87 IDH™ cells. DNFs bearing the AS1411 aptamer sequence exhibited
an 8-10 fold higher uptake compared to randomized control DNFs. This is a very impressive
result, since traditional particle based systems only achieve a 2-3 fold increase in cell uptake
when functionalized with AS1411.125253 The excellent targeting ability ~*'DNFs could be
explained through its high aptamer content, which allows for multivalent binding and provides
redundancy in case of nuclease degradation. Additionally, the unspecific uptake of control
DNFs is hindered by their high negative charge. No significant difference in ~"'DNF uptake was
observed between U87 IDH" and U87 IDH™! cells, suggesting both cell lines carry similar
amounts of nucleolin on their surface. IDH mutation is typically associated with changes in
metabolism and the epigenome.B%! These epigenetic changes can alter the expression of
several genes, but in this case, the expression of nucleolin seems to be unaffected. IDH
mutation also promotes changes in the tumor microenvironment®°!, therefore it is still possible
that differences in uptake between U87 IDH" and U87 IDH™ tumors might be observed during
future in vivo studies. Immunocytochemistry revealed that **'DNFs accumulated at the nucleus.
This was expected, since AS1411’s target, nucleolin, is involved in nucleocytoplasmic
transport processes (see chapter 1.3.6). This again strengthens the hypothesis that the
AS1411-~*'DNFs could help to increase Dox’s accumulation in the nucleus and therefore its
cytotoxicity.

The biodistribution of %Ga-**'DNFs was tested with an in ovo model bearing a CAM grafted
glioblastoma tumor, which revealed significant accumulation of ~"'DNFs in the liver (12 %), the
tumor (15 %) and the brain (20 %) after 1 h. Accumulation in the liver was expected, since it is
heavily perfused. After administering AS1411-conjugated nanoparticles to mice, similar
accumulation in the liver could also be observed after 6 h.[?°2 Compared to this murine model,
the in ovo model exhibited much higher enrichment in the blood, since the embryo does not
excrete the DNFs through the hepatobiliary pathway. The high tumor accumulation of 15 %
was achieved after only 1 h during the in ovo experiments. This process seems to be fast
enough to be translatable into a murine model, in which the tumor accumulation is competing
with the excretion rate. CAM graft models are also known to accurately replicate the vascular
environment of the tumor. This implies that similar or slightly lower tumor accumulation of
APDNFs is also possible in a murine model, especially for ectopic tumors. Whether the ~*'DNFs
are also effective for treating intracerebral GBM in a murine model remains unclear. /In ovo,
the uptake of A*"'DNFs into the brain was exceptionally high, even though the chicken embryos
possess a fully developed BBB from day 15.5°71 AS1411’s ability to facilitate the transport of
particle based DDSs across the BBB in mice is controversially discussed in the literature. Some
papers report no increase in brain accumulation for AS1411-functionalized particles in
mice.[?®*+25% Although, in these cases AS1411 caused the particles that crossed the BBB to
accumulate at the actual tumor site. Other studies claim that AS1411 actually helped to
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increase the amount of DDS transported across the BBB in mice.[?°-22 The most reliable way
to enable transport across the BBB still seems to be a separate targeting function!2%4 398-400],
which in the future could also be incorporated into the ~P'DNFs, by simply encoding a BBB
specific aptamerf?°8 401-402] gnto the RCA template.

The in vitro cytotoxicity assays showed that the unloaded A*'DNFs exhibit barely any toxicity,
thus demonstrating their safety for in vivo applications. Also, no difference between Dox loaded
APDNFs and free Dox was observed. This could be explained by the high Dox concentrations
used in these experiments, which might exceed the cell’s ability to effectively remove free Dox
through P-gp. If these experiments were repeated with lower Dox concentration in the future,
the cells might be able to develop resistance to the free Dox and Dox-*"'DNFs might yield
comparatively better results. However, a very clear difference in toxicity was observed between
Dox-'DNFs and "’Lu-Dox-*"'DNFs, especially over longer timespans. The delayed toxicity
can be explained by the slow accumulation of additional DNA damage through '7Lu’s beta-
radiation. The fact that ""’Lu-Dox-**DNFs performed almost as well as the positive control
group treated with H,O., emphasizes their efficacy for GBM treatment.

3.4 Experimental

General Materials

Oligonucleotides were purchased from Biomers. The sequences are listed in Table 2. T4 DNA
ligase and 10X ligation buffer was purchased from Thermo Fisher. ®29 polymerase and 10X
polymerase buffer were purchased from Biosearch Technologies. Regular dNTPs were
purchased from GeneOn Bioscience. N°-(6-Azido)hexyl-dATP, Alexa Fluor 488-DBCO and
DBCO-PEG4-5/6-FAM were purchased from Jena Bioscience. DOTA-DBCO was purchased
from Macrocyclics. Dibenzocyclooctyne-amine was purchased from Thermo Scientific. NOTA-
NHS ester was purchased from CheMatech. All experiments were performed with ultrapure
water (18.2 MQ cm) from a PURELAB Chorus 1 system by Elga. All regular solvents were
purchased from Fisher Scientific. Methanol-d, and D,O were purchased from Deutero.

Instrumentation

HPLC was performed with a Shimadzu system equipped with a degasser, 2 isocratic HPLC
pumps (LC-20AT), autosampler (SIL-20A HT), oven (CTO 20A), refractive index indicator (RID
10A) and diode-array detector (SPD-M20A). Analysis was performed with the Shimadzu
LabSolutions software (version 5.92). ESI-MS was performed with a Bruker micrOTOF-Q |II.

Table 2. DNA sequences.

Name’ Sequence (5’23’)

RCA AS1411 Phosphate - CCC TCT CTC CTC TAT TAT AAC CAC CAC CAC CAC AAC CAC
Template CAC CACCTATTITCTCCTC CTGACT

RCA Control Phosphate - CCC TCT CTC CTC TAT TAT GCG ATA AGT CCC TAA CTG ACT
Template ATGGCCTTATTITCTC CTC CTG ACT

RCA Primer GAG GAG AGA GGG AGT CAG GAG GAG
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Padlock Ligation

The ligation was performed with a total reaction volume of 60 pL in 1X ligase buffer containing
40 mMm Tris-HCI, 10 mm MgCl,, 10 mMm DTT, and 0.5 mm ATP at pH 7.8. A template
concentration of 40 uM and a primer concentration of 20 uM were used. The two strands were
annealed by heating to 95 °C for 5 min, then cooling down by 1 °C every 2.5 min to 16 °C
(standard annealing protocol). Afterwards, 10 U of T4 ligase were added and the mixture was
incubated at 16 °C overnight. The ligation product was used without further purification.

RCA

RCA was performed at a total reaction volume of 120 yL in 1X polymerase buffer, containing
50 mM Tris-HCI, 10 mM (NH4)2SO4, 4 mm DTT, and 10 mm MgCl, at pH 7.5. 10 uL of the
ligation mixture were used. A total dNTP concentration of 15 mm was used, and the mixture of
nucleotides was adjusted to the template sequence. For the synthesis of azide-modified RCA
products, 50 % of dATP was substituted with N°-(6-Azido)hexyl-dATP. After mixing, 40 U of
@29 polymerase were added and the mixture was incubated at 30 °C for 48 h. Afterwards the
polymerase was deactivated by heating to 65 °C for 10 min. GE was performed in TBE buffer
(89 mM Tris, 89 mM boric acid, 2 mM EDTA) and staining was performed with ROTI GelStain
Red. Gel images were inverted using ImagedJ and the contrast was enhanced to 2 % saturated
pixels. "H-"3C-HSQC spectra of native and N°-(6-azido)hexyl-modified RCA products in D,O
were recorded with a BRUKER Avance Neo 600 NMR spectrometer.

Click Reaction with 5/6-FAM

The click reaction was performed in a total reaction volume of 350 pL. The RCA product was
used without further purification and was diluted with 228 uL of a buffer containing 10 mm Tris-
HCl and 0.1 mm MgCl, at pH 7.4 or 12.2. 2 pL of a stock solution of DBCO-PEG4-5/6-FAM in
DMSO (1 mg/mL) was added to achieve final concentration of 6.5 pM. The mixture was
incubated for 24 h at RT or 95 °C. Afterwards the RCA products were precipitated by adding
50 uL of 3M NaCl and 900 pL of iso-propanol to the mixture and cooling to -80 °C for 1 h. The
mixture was centrifuged at 15 000 rpm for 30 min and washed with a mixture of 70 % iso-
propanol and 30 % water. The RCA product was lyophilized and redissolved at a concentration
of 5 ug/mL. Absorbance and fluorescence spectra were recorded with a SpectraMax M3
microplate reader by Molecular Devices. The excitation wavelength was 485 nm and the PMT
gain was set to medium with 6 flashes per read.

NOTA-DBCO Synthesis

The synthesis was performed analogous to the reported procedure.%! 10.3 mg DBCO amine
(36.2 umol, 1 eq.) and 56 pL triethyl amine (400 pmol, 11.05 eq.) were added to a Schlenk
flask with 2 mL dry DMF and stirred for 10 min at RT. Then 36.3 mg of NOTA-NHS ester (55.4
pumol, 1.53 eq.) were added and the mixture was stirred over night. 1 mL of water was added
to hydrolyze the excess NHS ester. The solvents were removed in vacuo and the residue was
dissolved in methanol. The product was purified using the HPLC system described above,
equipped with a Phenomenex Gemini Nx-C18 column (10 x 250 mm, 5 ym particle size). The
eluents A (H2O/MeCN, 95/5 V/V) and B (H2O/MeCN, 5/95 V/V) were used at a flow rate of 4
mL/min and the following gradient: 0-5 min: 30 % B, 5-35 min: 30-80 % B. Under these
conditions, NOTA-DBCO was eluted at approximately 7 minutes. After lyophilisation, 5.5 mg
of NOTA-DBCO were obtained as a white solid (27 % yield). ESI- MS: m/z = 562.2682 [M+H]",
579.2925 [M+NH4]* and 584.2479 [M+Na]*. '"H-NMR (400 MHz, CD3;0D): 5 =7.66 (d, J =7.2
Hz, 1H), 7.50 (m, 1 H), 7.44 (m, 3 H), 7.35(m, 2 H), 7.26 (d, J = 7.6 Hz, 1 H), 5.13 (d, J = 141
Hz, 1 H), 3.71 (m, 4 H), 3.39 (s, 2 H), 3.22 (t, J = 6.6 Hz, 2 H), 3.03 (m, 12 H), 2.84 (m, 2 H),
2.49 (m, 1 H), 2.16 (m, 1 H).
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NOTA-DNF Synthesis

2.5 mg of NOTA-DBCO were dissolved in 100 pyL of a MeOH/H20 mixture (50/50, v/v). 480 uL
of azide modified RCA product, synthesized like described above, were added without further
purification. The mixture was diluted with 420 uL of a buffer containing 10 mm Tris-HCI and
0.1 mm MgCl, at pH 12.2 to a final reaction volume of 1 mL and incubated at RT over night.
The DNFs were separated from the reaction mixture using a Satorius Vivaspin centrifuge filter
with a MWCO of 3 kDa and washed 3 times with water. After lyophilisation 0.8 mg of NOTA
functionalized DNFs were obtained. DOTA-DNF synthesis was performed analogously. 'H-
NMR spectra of native and DOTA-DNFs in D-O were recorded on a Bruker Avance IIl 400
NMR spectrometer.

Alexa Fluor 488-DNFs

The synthesis was performed analogous to the NOTA-DNFs. 10 uL of a AF488-DBCO solution
(1 mg/mL) were added to a mixture, resulting in a final concentration of 12.6 yM in the final
reaction volume of 1 mL.

Scaning Electron Microscopy

Samples (1-5uL) were applied to a silicon wafer and dried at room temperature over night. The
wafer was attached to the sample holder using carbon tape and the sample was coated with
~3 nm carbon using a Leica EM ACEG00 sputter coater. Measurements were performed on a
Hitachi SU9000 electron microscope using a secondary electron detector. An acceleration
voltage of 30 keV at 10 pA was used. Particle diameters were measured using ImageJ.

Dox Loading

The RCA product was lyophilized and redissolved to generate a stock solution with 2.8 mg/mL
RCA product in a buffer containing 140 mM KCI, 1 mM MgCl, and 10 mM KH2POs. The final
volume was 200 pL and RCA concentrations were adjusted to 0.01, 0.05, 0.1, 0.5 and 1
mg/mL. 0.72 uL of a stock solution of Dox in buffer (2.76 uM) were added to reach a Dox
concentration of 10 yM. Samples were incubated at RT for 30 minutes and fluorescence
spectra were recorded with Aex = 488 nm.
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4. DNA Click-Functionalization with Hyperpolarizable
Labels

4.1 Aim and Motivation

This chapter focusses on the development of PHIP-labeled aptamers as promising tools for
the targeted MRI imaging of tumors. MRI is an appealing imaging technique, since it is non-
invasive and does not rely on ionizing radiation, unlike for example CT. MRI relies on strong
external magnetic fields in order to achieve sufficient contrast. These magnetic fields are
usually generated by superconducting coils which are cooled with liquid helium, making MRI
machines complicated and expensive to operate. An alternative way to increase MRI quality is
through the use of contrast agents. The most common contrast agents are Gd**-based
compounds, which are most effective during high-field MRI, due to their paramagnetic
properties. For the purpose of imaging with low magnetic fields, e.g. in portable MRI machines,
new contrast agents are being developed, whose nuclear magnetization is artificially increased
through PHIP. Contrast agents can also be designed to accumulate in specific tissues by being
conjugated to cell specific metabolites or targeting agents like aptamers or antibodies. These
targeted contrast agents enable high resolution imaging of anatomical structures and help to
differentiate between healthy and diseased tissues. They are especially useful during the
diagnosis of cancer, since they allow an accurate assessment of the disease progression and
the localization of metastases. Among targeting agents, aptamers stand out since they are
cost efficient, exhibit low immunogenicity and can readily be chemically modified. While the
concept of a PHIP labeled aptamer has already been demonstrated in 2023 by Brenske et al.
282] (see chapter 1.6.6), this chapter introduces a new approach to generate them. The original
method employs a bottom-up synthesis strategy. It starts by attaching an alkyne function to an
uracil nucleobase through Sonogashira coupling. The modified nucleobase is then
functionalized with a 2’-deoxy ribose unit and a phosphoramidite group, before it is
incorporated into the aptamer through solid-phase synthesis. Since this whole process needs
to be repeated for each different alkyne function and aptamer sequence, this synthesis strategy
is very labor intensive. In order to reduce the synthetic effort, this chapter introduces a modular
approach, in which the PHIP label is conjugated post-synthetically to the DNA through Click
chemistry (Scheme 1). This also allows for independent optimization of the PHIP label before
attachment to the aptamer. To implement this strategy, a Click functionality is first introduced
into the DNA. This is achieved through NHS ester coupling of a 5’-NH>-DNA with DBCO-NHS
ester (Scheme 1a). Instead of an aptamer, a 9-mer with the sequence 5-NHy(CH.)e-
AACAACCAT-3 is used as a model DNA. This sequence has two important features: firstly, it
forms no secondary structures and is not self-complementary, therefore eliminating these
variables when evaluating the kinetics of the Click reaction and the hyperpolarization.
Secondly, it includes exactly one thymine base, whose CHs group generates a distinct peak in
the "H-NMR spectrum that can be used to obtain quantitative information about the species
present in solution. The DNA is also complexed with amphiphilic amines (see chapter 1.4.3)
to enable its solubility in organic solvents, which serves two purposes: Firstly, it allows the
amine-NHS ester coupling to be performed in aprotic organic solvents (DMSO, DMF), which
are the only solvents compatible with DBCO-NHS. Secondly, the DNA needs to be soluble in
methanol-ds, which is the preferred solvent for the catalytic PHIP reaction. In order to maximize
its solubility in methanol, amino methoxy polyethyleneglycol (MPEG-NH,) is the preferred
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ligand for DNA complexation. But due to the presence of free amino groups, it is unclear
whether the two step complexation method with ANI-HCI and mPEG-NH; is compatible with
the amine-NHS coupling step. As an alternative surfactant, which does not contain a primary
amino group, didodecyldimethylammonium bromid (DDAB) is also used in this work. Terminal
functionalization through amino-NHS coupling has already been demonstrated in the literature
for DDAB-complexed DNA . [20¢]
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Scheme 1. DNA Click labeling strategy. (a) 5-DBCO functionalization of DNA surfactant
complex through amine-NHS coupling. (b) Click labeling of DBCO functionalized DNA with
azide bearing PHIP tag. Created in BioRender. Rath, W. (2025)
https://BioRender.com/u04j119.

4.2 Results

4.2.1 DBCO functionalization of mMPEG-DNA complexes

First, the NH2-DNA 9-mer was obtained through standard solid-phase synthesis with
commercial phosphoramidites. The NH>-DNA was precipitated from aqueous solution with the
help of ANI-HCI. The DNA-ANI complexes were then dissolved in DMSO and reacted with
DBCO-NHS ester. Afterwards the ligand exchange was performed with mPEG-NH, (MW: 550
Da) and the complex was purified using a centrifugal concentrator. Notably, the NHS coupling
was performed before the addition of MPEG-NH>, since this large excess of a primary amine
compound would compete with the coupling to the DNA. After purification, 'H-"3C-HSQC
spectra of the native mPEG-DNA complexes and the DBCO-NHS treated mPEG-DNA
complexes were recorded. Figure 46 shows the 'H-"3C-HSQC spectrum of the native mPEG-
DNA complex recorded in methanol-ds. The spectrum exhibits sharp peaks that can all be
assigned to the structural features of the mPEG-DNA complex. The peaks that correspond to
nuclei at the periphery of the complex are especially distinct, indicating excellent mobility in the
solvent. For example, the peaks corresponding to the 5’-alkyl chain ('H: 1.5 ppm, *C: 30 ppm,
approx.) allow the differentiation between CH. units with slightly different chemical
environment. On the other hand, the peak corresponding to the 5’-CH, unit of the ribose
exhibits some broadening, indicating that rotation around this bond at the center of the complex
is slightly hindered. The high quality of peaks for nuclei at the periphery of the complex allows
for accurate integration of the thymine CHs peak and the mPEG CHjs peak (Figure 47). A ratio
of 1:9 between these integrals can be observed, which confirms quantitative complexation,
since the NH>-DNA 9-mer contains 9 phosphate groups.
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Figure 46. 'H-*C-HSQC spectrum (600 MHz) of native mPEG-DNA complex in methanol-ds
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Figure 48 shows the
superimposed  'H-"3C-HSQC
spectra of the native mPEG-
DNA complex and the DBCO-

NHS treated mPEG-DNA
complex in methanl-da.
Surprisingly, no  difference

between the spectra can be
observed, indicating that no
reaction took place. The most
likely explanation for this is that
the primary NH: group at the 5'-
end of the DNA got protonated
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Figure 47. "H-NMR spectrum (600 MHz) of native mPEG-
DNA complex in methanol-d, with integrals for the thymine
CHs peak (1.9 ppm) and the mPEG CHj3 peak (3.4 ppm).

i by the ANI-HCI. Protonated NH>
groups do not contain a lone
electron pair, consequently
they cannot react as a

nucleophile. Since the amine

group in ANI-HCI is protonated, a direct competition reaction of ANI-HCI with the amine-NHS
ester coupling can be ruled out. Since primary amines are more basic than aromatic amines,
and ANI-HCI got added in a large excess, it is likely that the 5’-NH: group of the DNA got fully

protonated and could not react as a nucleophile.
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Figure 48. Superimposed 'H-"3C-HSQC spectra (600 MHz) of native mPEG-DNA complex
(green) and DBCO-NHS treated mPEG-DNA complex (red) in methanol-ds.

4.2.2 DBCO functionalization of DDAB-DNA complexes

Since the precipitation of the DNA with ANI-HCI interferes with the amine-NHS ester coupling,
the surfactant for the complexation was changed to DDAB, which is quaternary ammonium
compound that cannot transfer protons. The 'H-*C-HSQC spectrum of the native DDAB-DNA
complex recorded in CDCls is shown in Figure 49. This spectrum is heavily dominated by the
signals corresponding to DDAB (compare Figure 50), and DNA signals are hardly visible. This
hints at an excess of DDAB still being present in the precipitate, which is hard to remove
through centrifugation and washing alone, since the DDAB-DNA precipitate is much finer than
the ANI-DNA precipitate. Nevertheless, the precipitate was dissolved in DMF, reacted with
DBCO-NHS and purified with a centrifugal concentrator. The superimposed 'H-"*C-HSQC
spectra of the native and functionalized DDAB-DNA complex in CDCls are shown in Figure
51. In the HSQC spectrum of the DBCO-NHS treated DDAB-DNA complex, peaks
corresponding to the DNA are clearly visible ('H: 3.0 ppm, 3C: 40 ppm; 'H: 4.5-3.5 ppm, "*C:
65 ppm; 'H: 4.5-4.0 ppm, °C: 85 ppm; "H: 6.5 ppm, "*C: 85 ppm;), but significantly broadened.
This indicates limited mobility of the DNA chain, which might be caused by the formation of
micelles that limit DNA-solvent interactions. Micelle formation could also possibly cause the
large excess of DDAB after precipitation (Figure 49). The DDAB signals are still dominating
the spectrum, likely because DDAB is more mobile, by virtue of being positioned at the
periphery of the complex and its larger compatibility with the unpolar solvent. Different NMR
solvents (acetone-ds, acetonitrile-ds, THF-ds, cyclohexane-dq2) were tested with the aim of
improving signal quality, but the complex was only soluble in CDCls; and CDCl..
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Due to the poor signal quality, the thymine CHs peak is not visible, and therefore the degree of
DDAB complexation cannot be determined. Furthermore, the distinction of aromatic signals in
the HSQC spectrum originating from DNA or DBCO is not possible. However, the successful
functionalization of the DNA with DBCO can be confirmed through the presence of two
characteristic signals, which correspond to the CH: unit of the cyclooctyne ring (compare
Figure 52 and 53). This CH; signal is splitting up, since the two corresponding protons are
locked in a specific conformation and are therefore not chemically equivalent. In Figure 51 two
different populations of these characteristic signals with different chemical shifts can be
observed. This could hint at the presence of a different DDAB-DNA species in solution, for
example the formation of micelles. Another possible source of these signals might be reacted
DBCO, originating from an unknown side reaction. The labeling efficiency cannot be
determined from the HSQC spectrum, since the a-amine hexyl peak is not visible. High-
resolution denaturing PAGE was attempted, but no bands were observed, likely because the
9mer was too small for the pores and diffused out of the gel. MALDI-MS requires DDAB to be
removed from the DNA backbone through the addition of NaCl, followed by an additional
desalting step through a centrifugal concentrator. Since this additional purification step would
be associated with a significant loss of limited material, it was not performed. The labelling
efficiency was investigated through MALDI-MS by Xinpei Li as part of his Master’s thesis
“‘Development of DNA-labels for highly sensitive targeted Magnetic Resonance Imaging”,
during which no unreacted 5’-NH>-DNA was found. In the literature, labelling efficiencies of
approximately 70 % have been reported.%!

L e = e PN A__ '/\\'-,_ __._{ o T
e O

10

- +20

= - — S-S e a0 R s e 0 (3 S : @ = of30

| " T 4
2 . L - 5 40
Beo | Ribose 2 4

/ \ 2 . B '\_*:_‘ P F50 E
= N G 94 * i G
e L
e / gl o 80 &
DBCO G 8-=57¢ “
Ribose &, 70 o
e i 3+5 =
R . 80 E
Ribose 1° Ribose 4° top o

100

F110

120

= F130

140

T T : r . . r : . . r r -
1.0 70 6.5 6.0 o 5.0 4.5 4.0 35 3.0 2.5 20 15 1.0 0.5 0.0
'H chemical shift (ppm)

Figure 51. Superimposed 'H-"*C-HSQC spectra (600 MHz) of native DDAB-DNA complex
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4.2.3 Design and synthesis of PHIP labels

In the larger context of this project, two different azide functionalized PHIP labels were
designed and synthesized. Firstly, a '°Ny-diazirine Click label for SABRE based
hyperpolarization was investigated by Xinpei Li in his master’s thesis “Development of DNA-
labels for highly sensitive targeted Magnetic Resonance Imaging”. "®N.-diazirines exhibit long
T4 relaxation times and exceptional singlet lifetimes®®!, making them ideal candidates to solve
the problem of short magnetization lifetimes, which was observed in the 2023 study by Brenske
et al.?®2 They also enable continuous hyperpolarization. The synthesis route for this SABRE
label is shown in Scheme 2. The design for this label is based on a 2019 study, which reported
a method of obtaining '°N,-diazirines from amino acids through the use of phenyliodonium
diacetate (PIDA) and ®*NH,.%! In the same study, the authors also demonstrated the potential
use of ®N,-diazirines as SABRE compounds. The amino acid that was chosen for the design
of the SABRE label for this project was tyrosine. The phenyl rest of tyrosine increases the
boiling point of the diazirine, which is necessary to retain the product during the removal of
solvents. Tyrosine’s OH-group can also be deprotonated quite easily (pKa = 10), which enables
a straightforward nucleophilic substitution to attach a PEG linker with an azide function. The
PEG linker serves to increase hydrophilicity and the accessibility of the azide function for the
Click reaction. During his master’s thesis, Xinpei Li successfully synthesized this molecule and
subsequently performed the SABRE experiments, during which a signal enhancement factor
of approximately 6000 and a T, relaxation time of 32 s were achieved for the ®N,-group.

PIDA (3 eq.) g™ O, (0.960)
o] 15NH; (17.5 eq.) 3
HO KOH (2 eq.) HO " NaOH (1.5 eq) o o
OH T . /,N N:s/\/ \/\O/\/ 15
NH; MeOH N MeOH NG
RT 50 °C
over night 72 h

Scheme 2: Synthesis route for azide functionalized SABRE label.

Secondly, a *Si-based label for hydrogenative PHIP was designed and synthesized by Dr.
Jens Koéhler and Janko Stoffels (DWI-Leibniz Institute for Interactive Materials). The chemical
structure of this PHIP label is shown in Figure 54. The design of this label is inspired by the
2023 study by Brenske et al., which concluded that a DNA label for hydrogenative PHIP ideally
should incorporate nuclei with long-lived spin states, in order to increase the T4 relaxation time
of the hyperpolarization.?®?l The newly designed PHIP label features similar structural
elements as the SABRE label, including an aromatic ring and a PEG spacer. The actual PHIP
function is comprised of a terminal alkyne group, which can be catalytically hydrogenated, and
an adjacent 2°Si nucleus, onto which the magnetization can be transferred to increase the T+
relaxation time. At the time of writing, signal enhancement and T, time for this label have not
been tested, but its Click reaction with the DBCO functionalized DDAB-DNA is shown below.
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4.2 .4 Click-functionalization of DNA with PHIP label

Figure 55 shows the "H-NMR spectrum of the freshly synthesized PHIP label in CDCl;. After
storage, some triazole formation was observed (see Figure 56), even though the azide and
alkyne function should not be able to react without a Cu catalyst. The most likely explanation
for this observation is trace Cu contamination of the laboratory equipment.
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Figure 55. "H-NMR spectrum (600 MHz) of freshly synthesized PHIP label in CDCl; with peak
assignments.

The freshly synthesized PHIP label was mixed with the DBCO functionalized DDAB-DNA in a
2:1 excess in CDCls. After the addition, 'H kinetic spectra were recorded every 4 min, and after
approximately 208 min a final '"H-"*C-HSQC spectrum was recorded, which is shown in
Figure 57. All new signals (compared to Figure 51) can be assigned to the PHIP label. The
signal corresponding to the CH» group in a-position to the azide (position 29 in Figure 57)
confirms the formation of the triazole. The original a-azide signal (*H: 3.35 ppm,'3C: 70.5 ppm)
is still present, since the PHIP label was added in excess, but additionally, the a-triazole signal
can be clearly observed ('H: 4.55 ppm,'®C: 50.4 ppm). In conjunction with this, the
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Figure 56. Stacked "H-NMR spectra (600 MHz) of PHIP label in (compare chapter 4.2.2).
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before (green) and after (red) Click reaction with peak assignment for the PHIP label.
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Figure 58. Stacked 'H Click kinetic spectra (600 MHz) in CDCl; monitoring changes of signals
corresponding to PEG spacer of PHIP label.
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Figure 59. Stacked "H Click kinetic spectra (600 MHz) in CDCl; monitoring changes of signals
corresponding to DBCO and a-triazole PEG unit.
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The 'H kinetic spectra of the Click reaction in CDCIlz are shown in Figure 58 and 59. Here the
progress of the reaction can clearly be observed with the help of the signals between 3.3 ppm
and 6.1 ppm. The substrate peaks between 4.15 ppm and 3.3 ppm, which correspond to the
nuclei of the PEG spacer, all decrease in intensity over time, while the product peaks at slightly
lower ppm simultaneously increase. Additionally, some broadening of the product peaks
compared to the substrate peaks can be observed, likely due to the decreased mobility of the
nuclei after being attached to the DDAB-DNA complex. Around 3.35 ppm a decrease in
intensity over time can be observed for the a-azide peak, while the a-triazole peak at 4.55 ppm
increases in intensity. Lastly, at 5.1 ppm the intensity of the DBCO peak can be seen to
decrease with time, while at 6.0 ppm and 4.35 ppm two peaks increase in intensity, which likely
correspond to the reacted DBCO. The direction of these changes in intensity over time indicate
that the peaks in the HSQC spectrum (Figure 57) were correctly assigned to the substrates
and the product respectively. The labelling efficiency of the Click reaction can also be
estimated from the HSQC spectrum (Figure 57). The full disappearance of the characteristic
DBCO peaks indicates full conversion of DBCO, although this could not be confirmed through
PAGE or MALDI-MS, due to the same problems described in chapter 4.2.2.

4.3 Discussion and Outlook

In this chapter, the post-synthetic, terminal Click functionalization of DNA with a
hyperpolarizable label in organic solvents was successfully demonstrated. First, a 5’-NH2-DNA
9-mer was functionalized with a DBCO group at the 5’-end by amino-NHS coupling. To enable
DNA solubility in organic solvents for the DBCO coupling reaction, it was complexed with
amphiphilic amines. The two step complexation method with ANI-HCI, followed by mPEG-NH,,
was first investigated, since it also enables DNA solubility in methanol for the hyperpolarization
reaction. DBCO-NHS was added after the precipitation step with ANI-HCI, but 'H-"3C-HSQC
spectra showed that the amine-NHS coupling did not take place. The most likely explanation
for this is, that the 5-NHz-group of the DNA was protonated by ANI-HCI and therefore was not
able to react as a nucleophile. Generally, the two step complexation method using ANI-HCI
and mPEG-NH. seems to not be well compatible with the amine-NHS coupling reaction. If
DBCO-NHS would have been added at a later step during the complexation process, the large
excess of MPEG-NH- in the mixture might compete with the coupling reaction. To prevent this,
the complex would need to be purified before and after the reaction with DBCO-NHS. This
double purification would drastically reduce the yield. A possible way to sidestep this problem
would be to functionalize the DNA in the aqueous phase with a water-soluble DBCO
compound, for example DBCO-sulfo-NHS, before precipitating it with ANI-HCI. With this
method, the degree of functionalization could easily be determined through MALDI-MS before
precipitating the DNA. Another solution would be to use another coupling reaction that is
unaffected by the presence of ANI-HCI, for example thiol-maleimide coupling, although amine-
NHS coupling is very appealing due to the formation of a stable amide product.

The solution that was employed in this chapter was to use DDAB as a surfactant for the
precipitation of the DNA, which is a quaternary ammonium compound that does not protonate
the 5’-NH-group. 'H-"*C-HSQC spectra showed that DBCO was successfully coupled to the
DNA through the presence of two characteristic peaks, although the quality of the NMR spectra
was much lower compared to the mPEG-DNA complexes. This could be explained by the low
mobility of the complex in solution, likely caused by the formation of micelles or by strong
hydrophobic interactions between the dodecyl chains of the DDAB ligands. In an effort to
improve the quality of the NMR signal, different NMR solvents (acetone-ds, acetonitrile-ds,
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THF-dg, cyclohexane-di2) were screened, but CDCIlz and CD.Cl, were the only suitable
solvents. This leads to two problems, which might hinder this approach in the future: Firstly,
the low quality of the NMR spectra prevents a comprehensive NMR analysis of the DDAB-
DNA complexes. For example, due to the thymine CHs peak not being visible, it is impossible
to confirm the quantitative complexation of the DNA phosphate groups through NMR.
Secondly, the small number of suitable solvents limits the range of catalysts that can be used
for the hyperpolarization reaction, which is typically performed in methanol. For these reasons,
future work might focus on the DBCO-functionalization of mPEG-DNA complexes, as
discussed in the paragraph above.

Despite these potential future problems, the DDAB-DNA complexes were successfully
functionalized with DBCO and the Click reaction with the PHIP label was performed. A 'H-
NMR kinetic and an endpoint 'H-"3C-HSQC spectrum were recorded, which confirmed the
completion of the reaction after approximately 3 h. This highlights the reliability and speed of
the DBCO-azide coupling reaction. While this is a promising result, it is still worth noting that 3
h is much longer than the T1 relaxation time of the hyperpolarization. This necessitates that
the Click reaction is performed before the hyperpolarization, which will lead to slower
hyperpolarization kinetics and therefore a decrease in signal enhancement. Furthermore, it will
be interesting to observe how the kinetics of the Click reaction are influenced by switching to
mMPEG-DNA complexes. Since the DBCO is attached at the DNA with a (CH2)s-spacer, it
seems plausible that hydrophobic interactions with the dodecyl chains of the DDAB could
reduce the accessibility of the DBCO, and therefore slow the kinetics of the Click reaction. This
would not be the case when switching to mPEG ligands, on the other hand these could form
stronger interactions with the PEG spacer of the PHIP label.

In the future, the yields of the amine-NHS coupling as well as the Click reaction need to be
investigated in more detail. MALDI-MS, high-resolution PAGE and HPLC are appealing options
for this, but they require the functionalized DNA to be free of salts and surfactants. Additionally,
PAGE would necessitate the use of a larger DNA strand (14+ nucleotides).*%! As mentioned
above, performing the amine-NHS coupling before precipitating the DNA with ANI would make
sample preparation much easier. To assess the yield of the Click reaction through these
methods, it might be necessary to utilize a different desalting method, since purification with a
centrifuge concentrator is associated with large losses of material, which can also vary greatly
between batches.

This study demonstrates that hyperpolarizable aptamers can be obtained with relatively low
synthetic effort through a Click labeling approach. In order to transfer these findings to a clinical
setting, firstly the 9-mer model DNA needs to be replaced with an aptamer sequence.
Switching the DNA sequence will likely affect the kinetics of the Click labeling due to the
formation of secondary and tertiary DNA structures, as well as increased size of the DNA. The
aptamer sequence can also be freely changed with minimal synthetic effort, which is arguably
the biggest strength of this modular labeling approach. Another big priority in the future will be
the development of rapid purification techniques to reduce the time between hyperpolarization
and application. For example, through the addition of salt, the hyperpolarized DNA could be
precipitated from the organic phase and transferred to an aqueous medium. Catalyst
immobilization could also speed up the purification process and increase cost efficiency. The
water-soluble catalysts that are available at this point are limited by their slow hyperpolarization
kinetics, but in the future, they might be a great option for clinical PHIP applications. They
would remove the necessity for the DNA to be complexed with amphiphilic amines and
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eliminate toxic solvents. Biocompatible hyperpolarization MRI techniques are still in their
infancy, but the first in vivo applications that were demonstrated very recently*®! exemplify the
great potential these techniques have to transform MRI imaging.

4.4 Experimental

General materials

All experiments were performed with ultrapure water (18.2 MQ cm) from a PURELAB Chorus
1 system by Elga. Unless stated otherwise, all regular solvents were purchased from Fisher
Scientific. Deuterated NMR solvents were purchased from Deutero.

&5’-amino DNA 9-mer synthesis

DNA synthesis was kindly performed by Mark Loznik (DWI-Leibniz Institute for Interactive
Materials) using an AKTA OligoPilot Plus oligonucleotide synthesizer by Cytiva. 5G Unylinker
350 by Cytiva was used as solid support. All phosphoramidites, including the 5’-TFA-amino-
Ces-phosphoramidite, were purchased from Biosearch Technologies. Phosphoramidites were
diluted to 150 mM in acetonitrile (VWR) and coupling was performed with 3 eq. of
phosphoramidite. A 250 mM solution of 5-ethylthio tetrazole (ChemGenes) in acetonitrile
(VWR) was used as a coupling activator. Detrytilation was performed with a 3 % solution of
dichloracetic acid (Sigma) in toluene (TH Geyer). For capping, CapA solution (Sigma) and a
50:50 mixture of CapB1:CapB2 solutions (Sigma) were used. Oxidation was performed with a
50 mM solution of I (TCI) in a 10:90 mixture of water:pyridine (Sigma). After synthesis, the
DNA was deprotected and cleaved from the solid support by incubating for 2 h in a 15:20:65
mixture of ammonium hydroxide (Merck):methylamine (Sigma):water. The solution was filtered
and washed with a 50:50 mixture of water:ethanol (Héfer Chemie). The ethanol was removed
in vacuo and the crude DNA was purified through anion exchange chromatography using an
AKTA Pure 25M chromatograph by Cytiva equipped with a 5 mL HiTrap Q HP column by
Cytiva. Buffer A contained 25 mM Tris-base (Fisher Scientific) (pH 8.0), buffer B contained 1
M NaCl (Fisher Scientific), 25 mM Tris base (Fisher Scientific) (pH 8.0) and a gradient from 40
% to 75 % buffer B in 8 column volumes was employed. The DNA was concentrated and
desalted using the AKTA Pure 25M chromatograph equipped with a HiPrep 26/10 desalting
column by Cytiva, employing an isocratic flow of a 80:20 mixture of water:ethanol (Hofer
Chemie). Finally, the ethanol was removed in vacuo and the DNA was concentrated.

DBCO-DNA PEG complexes

After synthesis, the concentration of 5’-amino DNA solution was determined via absorbance
at 260 nm, measured with a Nanodrop One C by ThermoFisher Scientific. 4-
(hexyloxy)anilinium hydrochloride (ANI-HCI) was obtained by dissolving 4-(hexyloxy)anilinium
(Fisher Scientific) in diethyl ether, then HCI solution (4 M) in dioxane (Sigma) was added until
no more precipitation was observed. The precipitate was filtered, washed with diethyl ether
end dried. 74.4 mg ANI (324 pymol) were dissolved in 5 mL water, then 5 mL 5’-amino DNA
solution (12 pmol) were added, resulting in a 3-fold excess of ANI compared to DNA phosphate
groups. After mixing, a fluffy, pink precipitate started forming and the mixture was shaken
overnight. The precipitate was centrifuged, washed with water 3 times and lyophilized,
resulting in quantitative yield. The DNA-ANI complex was dissolved in 5 mL dry DMSO under
Schlenk conditions, 15.5 mg (36 umol, 3 eq.) of DBCO-NHS ester (abcr) were added and the
mixture was stirred at RT overnight. The DMSO was removed in vacuo, then 178.2 mg (324
umol) methoxy PEG amine (MW: 550 Da, Laysan Bio Inc.) were dissolved in 5 mL methanol
and added to the DNA-ANI complex. The mixture was stirred at RT overnight. The DNA

complex was purified using a Vivaspin centrifugal concentrator (MWCO 3 kDa) by Sartorius.
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For this, the membrane of the concentrator was wetted with methanol, then the reaction
mixture was centrifuged through the concentrator, washed 3 times with methanol, 2 times with
water and lyophilized, yielding 4.7 mg (0.79 ymol, 8 %) DNA-PEG complex. The native DNA-
PEG complexes without DBCO-functionalization were prepared analogously, except the
DBCO-NHS reaction was skipped.

DBCO-DNA DDAB complexes

149.9 mg on DDAB (324 umol) (Sigma) were dissolved overnight in 5 mL water. Then 5 mL
5’-amino-DNA (12 pmol) were added, resulting in a 3-fold excess of DDAB compared to DNA
phosphate groups. After mixing, a fine, white precipitate started forming and the mixture was
shaken overnight. The precipitate was centrifuged, washed 3 times with water and lyophilized,
resulting in quantitative yield. The DNA-DDAB complex was dissolved in 5 mL dry DMF under
Schlenk conditions, 15.5 mg (36 pmol, 3 eq.) of DBCO-NHS ester (abcr) were added and the
mixture was stirred at RT overnight. The DMF was removed in vacuo, and the residue was
dissolved in ethanol (Hofer Chemie). The functionalized DNA-DDAB complex was purified
using a Microsep Advance centrifugal concentrator (MWCO 1 kDa) by Pall. The membrane of
the concentrator was wetted with ethanol (Hofer Chemie), then the reaction mixture was
centrifuged through the concentrator, washed 5 times with ethanol (Hofer Chemie), and dried
in vacuo, yielding 29.8 mg (4.53 pmol, 38 %) functionalized DNA-DDAB complex.

NMR measurements

All measurements were performed on a BRUKER Avance Neo 600 spectrometer. Samples
were prepared with a DNA concentration of 1.8 umol/mL. DNA-PEG complexes were dissolved
in methanol-d.. DNA-DDAB complexes were dissolved in CDCIls. Standard spectra were
recorded with 32 scans, HSQC spectra were recorded with 128 scans. For the kinetic studies,
one 'H spectrum was recorded with 32 scans every 4 min, up to 208 min.

77



5. Conclusion

FNAs offer a versatile platform for the development of biomedical applications, due to their
high biocompatibility and the ability to directly interface with biological systems on the
molecular level. They offer the possibility to target specific cells by interacting with receptors
on their surface and they can influence intracellular processes, for example protein expression.
Opposed to other biomacromolecules like proteins, FNAs can easily be chemically modified
and can be fully synthesized in a bottom-up process. This thesis highlights three different
applications that all exploit these specific features of FNAs.

In chapter 2, the US controlled activation of a DNAzyme with help of a DNF based carrier
system was demonstrated. The deactivation of the DNAzyme was achieved by hybridization
to a reverse complementary RCA strand. Additionally, the condensation of the hybridized DNA
into highly condensed DNFs with the help of Mg2P.O- also seemed to play a big role in the
deactivation process. The deactivation process was tuned by introducing mismatches between
the RCA and DNAzyme strand to reduce the energy barrier for DNAzyme release. The
activation process was demonstrated using 20 kHz US and 660 kHz HIFU, which resulted in a
different release profile compared to thermal release. This provided some insight into the
mechanism of the US mediated release, which seems to be of mechanochemical nature and
not thermal. This mechanochemical release process was characterized by fracturing of the
RCA strand, which promoted constant rebinding of the DNAzyme to the RCA fragments and
eventual sequestering of the DNAzyme strand. Beyond being a model system for the
mechanochemical activation of a DNAzyme, this system might in the future be used for in vivo
detection of heavy metals or gene therapy.

Chapter 3 introduced a novel DNF based DDS for the targeted imaging and therapy of
glioblastoma. To introduce a glioblastoma targeting function, the AS1411 aptamer sequence
was encoded onto the RCA template. The DNFs were also post-synthetically labeled with the
radiochelator NOTA through a copper-free Click reaction. This allowed the DNFs to be
radiolabeled with the radioactive isotopes %Ga, which enabled PET imaging and quantification
of DNF uptake into cells via y-counter, and '’Lu for endogenous radiotherapy. DNFs could
also be loaded with Dox through intercalation into AS1411’s G-quadruplex structure. The
selective uptake of the resulting DNFs into U87-IDH"t and U87-IDH™ glioblastoma cells was
demonstrated with in vitro cell culture. Additionally, the biodistribution of the DNFs was tested
in an in ovo chicken embryo model, and the tumor uptake was tested with a CAM xenograft
model. Finally, the cytotoxicity of DNFs loaded with both Dox and "’Lu was tested in vitro,
which demonstrated the exceptional therapeutic potential of these dual-loaded DNFs. In the
future, the efficacy of dual-loaded DNFs should be tested in a mouse model, to determine
whether similar results can be achieved in mammals.

In chapter 4, the post-synthetic Click functionalization of an oligonucleotide with a PHIP label
was demonstrated. Due to their ability to be artificially polarized, these PHIP labels have high
potential to act as MRI contrast agents, especially at low magnetic field strength. During the
labeling process, a 5’-amino functionalized DNA 9-mer was complexed with a lipid to facilitate
its 5’-functionalization with DBCO. This DBCO moiety was subsequently coupled with the
azide-bearing PHIP label. In the future, this synthesis route can be applied for the PHIP
labeling of aptamers, which could act as targeted contrast agents for MRI.

This thesis especially highlights the potential of two techniques, which have been utilized
multiple times: RCA and the copper-free Click reaction. As demonstrated here, these are
excellent tools to assemble multifunctional systems in a modular fashion.
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6. Appendix

6.1 List of Abbrevations

6-FAM
AF488
ANI-HCI
ATP
BBB
BHQ-1
CAM
CEM
CT
dATP
DAPI
DBCO
DDAB
DDS
DMF
DMSO
DNA
DNF
DOTA
Dox
DTT
EDTA
EGF
EPR
FNAs
GE
HIFU
HSQC
ICL
IDH
LDH
LNA
MDR
miRNA
MRI
NA
NHS
NMR
NOTA
PASADENA
PCR
PEG
PET
PHIP
PIDA
PLA
PSMA
PTC
RCA
RCY
RNA
ROS
SABRE
SD
SELEX

6-Carboxyfluorescein

AlexaFluor488

4-(hexyloxy)anilinium Hydrochloride
Adenosine Triphosphate

Blood-Brain Barrier

Black Hole Quencher 1

Chorioallantoic Membrane

Crude Extracellular Matrix

Computer Tomography

Deoxyadenosine Triphosphate
4’-6-Diamidin-2-phenylindol
Dibenzocyclooctyne
Didoceyldimethylammonium Bromide
Drug Delivery System

Dimethylformamide

Dimethylsulfoxide

Deoxyribonucleic Acid

DNA Nanoflower
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
Doxorubicin

Dithiothreitol

Ethylenediaminetetraacetic Acid
Endothelial Growth Factor

Enhanced Permeability and Retention
Functional Nucleic Acids

Gel Electrophoresis

High Intensity Focussed Ultrasound
Heteronuclear Single Quantum Correlation
Interstrand Cross-Links

Isocitrate Dehydrogenase

Lactate Dehydrogenase

Locked Nucleic Acid

Multi Drug Resistance

Micro Ribonucleic Acid

Magnetic Resonance Imaging

Nucleic Acid

N-Hydroxysuccinimide

Nuclear Magnetic Resonance
2,2',2-(1,4,7-triazacyclononane-1,4,7-triyl)triacetic Acid
Parahydrogen and Synthesis Allow Dramatically Enhanced Nuclear Alignment
Polymerase Chain Reaction

Polyethylene Glycol

Positron Emission Tomography
Para-hydrogen Induced Polarization
Phenyliodonium Diacetate

Polylactic Acid

Prostate Specific Membrane Antigen
Polarization Transfer Complex

Rolling Circle Amplification

Radiochemical Yield

Ribonucleic Acid

Reactive Oxygen Species

Signal Amplification by Reversible Exchange
Standard Deviation

Systematic Evolution of Ligands by Exponential Enrichment
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SEM Scanning Electron Microscopy

shRNA Small Hairpin Ribonucleic Acid

siRNA Small Interfering Ribonucleic Acid

THF Tetrahydrofurane

TLC Thin-layer Chromatography

TNF Tumor Necrosis Factor

Tris Tris(hydroxymethyl)aminomethane

tRNA Transfer Ribonucleic Acid

us Ultrasound

VEGF Vascular Endothelial Growth Factor

XNA Xenobiotic Nucleic Acids
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