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POPULAR SCIENCE SUMMARY OF THE THESIS

Cells in multicellular organisms do not live in isolation; instead, they engage in social behavior
by constantly communicating with each other and their environment through messenger
molecules. In this world of our body’s tiny messengers, hiccups in communication often spark
health issues. Figuring out the complex ways these biological signals work is key to crafting
smart solutions for effective disease treatments.

In this thesis, we combined cell biology, novel tools and the small tropical fish called zebrafish
to study cell communication and contribute to the development of novel therapeutic strategies.

In the first part of this work (Paper I), we used a small device, acting as miniaturized laboratory,
to artificially create neuromuscular junctions-a vital communication hub in the body that
controls our movement- and identify messenger molecules exchanged between nerves and

muscles.

In the following parts (Papers II, III and IV) we employed a technique known as DNA origami,
where DNA is folded and shaped into precise structures- as origami with paper but on a
molecular level. This innovative approach provides us with the ability to manipulate DNA and
engineer minuscule architectures, almost like using a toolkit at the nanoscale. DNA
nanostructures can act as customizable couriers, delivering molecular messages to their
designated molecules on the cell membrane- the receptors- with precision. These interactions
can potentially influence cellular behavior. In paper II we were able tweak how the messenger
molecule insulin interacts with its receptors, by arranging insulin molecules into well-defined
groups on the surface of DNA nanostructures. In Paper III, we investigated how DNA
nanostructures that emit light when exposed to specific wavelengths, interact with tissues and
cells in a living organism. Here zebrafish in their early stages of life served as the animal model,
leveraging their transparency to enable the observation of these interactions. Lastly, in paper
IV we suggest a method that can help to check how well DNA nanostructures hold together
and maintain their shape- making sure they work properly when interacting with cells grown
in the laboratory or when placed into a living organism.



ABSTRACT

Cell communication which is vital for the proper function, development, and survival of
multicellular organisms is often disrupted in diseases. This thesis aims to enhance our
understanding of cell communication by employing advanced tools that facilitate the
manipulation and analysis of biological systems, spanning from the nanoscale to tissue levels,

towards therapeutic applications.

In Paper I, we utilized a microfluidic device to artificially create neuromuscular junctions and
gain insights into nerve-muscle communication. We simulated endocrine signaling and the
formation of neuromuscular junctions by using myotubes derived from primary mouse
myoblasts and motor neurons derived from embryonic stem cells. Transducing skeletal muscle
with PGC-1al, increased the neuromuscular junction formation and size. Neurturin emerged
as a mediator in the PGC-1al-depentent retrograde signaling from muscle to motor neurons.
This discovery may pave the way for potential therapies in diseases where neuromuscular
junctions are affected early on.

In Paper II, we employed DNA origami nanotechnology to harness the spatial organization
of insulin receptors and control multivalent receptor activation. This innovative approach
involved assembling insulin into nanoclusters on the surface of DNA origami nanostructures.
Beyond in vitro assessments, we extended our investigation to in vivo studies, utilizing a
zebrafish model of diabetes. Our findings not only demonstrate the effectiveness of insulin
nanoclusters but also highlight the applicability of DNA origami nanostructures in the field of
nanomedicine.

In Paper III, we monitored the biodistribution and clearance dynamics of fluorescently
labelled DNA origami nanostructures in live zebrafish embryos. We coupled advanced imaging
techniques with single-cell RNA sequencing to gain insight into the interactions of DNA
nanostructures with biological systems in vivo. This work serves as a guide for evaluating
DNA-origami based nanomedicines in animal models.

In Paper IV, we introduce a new method for monitoring the stability of DNA origami
nanostructures by using the proximity ligation assay. We were able to detect the preservation
of proximity between selected regions when nanostructures were bound to cultured cells as a
validation of nanostructure integrity. This approach holds great potential for applications both

in vitro and in vivo.
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1 LITERATURE REVIEW

1.1 INTRODUCTION

Multicellular organisms are dependent on the coordination of cellular activities, which rely on
cell communication among various cell types and tissues. Cell interactions exploit a variety of
molecules, including receptors, ligands, junction proteins, integrins, as well as proteins secreted
from the extracellular matrix. Extracellular signals are transduced intracellularly through the
cell membrane, involving various forms of signaling, such as paracrine, endocrine, synaptic,
and contact-dependent. Recipient cells initiate downstream signaling via specific receptors,
typically leading to modified transcription factor activity and changes in gene expression. The
responsiveness of cells to these cues is evident in the activation of mechanisms governing

proliferation, migration, differentiation, apoptosis and more.
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Figure 1. Cell communication in a multicellular organism. Created with BioRender.

At the core of cell communication lies the plasma membrane, serving as the interface that
mediates responses to extracellular stimuli and initiates subsequent intracellular biochemical
reactions. This intricately structured organelle comprises a continuous lipid bilayer, wherein
membrane proteins are embedded and organized into micro- and nanodomains-2. Moreover,
membrane protein-cytoskeleton interactions contribute to the dynamic nature of the cell
membrane’. As a result, signals originating from the microenvironment have the capacity to
influence membrane protein organization both temporally and spatially.

Disruptions in cell communication can result in a range of adverse effects, including the
development of metabolic and degenerative diseases. Cell communication networks exhibit a
high level of complexity, making their study under in vitro conditions technically challenging.
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Consequently, the use of tools that provide enhanced cell isolation, precise control over the
microenvironment, and the ability to manipulate biological systems spatiotemporally emerges
as a viable solution.

1.2 CELL COMMUNICATION AT THE NEUROMUSCULAR JUNCTION

The neuromuscular junction (NMJ) serves as the synapse site where o-motor neurons
communicate with myofibers. Signals, in the form of acetylcholine (Ach), are transduced from
the nerve (presynaptic part) to the skeletal muscle (postsynaptic part), controlling its function
and every voluntary movement. This synaptic connection is formed at the endplate of the

sarcolemma of muscle fibers, innervated by a single motor axon in mammals*.

Components of the NMJ in all vertebrates include the axon terminal, containing vesicles filled
with the neurotransmitter Ach, a perisynaptic Schwann cell located at the axon terminal, the
synaptic cleft, and the postsynaptic membrane lined with acetylcholine receptors (AchR).
Neural impulses trigger the movement of calcium ions into the terminal, leading to Ach release
through exocytosis. Ach then binds to AchR, initiating the movement of sodium ions into the
muscle cell and simultaneous exit of potassium, resulting in the creation of the endplate
potential’.

Figure 2. Simplistic illustration of a functional NMJ. Created with BioRender.

The proper development and function of NMJs ensure skeletal muscle function. NMJ
dysfunction has been observed in neuromuscular disorders as an early onset symptom.

Studying the microenvironment of NMJ using conventional cell culture approaches poses
challenges due to the involvement of different cell types. Microfluidic devices offer a well-
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defined system that ensures complete fluidic isolation between compartments, allowing
spatially defined control of cellular microenvironments®. These devices can be utilized to create
in vitro NMJs, where the signals received by motor neurons and muscle fibers can be controlled
individually3.

1.3 SPATIAL SIGNALING IN CELL COMMUNICATION

To comprehend the role of individual cells within their local community, it is important to
identify the signals exchanged among cells. Assessing the expressed messenger molecules and
their associated pathways is essential for elucidating the biological relevance, magnitude, and

directionality of cell communication.

While it may seem straightforward, cell-signaling pathways are intricately governed by
sophisticated mechanisms. These mechanisms ensure precise, specific, and robust signal
transduction to target cells. An example includes post-translational modifications of membrane
receptors and their signaling partners, occurring upon ligand binding, which can regulate
downstream signal amplification and diversification®. Another layer of complexity arises from
the tendency of membrane receptors to form multimeric assemblies, influencing their function.
A well-studied example of a membrane-bound ligand- receptor pair is that of erythropoietin-
producing hepatocellular carcinoma receptors (Eph) and their corresponding ephrin ligands,
where receptor activation occurs only after the formation of a tetramer composed of two ephrin
ligands and two Eph receptors. This assembly can further lead to the creation of higher-order

Eph clusters'®!,

Taking the above into account, it becomes evident that receptor-mediated signal transduction
relies on intricate mechanisms, finely tuned in time and space. Currently, drug development is
centered on targeting individual membrane receptors to induce loss of function of their activity.
However, this approach may not be desirable when receptors may have multiple functions'2.
Therefore, deciphering the mechanisms of plasma membrane organization could pave the way
for more successful strategies in receptor targeting.

The plasma membrane is a dynamic structure that acts not only as a physical barrier between
the intracellular and extracellular environment but also as a central hub for numerous biological
processes. It consists of various lipids and proteins, which can form complexes and domains of
various sizes at different time points. Consequently, the compartmentalization of the plasma
membrane results from interactions such as lipid-lipid, protein-lipid, protein-protein, and actin-
cytoskeletal interactions'3.

Based on super-resolution microscopy data, membrane proteins can be organized in transient
and dynamic assemblies known as nanoclusters. These protein complexes are located at
specific membrane regions, often enriched in cholesterol and sphingolipids'*. Actin
cytoskeleton separates these compartments, forming a “picket fence”-like architecture, with the
cortical actin cytoskeleton as the fence and transmembrane proteins as the pickets. These
proteins, whether lipid-anchored or localized within the membrane, can freely diffuse within
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each segmented area. However, the cytoskeleton barrier may prevent them from crossing into
another membrane compartment'4. These nano-sized compartments may serve as physical
scaffolds for membrane receptors and their ligands, allowing the formation of clusters.
Ultimately, these assemblies can regulate signal transduction through perturbation of their
conformation, which propagates across their neighbor binder molecules.

It has been suggested that nanoclustering is a prevalent characteristic of membrane proteins.
Examples that provide evidence for nanoclustering on the cell membrane include
glycosylphospatidylinositol-anchored proteins (GPI), Ras proteins, T cell receptors, B cell
receptor and Eph receptor®!®!13-17, Nevertheless, the mechanisms leading to the formation of
clusters, their precise size and composition, as well as their multiple functions, remain to be
explored.

Deciphering this additional layer of signaling regulation can provide us with the knowledge
necessary to overcome challenges in developing strategies for treating diseases. For instance,
diabetes and insulin resistance can serve as examples where novel approaches in receptor
targeting can be applied. Cross-talk between insulin-like growth factor 1 receptor (IGF-1R)
and insulin receptor (IR) can lead to several complications in patients treated for diabetes with
insulin injections!'®!°. IRs form clusters in the plasma membrane of B-cells, approximately 60-
80 nm in diameter, and their oligomerization state regulates IR signaling?®?!. The nanoscale
organization of IR at the cell membrane could be exploited in a way where multimeric variants
of insulin possibly exhibit higher binding affinity to IR than monomeric insulin. This approach
could allow for the use of lower concentrations of insulin, thereby decreasing the likelihood of
binding to IGF-1R.

Taken together, current therapeutic approaches focusing on individual receptor targeting have
limitations and could benefit from refinement. The spatial organization of receptors on the cell
membrane creates a complex signaling network, where each molecule seems to exert a distinct
effect on signal transduction. Therefore, it is essential to develop tools that enable the
characterization and control of membrane protein microenvironments.

1.4 DNA ORIGAMI NANOTECHNOLOGY

The significance of the lateral distribution of membrane proteins for modulating intercellular
signaling is widely acknowledged but poorly understood, given challenges in controlling and
analyzing membrane protein environments at the nanoscale. Various strategies have been
developed to investigate the role of spatial organization of receptors and ligands. These
approaches, such as nanolithography and surface-coating methods, primary involve creating
ligand nanopatterns on artificially created lipid bilayers to control the spatial organization of
ligand-bound receptors at the cell membrane?>?*. Another approach is to create patterns of
ligands on lipid bilayers with the help of metal grids, which prevent lateral mobility and induce
clustering of ligands?3. However, these techniques often fail to precisely control the number of
ligands in each nanocluster and their positions relative to one another. Additionally, these
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methods rely on surfaces used as substrates for cell culture, limiting their application in
physiological environments.

DNA origami nanotechnology is a powerful tool for tailoring the spatial distribution of
membrane protein assemblies?*. It employs DNA self-assembly to construct sophisticated 2D
and 3D nanostructures. First introduced by Paul Rothemud in 2006, the technique involved
combining a long single stranded DNA molecule (scaffold) with hundreds of short
oligonucleotides (staples) in a folding reaction. The yielded product is a folded DNA scaffold
of desired shape and dimensions?. After Rothemund’s exploration of 2D sheets of
monolayered DNA helices, the technique was swiftly evolved to fabricate 3D structures of
diverse forms, including curved structures, boxes with adjustable lids, and monolithic
constructs?>28, The production of the early generation of 3D structures was based on densely
packing bundles of DNA double-helices in honeycomb or square lattices?>?72%3%, Nevertheless,
the strategy of densely packing DNA helices involves increased demand on scaffold material,
imposing restrictions on the dimensions of structures that can be built. Furthermore, it requires
high cationic strength conditions to counteract electrostatic repulsion between the closely
packed helices and avoid structural compromise. To address these challenges, novel
approaches relying on wireframe designs have been developed for the construction of intricate
2D and 3D polyhedral nanostructures®'=3, The utilization of sparse wireframe geometries
maximizes scaffold length, leading to increased surface areas. Moreover, these nanostructures
can be produced while maintaining stability under physiological salt conditions®!, rendering
them well-suited for biomedical applications.

DNA origami/ NanoSheet
staples A

folding ; A—

scaffold

Figure 3. DNA origami technique. Created with BioRender.



1.4.1 Biomedical applications of DNA origami nanostructures

In DNA origami nanostructures the positions of each staple on the scaffold are uniquely and
precisely designed. Selecting specific staples for extension with protruding DNA sequences
creates sites available for hybridization with complementary oligonucleotides conjugated to
biomolecules of interest, such as quantum dots®*, RNA37, and proteins®*°, In this way, DNA
nanostructures can serve as scaffolds for assembling various nanoscale biomolecule patterns,
exhibiting varying distances and configurations in a robust and efficient manner. Moreover,
due to the programmable nature of the protruding sequences, different numbers of functional
biomolecules can be displayed on one DNA nanostructure, each placed at a precisely defined
location relative to its neighbors*. This enables independent variation of the overall spatial
organization of biomolecules, irrespective of their total concentration. Consequently, DNA
nanostructures have been employed for studying the nanoscale organization of membrane
proteins by controlling the spatial distribution of ligands and modulating receptor-mediated
signaling in T-cell*>*, B-cell*, Eph?**, and PD-140#"receptors. In addition, the DNA origami
method has been instrumental in constructing nano-rulers for quantitatively assessing super-
resolution imaging methods*®*>° and for investigating distance-dependent biomolecular
interactions and enzymatic cascades3%°!-33.

In recent years notable advancements have been made in the field of DNA nanotechnology,
particularly aimed at facilitating in vivo applications and functioning as versatile therapeutic
agents. Due to their inherent biocompatibility and biodegradability, DNA origami
nanostructures prove suitable for studies in animal models. To actively target tissues like the
immune system and tumors, DNA origami nanostructures have been modified with various
biomolecules, including aptamers, antibodies, or other bioactive ligands®3. In contrast,
studies have reported the accumulation of unmodified DNA nanostructures in the kidney of
mice, suggesting their potential as therapeutic agents capable of mitigating kidney damage>*.

1.4.2 DNA origami nanostructures and biological barriers

Despite their potential, DNA origami nanostructures face various challenges when introduced
in physiological conditions that must be addressed. These challenges include stability concerns,
poor cellular uptake, immune responses, unclear clearance dynamics and biodistribution
profiles.

The structural integrity of denser DNA origami nanostructure designs depends on the presence
of tens of millimoles of Mg?*, essential to neutralize the electrostatic repulsion between the
negatively charged DNA double helices. Various studies have examined the structural integrity
of DNA nanostructures in cell culture media, where the Mg?* concentrations were significantly
lower than 10mM required in folding reactions®'-%3. These studies indicate that both size and
shape play crucial roles in maintaining the stability of low ionic strength. Notably, wireframe
technology produces nanostructures of any desired shape under physiological conditions?!,
facilitating their applicability for in vivo studies.
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The susceptibility of DNA nanostructures to DNA-degrading enzymes has been assessed in
vitro using cell lysates, blood serum, or in the presence of high concentrations of DNases?¢!:¢4,
Varied levels of degradation have been observed in these studies, suggesting that the design of
DNA nanostructures plays an important role in determining their vulnerability to DNA

65,6

degrading enzymes®-%°. Nevertheless, several strategies have been employed to enhance the

overall durability of DNA nanostructures in vitro and in vivo, involving minor groove

971 proteins’?, intercalators like doxorubicin’3,

binders®’, lipid encapsulation®, polymers
peptoids’™, and PEGylation”. The stability of DNA nanostructures has been assessed in vitro
through fluorescence resonance energy transfer (FRET)**. However, it is important to note

that this approach is not applicable for in vivo evaluations.

At the cellular level, both the cell membrane and non-functionalized DNA nanostructures are
negatively charged, which may lead to lower internalization levels. Nevertheless, studies
indicate that more rigid and larger structures demonstrate enhanced internalization
efficiency’®””. Additionally, different cell types play a pivotal role in the cellular internalization
and passive accumulation of DNA nanostructures®>’®. Therefore, factors such as geometry,
design, and cell type collectively influence cellular uptake.

The evaluation of cellular uptake and subcellular localization of DNA origami has been carried
out in vitro through fluorescent labeling’%’7-7°. However, this approach presents its own set of
challenges. It can be inconclusive concerning the structural integrity of the DNA
nanostructures?%-52

dyes8 1,83-86

, and is sensitive to various environmental factors affecting fluorescent

In vivo, DNA origami nanostructures might encounter another significant biological barrier-
the immune system. Studies have documented inflammatory cytokine responses to DNA
nanostructures®®®’, However, it has been demonstrated that employing coating strategies can
effectively mitigate these immune responses®. Conversely, some studies have observed no
immune responses, even in the absence of coating strategies®*-%%%8%, Despite these findings,
drawing definitive conclusions remains challenging. Not all in vivo studies report testing the
immunogenic properties of DNA origami nanostructures. Moreover, there are considerable
variations in nanostructure designs from one study to another. This variability further
complicates our ability to establish conclusive insights into the interaction between DNA
origami nanostructures and the immune system.

Developing therapeutic agents with DNA origami nanotechnology requires a precise
understanding of the interaction profiles between nanostructures and cells at the whole-body
level. Additionally, evaluating the clearance dynamics of DNA nanostructures intravenously
injected into a living organism is crucial. While there have been studies performed on mice,
assessing the biodistribution profiles of DNA nanostructures®*>%%788 it is important to note
that imaging data acquired with positron emission technology (PET) and bioluminescence pose
challenges in terms of resolution and sensitivity.



1.5 ZEBRAFISH AS AN IN VIVO TOOL FOR NANOMEDICINE

Zebrafish (Danio rerio) stands out as a valuable vertebrate model, sharing 70% of the same
genes with humans, and showcasing an 82% correspondence of genes related to human
diseases®. The well-documented organ systems of zebrafish exhibit remarkable physiological
homologies with their mammalian counterparts®!*2. Notable examples include the vasculature
system?3, blood composition®>”’, lymphatic system®®~1%!| blood-brain barrier (BBB)!0>-104,
and liver'%>19, These characteristics make zebrafish a powerful tool for elucidating the
mechanisms underlying human diseases such as diabetes, cancer, and neurodegenerative
disorders and for the development of novel therapeutic tools.

Zebrafish embryos and larvae possess advantageous features that make them particularly
appealing for studying the functional properties of nanomedicines in vivo. With a high
fertilization rate yielding hundreds of embryos weekly and a rapid embryonic development, a
significant sample size can be achieved in a short period®?. Notably, zebrafish embryos undergo
swift development, forming complete organ systems including eyes, otic vesicles and the brain
within 24 hours post-fertilization?:197. The heart!%®, and vasculature!® are fully developed by
48 hours post-fertilization. By 72 hours post-fertilization, the zebrafish pancreas contains a

single primary islet!'°, and the BBB reaches functional maturity by 5 days post-fertilization!!!.

Zebrafish have immune cells akin to those in mammalian immune systems, including

12 macrophages'!?, eosinophils''4, natural killer''>, T "%and B cells''”. A

neutrophiles
temporal separation between the activation of innate and adaptive immunity exists, with innate
immunity predominating during the first week of development and adaptive immunity being
activated later, at three weeks post fertilization!'®!!, This temporal gap is advantageous for

investigating interactions of DNA origami nanostructures with the immune system.

Additionally, external fertilization and development in zebrafish allow for direct observation
and manipulation. The optical transparency of embryos and larvae, coupled with fluorescent
reporter lines (Figure 4) and advanced imaging techniques facilitates high-resolution imaging
and tracking of fluorescently labeled objects interacting with biological systems in real-time
throughout the entire living organism'?%!2!, This combination of features positions zebrafish as
a powerful model for dynamic and comprehensive studies in the field.



Figure 4. Examples of fluorescent reporter zebrafish lines. Top: A 2 dpf transgenic Tg(flil:
EGFP) embryo, with the vasculature shown in green Bottom: A 2 dpf Tg(mpx: EGFP) embryo
with neutrophils shown in green. Scale bar: 100 um.






2 RESEARCH AIMS

The aim of the work presented in this thesis is to enhance our understanding of cell
communication mechanisms in various biological systems and contribute to the development
of novel therapeutic applications. This is achieved by utilizing a broad range of tools and
technologies. The following papers specifically aimed:

Paper 1. To examine whether overexpression of PGC-1a1 or PGC-1a4 can influence myokine
secretion and the formation of NMJ.

Paper II. To investigate the role of insulin valency and spatial organization on IR signaling
both in vitro and in vivo, by using insulin- DNA origami nanostructures.

Paper III. To map the biodistribution of DNA origami nanostructures in live zebrafish
embryos.

Paper IV. To develop a new method to monitor the stability of DNA origami nanostructures.






3 MATERIAL AND METHODS

3.1 MICROFLUIDIC DEVICE SETUP

In Paper I, microfluidic devices fabricated with poly (dimethyl siloxane) (PDMS) served as a
platform for developing an in vitro NMJ model'?>. The devices featured two culture
compartments, separated by a 150um microgroove barrier, facilitating communication between
them (Figure 5a). Control of the compartment communication is accomplished by creating a
difference in hydrostatic pressure between them. When there is a higher volume of medium in
one of the compartments, then a small fluid flow towards the opposite compartments is created,
counteracting diffusion'??>. This process results in the establishment of fluidic isolation,
defining distinct microenvironments within the two compartments.

Myoblasts were seeded first in one compartment, followed by the addition of motor neurons in
the adjacent compartment. The differentiation of myoblast into multinucleated muscle fibers
extended beyond 48 hours, while the motor neurons remained fluidically isolated. The
initiation of axonal recruitment of motor neuron to the muscle compartment was facilitated by
a chemotactic gradient of neurotrophic factors. The maturation of the NMJs continued for a
duration of 48 hours (Figure 5b).
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Figure 5. In vitro NMJ set up. (a) Schematic representation of the microfluidic device. (b)
Mouse embryonic stem cell-derived motor neurons and primary myoblasts were seeded in
separate compartments through the corresponding seeding port. Myoblasts were differentiated
into myofibers for a duration of 48 hours, while motor neurons were kept in fluidic isolation.
In days 4 and 5 motor neuron axons were recruited to the muscle side via a chemotactic gradient
of glial cell-derived (GDNF) and brain-derived (BDNF) neurotrophic factors (change of the
flow direction). The maturation of the formed NMJ took place from day 6 to day 10 under static

conditions.



3.2 PRODUCTION OF DNA ORIGAMI NANOSTRUCTURES

In papers 11, I1I, and IV, DNA origami nanostructure designs from previous publications were
utilized?**, In Paper 11, a rod-shape 18-helix DNA origami design was selected referred to as
a NanoRod (Figure 6a,b).
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Figure 6. DNA origami NanoRod. (a) A schematic illustration of the Nanorod design (grey)
and a simulation snapshot of NanoRod structure (pink) generated by the oxDNA software. (b)
Analysis of the rigidity of NanoRod with the ox DNA coarse-grained modelling software
showing a stable solid core with some fluctuations at the ends. RMSF: root mean square
fluctuation.

In Papers I1I and IV, the wireframe DNA origami design was employed to produce single layer
two-dimensional sheets, described as NanoSheets (Figure 7a,b). For both designs, scaffold
plasmid DNA (p7560 and p8064 respectively) was mixed with a large molar excess of the
appropriate staple strands in a “one-pot” folding reaction. The folding buffer for the NanoRod
consisted of Tris-acetate-EDTA (TAE, pH 8) and 12.5 mM magnesium chloride (MgCl2).
NanoSheets were folded in 1x phosphate-buffered saline (PBS, pH 7.4). The folding reaction
of DNA origami nanostructures took place on a thermocycler through an annealing process,
which involved an initial heat denaturation step and subsequent gradual cooling over a 14-hour
period. The excess of staples was removed from the folded DNA origami nanostructures via
diafiltration using Amicon Ultra centrifugal filter columns.
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Figure 7. DNA origami NanoSheet. (a) An illustration of the NanoSheet design (yellow)
compared to a simulation snapshot (pink) of the Nanosheet structure generated by the oxDNA
software. (b) Rigidity analysis of the NanoSheet, showing a flexible structure. RMSF: root
mean square fluctuation.

DNA origami nanostructure designs were modified depending on the aim of each study. Site-
specific decoration of DNA origami nanostructures was achieved by incorporating in the staple
mix protruding staples containing a 5’ overhang sequence on which complementary
oligonucleotide sequences, conjugated to molecules of interest, would hybridize.

For both Papers II and III, we employed a coating strategy to enhance nanostructure stability
and bioavailability. In this approach, positively charged oligolysine conjugated to polyethylene
glycol (K-PEG) electrostatically interacts with the negatively charged DNA nanostructures. To
produce the coated nanostructures, NR and NS were mixed with Kio-PEGsk at a 1:1 ratio
between the amines of lysines in Ki0-PEGsk and the phosphates in DNA.

The quality of the folded and coated NanoSheet structures was assessed by agarose gel
electrophoresis. The neutral surface charge of the coated NS was confirmed by their retention
in the well. Treatment of NS with the negatively charged sulfated glycosaminoglycan
chondroitin sulfate in 400x excess to the number of amines was used to confirm that
nanostructures were not structurally compromised by the coating. Successful removal of the
K-PEG coating was confirmed by agarose gel electrophoresis.

3.3 MOUSE EMBRYONIC STEM CELL DIFFERENTIATION

Mouse embryonic stem cells (mESC) expressing GFP under a motor neuron-specific promoter
(Eb9) were differentiated into spinal motor neurons using an embryoid body (EB)
protocol'?>124, Briefly, stem cells were expanded for two days, followed by colony dissociation
and purification. EB formation was initiated by plating single-cell suspension of stem cells on
petri dishes under shaking-culture conditions. Two days later medium was supplemented with
with retinoic acid (RA) and the smoothened agonist SAG. On day seven, EBs were dissociated
into a single-cell suspension and seeded in the microfluidic devices.



3.4 ZEBRAFISH EMBRYOS EXPERIMENTS

3.4.1 Paper II: Zebrafish p-cell ablation, microinjections, and free glucose
quantification

The nitroreductase (NTR)-metronidazole (MTZ) approach'?>126 was employed to induce B-cell

loss in zebrafish larvae, creating a diabetes model. Here, a transgenic zebrafish line expressed

the bacterial enzyme NTR under the control of the insulin promoter. Treatment with the

prodrug MTZ (10mM) resulted in the conversion of MTZ to a toxic byproduct by NTR,

specifically and efficiently ablating pB-cells.

To assess the ablation protocol in our system, the double-transgenic line Tg(ins:CFP-

NTR),Tg(ins:Kaede) was used, where the insulin promoter controls the expression of the

fluorescent protein Kaede, enabling the visualization of B-cells.

Larvae from the Tg(ins:CFP-NTR) line, with ablated B-cells, were intravenously injected with

insulin or DNA origami nanostructures at 3 days post-fertilization (dpf). Free glucose levels

were measured 4 hours post-injections (hpi) using a fluorescence-based enzymatic kit

(BioVision)'? for glucose measurement.

Microinjections were performed with a pulled glass capillary needle. Larvae were anesthetized

at 3dpf, and DNA origami nanostructures were injected into the blood circulation via the

common cardinal vein.

3.4.2 Paper III: Transgenic fluorescent zebrafish lines and microinjections

We used the zebrafish model Tg(flil: EGFP), where the expression of green fluorescent protein
(EGFP) is under the control of the endothelial specific fli/ promoter, to visualize the
vasculature of the embryo. Additionally, the Tg(mpegl:gald),Tg(UAS:NTR-mCherry)
transgenic line was utilized for conditional targeted macrophage ablation. The macrophage-
specific gene marker mpeg! allowed for macrophage visualization. Macrophage ablation was
induced by MTZ diluted in 1% DMSO in an E3 medium supplemented with 30 mg/ml 1-
phenyl-2-thiourea (PTU (10 mM), from 1 dpf and until 72 hpi.

Microinjections were performed with a pulled glass capillary needle. Embryos were
anesthetized at 2 dpf, and DNA origami nanostructures were injected into the blood circulation
via the common cardinal vein.

3.5 IN VIVO IMAGING EXPERIMENTS

In Paper I11, light-sheet fluorescence microscopy (LSFM) imaging was performed with a Light
Sheet Z.1 microscope on live NanoSheet-injected Tg(flil: EGFP) embryos at 48 hpf. The
embryos were anesthetized and mounted in a low melting point agarose in a glass capillary.
During image acquisition, the agarose cylinder containing the embryo was immersed in egg
water solution (E3) and the sample chamber temperature was at 28.5°C. Samples were
illuminated from two sides and tiled (1 x 3). Z-stacks were acquired every 4 minutes for 4
hours.
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For in vivo Airyscan imaging injected embryos were anesthetized and mounted laterally in low
melting point agarose on a cover-glass bottomed petri-dish. After agarose polymerization, the
dish was filled with egg water solution (E3). The zebrafish caudal hematopoietic tissue (CHT)
was imaged on a Zeiss LSM980 Airyscan, with images acquired in the Airscan SR-4Y mode.
Fluorescence correlation spectroscopy (FCS) measurements were performed on a Zeiss 980
confocal laser scanning microscope equipped for FCS.

In vivo confocal imaging was performed on live injected embryos and larvae. Anesthetized
zebrafish were mounted in methylcellulose and confocal images of their CHT were acquired
with a Leica TCS SP8 microscope.

3.6 SINGLE-CELL RNA SEQUENCING EXPERIMENTS

In Paper 111, zebrafish embryos injected at 2dpf were dissociated into a single-cell suspension.
Four hours post injections, around 200 7g(flil:EGFP) embryos were euthanized, and tissue
dissociation was performed in a “dissociation mix” consisting of trypsin-EDTA and
collagenase. Dead cells were stained with DAPI. Texas Red” cells were then FACS sorted on
a FACSARIA III with BD FACSDIVA software v. 9.0.1. Viable cells were initially identified
by gating cells on FSC-A versus SSC-A, followed by gating on FSC-A versus FSC-H to detect
singlets. Then live cells were identified by gating cells on DAPI versus SSC-A. We identified
GFP" cells (endothelial cells) by gating FITC-A versus SSC-A. Finally, we gated PE versus
FITC-A to detect Texas Red" cells in comparison to the GFP* and GFP- populations. Single-
cell RNA sequencing libraries were prepared from the sorted cells using the 10X Genomics
Chromium Single Cell 3’ Reagent Kit and sequenced using NextSeq 500/550 High Output Kit
on NextSeq 550 platform by Illumina.

3.7 ORIGAMI-PLA

3.7.1 Origami-PLA on a glass surface

Glass coverslips (20mm x 20mm) were cleaned with acetone and isopropanol. Working
surfaces were created on the coverslips with the help of Secure Seals and treated first with
biotinylated BSA and then with streptavidin, both diluted in buffer containing 10 mM Tris-
HCI, 100 mM NaCl, 0.05% and Tween 20. Glass surfaces were exposed to NS decorated with
four biotin molecules for 2 min. NS were diluted in buffer containing 5 mM Tris-HCI, 10 mM
MgClz, 1 mM EDTA, and 0.05% Tween 20. Rolling-circle amplification (RCA) reactions took
place as described before'?®!2°, RCA products were imaged with a Zeiss Axio Imager M2

microscope.

3.7.2 Origami-PLA on MCF7 cells

MCEF7 cells were seeded on 13mm cover glasses in 24 well plates. Biotin labeling of the cells
was performed with a Sulfo-NHS-LC-Biotin (ThermoFisher Scientific) reagent per
manufacturer’s instructions. Cells were then fixed in 10% formalin, followed by streptavidin
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treatment. NS were immobilized on the cell membrane through biotin-streptavidin interactions
and RCA reactions took place'?%12%, Cells were then stained with DAPI and phalloidin 647.

3.8 ETHICAL CONSIDERATIONS

3.8.1 Paperl

The paper consists of in vitro experiments using an established mouse embryonic stem cell
line and primary mouse myoblasts. The primary mouse myoblasts were isolated under permit
nr. N23/15 issued by Stockholms Norra Djurforsoksetiska namnd.

3.8.2 PapersII and III

All experiments were performed on animals younger than 5 days and no ethical permit was
required according to 2010/63/EU.
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4 RESULTS AND DISCUSSION

4.1 PAPERI

4.1.1 Development of a NMJ model in vitro

We established a functional in vitro NMJ model using a microfluid system that grants us full
control over the microenvironments of both motor neuron and myotubes (Figure 8). We used
a mESC line, where the expression of GFP is under the control of a motor neuron specific
promoter!?>»124, By visualizing motor neurons, we were able to assess the differentiation
process. Motor neuron progenitors began to express GFP around 24 hours after patterning with
retinoic acid (RA) and the smoothened agonist SAG. The differentiation protocol used in this
study generates both lateral column and medial motor column motor neurons'*’. We promoted
motor neuron recruitment to the muscle compartment with the help of the neurotrophic factors
BDNF and GDNF and the presence of NMJ was confirmed by staining with a-bungarotoxin
(a-BTX). The function of NMJs was confirmed by myotube contraction induced by motor
neuron stimulation with potassium chloride (KCI) and NMJ inhibition using tubocurarine,
which is an antagonist of the AChRs.

. AchR

Nuclei,

Figure 8. Immunostaining showing the colocalization of Hb9-GFP motor neurons (green), cell
nuclei of multinucleated myotubes (blue) and the AchR stain a-BTX (red).

4.1.2 Effect of muscle PGC-1al and PGC-104 expression levels on in vitro NMJ

Perixosome-proliferator-activated receptor y coactivator-lalpha (PGC-1a) is essential in
regulating of mitochondrial function and energy metabolism, especially in skeletal muscle!3!.
Encoded by the PGC-1a gene, there are different splice variants, among which the canonical
PGC-1al has been identified as a regulator of NMJ structure and activity'32133, These variants
have been shown to govern oxidative metabolism'3*!33, Notably, the effect of the PGC-104
variant on cellular bioenergetic processes is indirect; it induces the expression of insulin-like
growth factor 1 (IGF-1) and supresses myostatin, leading to muscle hypertrophy and enhanced
strength!3%. Additionally, alterations in PGC-lal expression in muscle fibers have been
associated with the transformation of motor neurons to a slow phenotype, suggesting the
existence of PGC-1a1-dependent retrograde signaling from muscle to motor neurons!%’.

To further investigate the roles of PGC-1al and PGC-1a4 in retrograde signaling from muscle
to motor neurons and their impact on the NMJ, we modified our in vitro system to have
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myotubes overexpress PGC-1al or PGC-104. Leveraging the fluidic isolation provided by the
microfluidic devices, we successfully transduced only the myotubes. We observed that only
PGC-1al expression increased both the formation and size of NMJs. This was shown by the
co-localization of AchR and neurofilament. Additionally, AchR clustering was determined by
size and staining intensity quantification of AchR aggregates, revealing that overexpression of
PGC-104 led to smaller clusters. Conversely, the overexpression of PGC-1al resulted in an
increase in AChR staining intensity.

4.1.3 Microfluidic NMJ model allows for identification of neurturin as a key retrograde
factor

The fluidic isolation in the microfluidic devices enabled the analysis of the myokine secretion
within the muscle compartment. PGC-1al overexpression in myotubes led to an increase of
the secretion levels of NRTN. To affirm the responsiveness of motor neurons in our in vitro
system to NRTN, we measured the expression levels of the NTRN receptor, GDNF family
receptor 02 (GFRa2), during EB formation, and observed a significant increase by day 5. In
addition, silencing of NTRN gene expression resulted in inhibiting the enhanced neurite
recruitment observed with PGC-lal overexpression in muscle. This indicates that NTRN
mediates the signaling from muscle to motor neurons under the control of of PGC-1al. Lastly,
we successfully correlated the NTRN expression with PGC-lal levels in vivo. NRTN
expression levels were quantified with qRT-PCR, showing a significant increase in a mouse
model overexpressing PGC-1al in skeletal muscle and a significant decrease in a muscle-
specific PGC-1a1 KO mouse.
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4.2 PAPERII

4.2.1 Control of IR activation by multivalent insulin-NanoRods in vitro

It has been previously reported that IRs form clusters at the plasma membrane of

hepatocytes'33, B-cells!® 140,141

, and adipocytes . We confirmed that IRs are organized into
nanoclusters at the cell membrane of adipocytes by DNA point accumulation in nanoscale
topography (DNA-PAINT)!%2, The average diameter of the clusters was estimated at 74 nm,
with three to four IR present per cluster. Notably, this organization was largely maintained after

cells were treated with insulin.

Next, we produced NanoRods functionalized with different numbers of insulin peptides, one
to fifteen molecules, attached at a range of spacings (Figure 9a,b). The binding kinetics of
insulin-NanoRods was determined by surface plasmon resonance (SPR). We observed that
nanostructures with multiple insulins showed higher insulin residence time than the monomeric
insulin. More importantly, the NanoRod with seven insulin molecules and around 15 nm
spacing stood out, showing a substantial decrease of the kinetic dissociation rate (Kofr)
compared to the other designs. This indicates that the binding of insulin-Nanorods to IRs is
controlled by insulin valency.

Together with the SPR experiments, we also tested whether the insulin valency affects IR
activation at the cell membrane of adipocytes. To achieve this, the phosphorylation levels of
IR and the downstream protein AKT were analyzed by western blot. We confirmed that the
design of the NanoRods with the seven insulin molecules was also the most effective at
activating the IR pathway. In addition, by moving the seven insulins closer together on the
NanoRods we observed a decreased IR and AKT phosphorylation. Together, these results show
that both insulin spatial configuration and valency control IR activation. Furthermore, RNA
sequencing experiments on adipocytes revealed stronger transcriptional responses to
multivalent insulin presentation at lower concentrations compared to monomeric insulin.

4 4 4 4 4 4
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Figure 9. Insulin NanoRods (a) The DNA origami NanoRod schematic representation includes
red circles denoting the potential positions of protruding staples utilized for the hybridization
of complementary oligonucleotides conjugated to insulin. (b) Series of NanoRod structures

with one to fifteen insulin molecules attached.
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4.2.2 Functional effects of multivalent insulin-NanoRods on a zebrafish diabetes model

We further evaluated the performance of nanorods in vivo, using a zebrafish diabetes model.
Initially, we investigated the impact of f-cell ablation at 3dpf in Tg(ins:CFP-
NTR);Tg(ins:Kaede) larvae on their free glucose levels. Notably, we observed an increase in
glucose levels compared to animals with non-ablated B-cells. The successful ablation of B-cells
was confirmed by quantifying Kaede* cells in Tg(ins.CFP-NTR), Tg(ins:Kaede) larvae,
showing a significant decrease in cell numbers.

To determine the optimal time frame for observing a reduction in free glucose levels following
the B-cell ablation, we injected larvae at 3dpf with insulin and measured free glucose levels at
0.5, 1, and 4 hpi. A consistent normalization was observed at 4 hpi, prompting the selection of
this time point for further analysis.

To study the effects of multivalent delivery of insulin in vivo, NanoRods with seven insulin
molecules were compared to monovalent insulin NanoRods. To enhance their stability and
bioavailability in physiological conditions a K-PEG coating strategy was employed. SPR
confirmed the binding of coated NanoRods to IRs, without detecting unspecific binding.
Furthermore, the relationship between phosphorylation levels of coated multivalent (NR-
7XPEG) and monovalent (NR-1XPEG) NanoRods was maintained, as verified by western blot.

Zebrafish larvae with ablated B-cells were injected with NR-7XPEG and NR-1XPEG while non-
functionalized (NR¥PP9) NanoRods was used as a control condition. Notably, the presence of
nanostructures in zebrafish larvae did not significantly affect the numbers of Kaede™cells. Free
glucose levels were quantified 4 hpi (Figure 10), showing that larvae treated with NR-7XPEG
exhibited significantly decreased free glucose levels compared to those treated with NRKPEG,
In contrast, NR-1¥PEG did not have a significant effect. Together, these results show that
multivalent insulin presentation via NanoRod origami structures successfully stimulates
glucose uptake, while structures with only a single insulin molecule fail to elicit a response.
This highlights the applicability of DNA origami nanorods in complex biological systems.

Pancreatic Islet /\

Beta Colls /

2 dpf 3dpf 4hrs
Beta cell NanoRod  Post Injection
Ablation Injection Glucose Measurements

Figure 10. Illustration outlining the approach employed to measure free glucose in zebrafish
larvae. B-cell ablation in Tg(ins: CFP-NTR) embryos started at 2dpf and lasted for 24 hours.
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At 3dpf, larvae were intravenously injected with insulin-NanoRods and four hours later free
glucose levels were measured.

4.3 PAPERIII

4.3.1 Systemically administrated NanoSheet structures accumulated in the CHT of
zebrafish embryos

While DNA origami nanostructures show great promise as multifunctional therapeutic agents,

the challenge of accurately assessing their interaction profiles with cells at the whole-body

level, as well as understanding their clearance dynamics, persist. Given the zebrafish embryo’s

emergence as a promising in vivo model in nanomedicine, we selected it as our model system

to study the biodistribution profiles of wireframe NanoSheet DNA origami.

NS were fluorescently labeled with Texas Red (TR) and coated with K-PEG (Figure 11).
Before injecting them into the blood circulation of 2dpf zebrafish embryos, we investigated
whether the coating induced aggregation of NanoSheets in PBS, using Fluorescence
Correlation Spectroscopy (FCS). We observed similar diffusion times for fluorescently labeled
NanoSheet (NS™) and NS™ coated with K-PEG (NSTRK-PEG) " indicating that our coating
strategy did not result in aggregation of the nanostructures in vitro.
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Figure 11. Strategy of fluorescent labeling and coating of NanoSheet, using Texas Red and
Ki0-PEGsk respectively.

We intravenously injected NanoSheets zebrafish embryos at 2 dpf. Shortly after injections, at
0.25 hpi, we performed live whole body LSFM imaging on 7g(flil:EGFP) embryos. At early
time points, the fluorescent signal of NS™KPEG at the CHT was lower than that of NS™R, and
it was also detected outside the vasculature. By 4 hpi, both NS™ and NSTRK-PEG had
accumulated in the CHT of the embryos (Figure 12a). In addition, at 4hpi, the NSTRKPEG gignal
was detected in other tissues of the embryo, including the brain and muscles. Together these
results show the significant role of CHT in the biodistribution of both NS and NSTRK-PEG,
with NSTRK-PEG showing a different biodistribution profile at the whole animal level when
compared to NSTR at early time points.
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4.3.2 Dynamics of NanoSheet origami nanostructures clearance at the CHT

We investigated the clearance dynamics of NanoSheets at the CHT by quantifying the
fluorescent signal of CHT-resident nanostructures over time. We performed confocal imaging
on the CHT of live injected embryos from 4 hpi up to 3 dpi. During this period, the fluorescent
intensity of both NS™ and NS™KPEG decreased. However, only the signal from NS™®
decreased down to the control levels at 24h, while the NSTRKPEG gional was still detectable at
72 hpi. This contrast in clearance dynamics suggest that the K-PEG coating provided prolonged
protection to the NS nanostructures accumulated at the CHT.

We further investigated the clearance dynamics at the cellular level by in vivo Airyscan
imaging. The CHT of live injected Tg(flil:EGFP) embryos was imaged from 0.5 hpi to 1.5
hpi, when the detected fluorescent signal profiles of NS™ and NSTVKPEG were significantly
different. We observed that NS™ accumulated and degraded faster than NSTRK-PEG i cells
expressing EGFP. We detected signal only from the NSTRKPEG stryctures in EGFP- regions,

suggesting their interaction with other than endothelial cells. Furthermore, NSTR/K-PEG

were
consistently detected in the bloodstream throughout the experiment, while NS™® were
undetectable by 1.5 hpi. Notably, NSTR®PEG byt not NS™R, were detected in the bloodstream

long after the microinjections.

To investigate whether the K-PEG coated NanoSheets aggregate in the circulation before
accumulating in cells at the CHT, we performed FCS in the lumen of the dorsal aorta (DA) of
the embryos (Figure 12b). Analysis of the NSTRKPEG brightness revealed that they started to
aggregate in circulation at 2 hpi, with the size of aggregates increasing over time. This indicated
that the aggregation process did not impact the observed clearance dynamics of the coated
NanoSheets at earlier time points. These results indicate that the endothelial cells at the CHT
are the primary cell type interacting with the NS nanostructures. Nevertheless, the K-PEG
coating affected the clearance profiles of NanoSheets, with only NSTRK-PEG demonstrating
interaction with CHT cells other than the endothelial cells.

a b
f FCS in live zebrafish embryo  \
$ - = =
common cardinal vein o
7 D80\
stromal cell P I . P DA — NG {f'L‘?\?)g‘J
o @ red blood cell & = - .\\f\;‘_‘ vy
etic stem cell CHT TRK-PEG
NS
endothelkal cel - K /

Figure 12. (a) Illustration showing the site of microinjections at 2 dpf embryos. Boxed region
showing the cell types found in the DA and CHT of zebrafish embryos. (b) Overview of the in
vivo FCS experiment.
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4.3.3 A single-cell resolution profiling of NanoSheet-interacting cells in zebrafish
embryos

We performed whole embryo transcriptome analysis of NanoSheet-interacting cells and

identified ten different cell types for both NS™® and NSTVKPEG injected embryos (Figure 13).

Notably, vascular/scavenger endothelial cells constituted 45.39% of the total NS™-interacting

S TR/KPEG

population, in contrast to a mere 14.03% in N -interacting cells. Mesenchymal neural

crest cells, comprising 30% of the total population, constituted the largest group among NSTRK-
PEG_ interacting cells. Additionally, the percentages of cells identified as embryonic brain, red
blood cells (RBC), the musculature system and muscle cells were higher in NSTR®PEG. than
NST™R-interacting cells. At the 4hpi time point, the percentage of immune cells was low in both
unoated and coated NS; however, it was more than two-fold higher in NSTR®PEG_ than in NSTR-
interacting cells. Together, these results suggest that coating with K-PEG facilitates a broader
distribution of NanoSheet nanostructures throughout the entire zebrafish embryo, enabling

their interaction with tissues beyond the CHT.
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Figure 13. General overview of the strategy to identify cells interacting with NanoSheet
structures.

4.3.4 Contribution of CHT-resident macrophages to NanoSheet clearance

The results of our whole-body single-cell transcriptome analysis of zebrafish embryos at 4 hpi
suggested that a limited number of macrophages, identified by the expression of the
macrophage-specific gene marker mpeg|, interacted with the NS nanostructures. Subsequently,
we further investigated the role of CHT-resident macrophages to the clearance dynamics at
later time points (Figure 14). We observed that the detected signal from the NS without the K-
PEG coating was significantly higher in macrophage-ablated embryos compared to
macrophage-non-ablated embryos, at 48 hpi and 72 hpi. Conversely, the ablation of

macrophages did not significantly affect the signal from the NSTRK-PEG

at these time points.
This indicates that the macrophages that reside at the CHT begin to contribute in the clearance
of the NS™ days after the injection of the nanostructures into the embryos’ bloodstream.
Additionally, the results suggest that our coating strategy protects against clearance by

macrophages within the CHT.
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Figure 14. The role of CHT-resident macrophages in NS clearance was evaluated using the
strategy outlined here.
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4.4 PAPERIV

4.4.1 Origami-PLA method development

The structural integrity of DNA origami nanostructures in complex biological systems remains
a challenge yet to be addressed. This project focuses on the development of a novel method for
monitoring the stability of DNA origami nanostructures both in vitro and in vivo.

Our approach is based on proximity ligation assay (PLA) and depends on the proximity
between two protruding DNA strands (PLA protruding strands) on the surface of NanoSheet
structures. These strands serve as starting points for rolling cycle amplification (RCA)
reactions, which can be detected by fluorescently labeled oligonucleotides'?®. The lack of a
fluorescent signal suggests that the DNA nanostructures are structurally compromised.

We modified NS nanostructures with two sets of a pair of DNA protruding strands, designed
to be positioned at a nominal distance of 30 nm between the two pairs (NS_PLA).
Hybridization with two complementary connector oligonucleotides followed by enzymatic
DNA ligation, leads to the formation of a circular DNA molecule, which acts as a template for
RCA reactions. The resulting RCA product can then be detected by fluorescently labeled
oligonucleotides binding to complementary sequences present on the RCA product (Figure 15).
Therefore, the absence of a fluorescent signal indicates that the DNA nanostructures are
structurally compromised.

To confirm that the acquired signal is generated due to the proximity of the protruding strands
of the same NanoSheet, we used a mixture of nanostructures with only one of the protruding
sequences present at their surface as a negative control (NS_green and NS_blue).

Figure 15. Schematic outline of the method. ssDNA protruding strands positioned at the
surface of DNA origami nanostructures can serve as a template for rolling cycle amplification
reactions. Wireframe NanoSheet origami nanostructures were modified with two sets of a pair
of DNA protruding strands that were positioned at a 30 nm distance between the two pairs
(NS_PLA). The distance between the two DNA protruding strands in each pair is 18.5 nm. The
proximity of the two protruding DNA strands allows the complementary hybridization of two
connector oligonucleotides, which can form a circular molecule by enzymatic DNA ligation.
After ligation, RCA reactions can take place and the amplification product can be detected by
fluorescently labeled oligonucleotides, which bind to complementary sites of the RCA product.
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Using agarose gel electrophoresis, we observed consistent migration patterns among NS_PLA,
NS_green, and NS_blue structures. We designed two sets of oligonucleotides complementary
to the PLA ssDNA protruding strands, with biotin conjugated to their 3” end. These were used
to confirm the positions of the two sets of the PLA protruding strands through biotin-
streptavidin using AFM.

The method’s development began with an in vitro validation. DNA nanostructures were
immobilized on a glass surface via biotin-streptavidin interactions. NS nanostructures with two
pairs of protruding DNA sequences placed on proximity (18.5nm) were tested, successfully
generating a clear PLA signal. Notably, the signal acquired from the control condition was
lower compared to the NS _PLA.

We further tested the method on a highly complex biological surface- the cellular membrane.
We biotinylated the cell membrane proteins of MCF7 cells and through biotin-streptavidin
binding we immobilized NS _PLA nanostructures on their surface. The generated PLA signal
from NS_PLA structures was significantly higher compared to the negative control.

To evaluate the structural integrity of the NanoSheets, we exposed them for 24 h to different
concentrations of DNasel, confirming degradation with agarose gel electrophoresis. Notably,
quantification of NanoSheet band intensities showed that the nanostructures were already
structurally compromised at a relatively low DNasel concentration of 2U/ml.

Additionally, DNA nanostructures were coated with a protective PEGylated oligolysine shell
(K-PEG)® to test its ability to slow down nuclease degradation and preserve their structural
integrity. After removing the K-PEG coating with chondroitin sulfate treatment we assessed
the structural integrity of the structures with agarose gel electrophoresis. Quantification of the
bands showed that coated structures preserved their structural integrity.
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5 CONCLUSIONS

This thesis presents a highly interdisciplinary body of work integrating microfluidics, cell
biology techniques, DNA origami nanotechnology, advanced imaging methods, next-
generation sequencing, and animal experiments to study mechanisms of cell communication

from nanoscale to tissue level.

In Paper I, we used a microfluidic co-culture device to enable precise directional control of
communication between motor neurons and muscle. This model allowed us to individually
control the microenvironmental cues received by these two cell types. Not only did this setup
facilitate the generation of a functional NMJ, but also it provided a means to control the
direction of paracrine signaling. Our findings confirmed that PGC-1al expression in skeletal
muscle regulates NMJ structure and activity, as evidenced by increased neuronal recruitment
and larger NMJs in our system, Significantly, we identified neurturin as a muscle-derived
soluble factor controlled by PGC-1al, mediating retrograde signaling to motor neurons.

In Paper II, we used DNA origami nanotechnology as a precision tool to generate ligand
clusters at the nanometer level. This approach allowed us to control receptor activation and
achieve a tunable signaling response in cells. Specifically, our work using insulin-DNA
origami nanostructures demonstrated that the valency and spacing of insulin molecules can be
engineered to result in prolonged periods of receptor activation compared to monomeric
insulin. Additionally, the multivalent insulin not only inactivated the same downstream
transcriptional responses as monomeric insulin but also achieved these effects at lower
concentrations. Of particular significance, when treating a zebrafish embryo model of diabetes
with rising glucose levels, multivalent insulin nanostructures elicited the desired response of
glucose reduction, while monomeric insulin at the same concentration failed to do so. The
knowledge gained from this study provides a basis for development of novel therapeutic
approaches in diabetes treatment, offering the potential to achieve desirable outcomes without
relying on higher doses of insulin.

DNA origami nanostructures hold great promise as versatile therapeutic agents. However,
realizing their full potential involves navigating certain challenges. In Paper III, we presented
a strategy that facilitated the assessment of DNA origami nanostructures’ biodistribution within
a living organism and with single cell resolution. This innovative approach combined DNA
nanotechnology with embryonic zebrafish models, advanced microscopy, and single-cell RNA
sequencing. Our study identified scavenger endothelial cells as the primary contributors to the
clearance dynamics of NanoSheet origami structures in our system, while macrophages became
involved in the process at later time points. This work offers a guide for assessing the in vivo
performance of DNA origami nanostructures, a critical step in advancing potential therapeutic
applications in the future.

In Paper IV, we introduced a method for monitoring the stability of DNA origami
nanostructures under physiological conditions. Our work demonstrated the effectiveness of this
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method in detecting the structural integrity of DNA origami nanostructures when immobilized
on both glass surfaces and cell membranes. This work presents a promising approach for
assessing the structural integrity of DNA origami nanostructures in vitro as well as in vivo.
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6 POINTS OF PERSPECTIVE

In Paper I, we used a microfluidic system to achieve enhanced control over the
microenvironment of motor neurons and myotubes. Through this approach we identified
NRTN as a myokine involved in retrograde signaling to motor neurons. To delve deeper into
understanding its role in the communication between motor neurons and muscle, exploring the
modulation of NRTN expression in muscle holds the potential to yield valuable insights into
its biological activities. This, in turn, could pave the way for exploring its therapeutic
applications in neuromuscular disorders.

In Paper II, we employed DNA origami nanotechnology and showed that the manipulation of
insulin nanoclusters’ valency and geometry provides control over IR-mediated responses. A
study on IR clusters in different cell types, coupled with an in-depth investigation of the
biodistribution profiles of multivalent insulin-DNA origami designs in both wild type and
diabetes animal models, such as zebrafish embryos, would be of a great interest. This approach,
offering single-cell resolution analyses, is essential for advancing our understanding of how to
precisely target individual tissues and effectively eliminate unwanted interactions. Further
testing the effects of multivalent insulin-DNA origami nanostructures in mice, a more clinically
relevant model, could bring us closer to the development of new drugs for the treatment of
diabetes.

Paper III introduces an approach to assess the biodistribution and clearance dynamics of DNA
origami nanostructures in a complex biological system with single-cell resolution. A study
where DNA origami nanostructures are selectively directed towards specific tissues, via
functionalization with ligands of interest, could provide additional insights into their properties
and further demonstrate the sensitivity of our approach. Additionally, validating the utility of
our approach by comparing the performances of multiple origami designs in the same sample
would be of great interest.

In Paper IV, we present a PLA-based method to assess the structural integrity of DNA origami
nanostructures. It would be of great interest to further test the method on nanostructures of
various shapes and sizes. Moreover, the approach shows great promise for applications in in
vivo models, especially in tracking the stability of DNA origami nanostructures in different
tissues- a goal that should be pursued.
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