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INTRODUCTION

1.1. GENERAL BACKGROUND

Cells are the building blocks of life. Research at the single cell level is crucial as it
allows to unravel the complexity of this smallest living unit. On the inside, one cell holds
a whole world of molecular machinery within its membrane. On the outside, it inter-
acts and communicates with its environment and other cells. For complex mammalian
organisms, understanding and influencing cells on individual level is fundamental to
understanding and influencing them at the higher level of tissue, organs, and as a whole.

The development of light microscopy was crucial as it enabled to uncover the struc-
ture and dynamics of cells. However, cells are mainly composed of water and are thus
translucent. Only the cellular membrane, the heterochromatin inside the cell nucleus,
as well as several organelles are dense enough to be visible by light microscopy. For more
detailed analysis, molecules and structures can be tagged with fluorescent materials al-
lowing them to be better detectable. Beyond the mechanism of simple fluorescent tag-
ging, functional materials have been created with capabilities to sense the environment
or influence cells. Popular are systems enabling e.g., calcium concentration indication
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or measurements of voltage change across the cellular membrane [1]. These tools also
drive fundamental research and biomedical innovations.

Numerous fluorescent microscopy techniques exist allowing information acquisi-
tion for different research requirements. For example, a light sheet microscope is useful
to study tissue assemblies [2], whereby Stochastic Optical Reconstruction Microscopy
(STORM) is useful for high-resolution of small structures like microtubules [3]. For re-
search on the single-cell level, light fluorescence microscopy has been widely employed.
Hereby the entire sample is illuminated, and the resulting fluorescence collected, thus
gathering also light from the out-of-focus planes (i.e., below and above the focal plane).
Particularly when imaging cells the resulting images are blurry, as cells contain a high
volume of liquid that scatters light. Laser scanning confocal microscopy (LSCM) em-
ploys a pinhole that blocks the out-of-focus light and creates greater resolution and
lower noise levels. However, as the pinhole only illuminates a small area, the whole sam-
ple needs to be scanned line by line. This process is time-consuming and can cause
photo-damage to live samples.

The design of the spinning disc confocal microscopy (SDCM) improves these con-
ditions. Instead of a single pinhole as in the LSCM, the SDCM system uses a spinning
disc with thousands of pinholes in it. These are arranged in a way that every point in
the field of view is covered when the disc rotates, resulting in a simultaneous and thus
fast illumination of the whole sample. The pinholes are placed with interspace between
them to avoid crosstalk between the “mini-beams” of light going through the pinholes.
However, these interspaces also block most of the excitation light. In the Yogokawa disc
this condition is improved by an additional disc containing an array of micro-lenses that
match the array of the pinholes sample [4]. These micro-lenses collect and focus the ex-
citation light thus improving the illumination of the. To collect the image information,
charge-coupled device (CCD) cameras are used. These are two-dimensional detectors
that simultaneously record the spatial as well as the intensity information of all mini-
beams thus leading to high speed of image acquisition. This high temporal resolution
allows imaging of fast dynamic processes. Combined with the reduced photodamage
resulting from the pinhole design, the SDCM system is particularly advantageous for the
imaging of dynamic processes and motility of living cells and is the main method that
was employed in this thesis.

Despite the lower photodamage in the SDCM system, light exposure can still be dam-
aging for cells. Next to the damaging effect of high intensity light, the main phototoxic
effect often results from fluorophore photobleaching [5]. With each illumination of the
fluorescent sample a fraction of the fluorescent probe is irreversibly destroyed and addi-
tionally generates free radicals and other reactive breakdown products. The best way to
reduce photodamage is to reduce exposure time and intensity during excitation, while
still retaining a useful signal-to-noise ratio. Additionally, good cell permeability is cru-
cial to accumulate enough fluorescent material inside the cell and beyond that the probe
should not interfere with the biological system. Thus, fluorescent probes need to fulfil a
range of requirements to ensure a healthy cellular state.

A myriad of fluorescent probes has been developed, each trying to perform better
than previous probes. Their performance is defined by various features: (1) Photostabil-
ity - the capability to withstand photobleaching. (2) Signal intensity - the brightness of
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the emitted light, specified by the extinction coefficient (fraction of absorbed light at a
given wavelength) and the quantum yield (ratio of emitted photons relative to absorbed
photons). (3) Biocompatibility — defined as the inertness of the material to cellular en-
vironment, without perturbations of its system. (4) Cellular permeability or uptake -
the internalization of probes over cellular membrane. (5) Specificity or functionality —
defined as how well the aimed target or intended function is achieved. Material devel-
opment aims at fulfilling the listed requirements, whereby different probes are needed
for the diverse research questions and applications. The current range of available fluo-
rescent materials is enormous and includes organic molecules, synthetic dyes, quantum
dots, metal nanoparticles, silica nanoparticles, organic and inorganic polymers, nan-
otubes, and nucleic acid-based materials [6].

Despite technological advances in the design of fluorescent probes, many still face
challenges of strong background fluorescence, photobleaching, or limited cell perme-
ability. Fluorophores at higher energy with short wavelengths of the visible spectra, i.e.,
ultraviolet (e.g., Hoechst 33342 with excitation at 405 nm) and blue (e.g., GFP with exci-
tation at 488 nm), usually yield bright signals but also result in higher phototoxicity [7,
8]. These probes are great for short-term experiments or snap shots. Fluorescent probes
in lower energy with higher wavelengths, i.e., green (e.g., RFP with excitation at 561 nm),
red (e.g., Cy5 with excitation at 647 nm), often yield less bright species but also have a
lower photodamaging effect [7, 9]. These probes are useful for long-term imaging and
frequent time-lapse experiments. The “perfect” fluorescent probe for a given experiment
is rarely perfect, but most often a balance between the requirements and current possi-
bilities. Each of the available materials were created to fulfill certain functions and the
development of better and more functional materials is ongoing.

The work presented in this thesis encompasses different topics, centring around con-
focal microscopy of fluorescent objects and living cells. In the first part of this thesis, two
functional fluorescent materials are employed. In chapter 2 DNA-encapsulated silver
nanoclusters (Ag-DNA) are used as an intracellular sensor. In chapter 3 polymersomes
are employed as a long-term imaging probe in living cancer cells. Both materials are very
interesting for a wide range of applications and an overview of the multifaceted research
as well as background information is given in the following sections (1.2 and 1.3).

The second part of this thesis focuses on neural progenitor cells (NPCs). In chapter
4 various fluorescent probes are tested for the purpose of long-term visualization of the
NPCs and their nucleus during imaging. Chapter 5 observes and analyses the migratory
dynamics of NPCs on uniform and patterned structures utilizing fluorescent reporters.
Spinning-disc confocal microscopy and time-lapse imaging allow to resolve the dynam-
ics of cell machinery and are employed here to gather data on NPC dynamics. Further-
more, in vivo, NPCs are surrounded by nano and micro-sized structures providing at-
tachment sites and influencing their behaviour. Thus, various patterning techniques
have been developed to mimic these structures in vitro, two of which are employed in
this thesis. NPCs are in the focus of attention due to their inherent capabilities to regen-
erate the nervous system. Learning more about cellular behaviour and dynamics will
provide more insights on organism development, as well as for treatment of central ner-
vous system injuries and diseases. Background information on these fascinating cells is
provided in section 1.4.
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1.2. DNA-TEMPLATED SILVER NANOCLUSTERS (AG-DNA)

1.2.1. AG-DNA BACKGROUND AND PROPERTIES

Metals are intriguing materials as their size and shape determine their electrical,
magnetic, and optical properties [10, 11]. Due to nearly freely moving electrons in the
overlapping outer shells of metal atoms, they are exceptional electrical conductors and
optical reflectors. Oscillations in the electron charge density on the surface of the metal,
known as surface plasmons, can be induced through photon or electron excitation. Re-
ducing the size of the metal to nanoparticle dimensions (i.e., 1 to 100 of nanometres), en-
ables interesting coupling interactions with fields, dependent on the dimensions of the
particle, including fluorescence emission. When the metal size is further decreased and
approaches the Fermi wavelength of electrons (about 0.5 nm for Ag and Au), the band
structure breaks up into discrete energy levels [12]. Thus, these metallic nanoclusters are
expected to resemble the energy levels of molecules, equipping them with molecule-like
properties [13]. Consequently, these metals show strong photoluminescence and pho-
tostability [14] and provide the link between single metal atoms and plasmonic metal
nanoparticles.

Nanoclusters comprised of silver have been in focus due to their brighter fluores-
cence than gold particles [12] and their intrinsic anti-bacterial properties [15]. How-
ever, various factors affect the stability of silver nanoclusters in solution, leading to ag-
glomeration and oxidation [16]. Polyanionic molecules with high affinity for silver ions
have been utilized to protect the clusters, yielding water-soluble and stable silver nan-
oclusters under physiological conditions [17]. Among them are (synthetic) polymers,
phosphines, proteins, solid matrices, thiolates, and nucleic acid molecules; all leading
to nanoclusters with different fluorescence spectra and varying quantum yields [13, 16].

The combination of silver nanoclusters and DNA molecule in particular yields an in-
triguing blend, producing a new class of nanophotonics [18]. The metal clusters have
been indicated to be rod-shaped [19], with varying resonances yielding emission wave-
lengths from the blue to the near infrared spectrum [18, 20]. Remarkably, because the
DNA stabilization determines the size and shape of the cluster, the fluorescence of this
hybrid molecule can be tuned by the selection of the DNA length and sequence [21, 22].
The connection with DNA bases appears to have a significant effect on the intrinsic op-
tical properties of the nanoclusters, as only specific configurations exhibit significant
fluorescence.

Ag-DNA exhibit a strong variation in optical properties with characteristics including
bright fluorescence, high photostability [23], and quantum yields over 90% [19]. The op-
tical properties of Ag-DNA are not only highly dependent on the nucleobase sequence,
but also on pH and temperature and ultimately their cluster size and shapes. Further,
because the DNA configuration influences which species exhibit fluorescence, after syn-
thesis, their fluorescence can still be tuned or switched on and off through the interac-
tion with nearby DNA templates [24, 25]. All these characteristics make these nanoma-
terials valid competitors to standard fluorophores. Compared to organic dyes, Ag-DNA
can be brighter and more photostable. Compared to quantum dots, they are smaller and
can be less toxic and less prone to blinking on longer timescales [26].

Beyond that, nucleic acid nanotechnology has exhibited tremendous advances in its
field, by using the molecules as architectural elements to build nanostructures with var-
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ious functionalities [27]. For more targeted applications, any recognition sequence can
be integrated naturally into the DNA template without the need of chemical modifica-
tions. Additionally, being a natural molecule, DNA is fully biocompatible. This increases
its value as a stabilizing ligand and facilitates broad application.

DNA-stabilized silver nanoclusters (Ag-DNA) were first introduced by the Dickson
group in 2004 (Petty 2004). Since then, these nanomaterials have been employed for nu-
merous applications as fluorescent trackers. Particularly its sensitivity to environmental
cues, expressed through shifts in the fluorescence spectra, makes Ag-DNA a valuable
tool for sensing applications. It has been applied for the detection of genetic mutations
[25, 28, 29], as well as low concentrations of metal ions [30, 31] and DNA/RNA molecules
[24, 32]. Additionally, the tuneable optical properties and easy positioning make these
structures interesting for applications in nanophotonics and optoelectronics [18, 33].

Beyond that, existing research is strongly focused on uncovering the structure of the
Ag-DNA and understanding how the tunability of the fluorescence spectra arises. De-
spite this focus, these nanomaterials are poorly understood in their formation pathways
and photo-physical properties as it is challenging to obtain structural information. The
conformational states of Ag-DNA are usually short-lived, impeding measurements to
uncover its secondary structure. RNA can also be implemented to stabilize silver clusters
[34], but DNA is the more favourable choice due to its higher stability.

The synthesis of Ag-DNA is relatively fast ( 1h), low in cost, and easy. However, due to
oxidation by air and photobleaching, as well as continuing chemical interactions, many
species are short-lived (i.e., hours) [35], and only specific purified samples show high
stability (e.g., a certain 28mer is stable for 30 days at room temperature) [36].

To synthesize Ag-DNA, silver salts (such as AgNO3) are mixed in a specific ratio with
DNA templates and subsequently reduced, typically with sodium borohydride (NaBHy).
Although cations generally bind to the negatively charged phosphate backbone of the
DNA, silver ions (Ag*) associate with the DNA bases [37]. Hereby, silver ions show a
strong affinity order for the bases, preferring cytosine over guanine, followed by ade-
nine, and at last thymine [36, 38]. Reduction with (NaBH4) leads to nucleation of the
neutral silver core (Agp), whereby silver ions in the periphery remain, acting as “glue”
and connecting the silver core to the DNA bases (Figure 1.1).

Notably, upon synthesis, an individual DNA template produces a heterogeneous mix-
ture of distinct Ag-DNA conformations and silver cluster products. Many of these species,
present in a single solution, are non-fluorescent, whereby only about 25% might show
high fluorescence (i.e., signal considerably higher than noise level) [39].

Recently, methods have been developed to isolate individual species. Using high-
performance liquid chromatography with in-line mass spectrometry (HPLC-MY), it is
possible to select for pure Ag-DNA complexes and to identify their total number of silver
atoms and silver cations [39]. This method yields spectrally pure and more stable fluo-
rescent products and facilitates the continued research and application of Ag-DNA.

1.2.2. TEMPLATE DESIGN AND STRUCTURE

To increase the pool of fluorescent species, cytosine- and guanine-rich sequences
were found to be important [40, 41]. However, using solely homopolymers of cytosine




6 1. INTRODUCTION

or guanine produces species with low temporal stability [42]. Thus, a mixture is neces-
sary to produce fluorescent products with longer stability. Long oligomers were found to
yield products with higher stability and tend to generate bigger clusters [19, 39, 43, 44].

Beyond that, the understanding of how the composition of a mixed-base sequence
determines the cluster formation, is still poor. The range of possible permutations is
enormous. Considering using a short template with only 10 bases, already allows for
over 10 Million possible sequence arrangements [42]. Thus, the design of DNA tem-
plates is still tedious as finding effective sequences is generally done by experimentally
testing them.

With advanced understanding of the interactions between silver ions and DNA bases,
machine learning can be used to predict sequences that stabilize fluorescent clusters.
Copp et al. (2014) used pattern recognition to find “base motifs” which favour radiative
over non-radiative decay. A “base motif” consists of 3-5 bases which are necessary to en-
capsulate a cluster. Examples for found motifs include GCG, CGC, and GG_AC for bright
clusters, and TTG, ATT, and AT _T for dark clusters, confirming the necessity of guanine
and cytosine bases for a fluorescent product. Employing this model and a learning algo-
rithm, the authors were able to predict templates that produce bright Ag-DNA with 80%
accuracy [42].
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Figure 1.1: Illustration of Ag-DNA structures. Representation of Ag-DNA constructs containing four silver
atoms (left) and six silver atoms (right), exhibiting fluorescence in the green (left) and red (right) spectrum.
Grey represents the silver atoms, green and red colours represent silver cations. Figure from Taccone et al.
(2018), Physical Chemistry Chemical Physics ([45]. (Image reprinted with permission of the rights holder, Royal
Society of Chemistry).

Obtaining structural information of Ag-DNA is challenging. Many conformational
states are very short-lived (milliseconds to seconds), thus only long-lived states can be
measured. Interestingly, dynamic microstates were found to be intrinsic to the long-
lived states [36]. In general, conformational transitions have been associated with op-
tical changes [46, 47], but whether these microstates might influence the fluorescent
properties of Ag-DNA, and how, was not determined. The shape of the DNA template
is reorganized as silver ions bind to cytosine and guanine bases via nitrogen and oxy-
gen sites. Hereby, an ion can be shared between these attachment sites within one base
[36]. Contrary, in polyadenine and polythymine, silver ions were found to primarily af-
fect sugar geometries [36].
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Generally, single stranded DNA is employed as a template as it is more flexible than
double stranded DNA and thus enables better silver incorporation. The commonly used
template length consists of 12-30 bases [16, 23]. Due to steric constraints, short tem-
plates (< 15 bases) often form dimers which frame the silver cluster [34]. Longer tem-
plates also permit interstrand binding, like their short counterpart. Additionally, they
often form intrastrand products by wrapping around the silver cluster. The shape of the
neutral silver cluster core was repeatedly demonstrated to be rod-like [18, 19], whereby
peripheral silver ions align along the DNA template. Thereby, their fluorescence proper-
ties are similar to larger nanorods, with resonance largely determined by their sizes and
aspect ratios.

The optical properties of Ag-DNA were found to be primarily determined by the size
and shape of the silver core. Larger clusters can be associated with higher wavelengths,
as they permit greater delocalization of electronically excited states [39]. Dark species
were found to appear at lower silver number (< 10), but silver content of 10 - 15 oc-
curred both in dark and bright species [39]. Thus, silver content number by itself does
not control whether the nanomaterial is fluorescent. Certain dark complexes can still be
optically switched to become fluorescent e.g., by adding a guanine-rich template [24].

The total silver content of one cluster generally lies between 10-24 atoms [44], includ-
ing neutral and positive atoms. A cluster with an equal number of neutral atoms may
exhibit different numbers of ions and thus different charges, and vice versa. Analysing
over 600 of 10-base templates and assessing past literature, Copp et al. (2014) found
a domination of specific atom numbers, independent of the DNA length and sequence
[44]. Groupings of 4 and 6 neutral atoms suggest enhanced stabilities around these num-
bers, while displaying wide-ranging numbers of cations. These termed “magic numbers”
correspond to emissions at green (540 + 20 nm) and red (630 + 30 nm), respectively, pro-
ducing the “magic colours”.

The fluorescence properties of Ag-DNA after synthesis can be influenced by factors
that influence the DNA conformation such as pH and ionic strength. Additionally, silver
ion movements can affect the shape of the silver chain modifying its aspect ratio and/or
curvature, and consequently shifting the fluorescence spectra [48]. Smaller wavelength
differences between Ag-DNA can also emerge from fluctuations in the number or type
of bound bases [49]. This shows the incredible tunability of Ag-DNA pre and post syn-
thesis.

Another remarkable feature is the existence of two distinct absorbance bands and
only one emission band. Excitation of the nanomaterial can occur directly via the silver
cluster or via the DNA bases [45, 50]. The excitation band via the silver cluster can be
tuned within 480-750 nm, as discussed above. Contrary, excitation via the DNA bases
is fixed at 260-270 nm and is general to all Ag-DNA species. For more information re-
garding the origin of photoluminescence and photodynamical properties of the DNA-Ag
system, see Thyrhaug et al. (2017) [51] and Berdakin et al. (2016) [52].

1.2.3. AG-DNA IN CELLS

In contrast to the wide range of publications focusing on sensing ions, small molecules,
and proteins in solution in vitro by Ag-DNA, research published on applications in (liv-
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ing) cells is limited [53-55].

Despite the general high photostability, Ag-DNA face challenges in biological appli-
cations. Due to the highly negatively charged DNA backbone, repulsion between the
membrane and the phosphate groups leads to poor internalization into cells. To circum-
vent this, methods like microinjection and transfection have been used successfully [56—
58]. However, both methods are time-consuming and impact cellular viability. Further,
modifications like the attachment of aptamers or cell penetrating peptide to DNA tem-
plate were shown to achieve targeted cellular binding or cell penetration. For fixed cells,
linking antibodies to Ag-DNA resulted in intracellular staining [55]. Another important
challenge is the poor chemical stability of Ag-DNA in biological media and cellular envi-
ronment. High salt concentrations present in physiological buffers or cell culture media
usually lead to silver chloride precipitation and thus destruction of the nanoclusters. Ad-
ditionally, nucleases within cells can digest the DNA template.

Choi et al. (2011) improved Ag-DNA stability by modifying several factors: increas-
ing the base/silver ion ratio during synthesis, elongate and adapt the DNA template,
and performing the synthesis directly in physiological buffer or cell culture media [55].
Another group succeeded to improve the stability by forming complexes comprised of
Ag-DNA and polycationic electrolytes [57]. As there is high interest in simple and label-
free bioimaging probes, the application of Ag-DNA will likely expand in this field when
these fascinating nanomaterials are better understood.

In chapter 2 we present three different Ag-DNA forms with three different function-
alities. Depending on the employed sequences either stable forms are created that can
be used for intracellular labeling purposes or more sensitive forms that are useful as in-
tracellular, optical sensors. Furthermore, the inherent cytotoxic effect due to the silver
content in Ag-DNA materials, can be tuned and allows the generation of either biocom-
patible or low to high cytotoxic probes. Considering the growing interest of researchers
to measure the biochemical processes and concentrations inside living cells, Ag-DNAs
potential as a sensitive intracellular sensor becomes more and more relevant. Next, the
tunability of the toxicity is also highly relevant and can become a powerful tool in cancer
research and treatment.

1.3. POLYMERSOMES

1.3.1. POLYMERSOMES BACKGROUND AND PROPERTIES

The organisation and function of a eukaryotic cell is enabled by spatial compart-
mentalization with lipid membranes. The cell itself is separated from its environment by
a double layered lipid membrane, mainly consisting of phospholipids and cholesterol.
Likewise, within the cell, biomolecules and ions are confined within subcellular com-
partments allowing separation of biochemical reactions and degradation processes, as
well as intracellular delivery and protection of biomolecules.

Beyond internal vesicles, which are crucial for intracellular function, extracellular
vesicles (EVs) exist to coordinate intercellular communication. Practically all biologi-
cal fluids have been found to contain EVs, including blood, saliva, breast milk, and in
the supernatant of cultured cells [59], confirming their importance in cell-cell commu-
nication. EVs can efficiently deliver various biomolecules like DNA [60], RNA [61], or
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functional proteins [62] to target cells. Hereby, the lipid membrane protects these car-
goes from degradation by nucleases and proteases, which are commonly present in the
extracellular environment. Currently, EVs are in the focus of attention as they have been
demonstrated to participate in important physiological and pathological processes, like
the immune response or neuronal degeneration [63, 64]. Due to these exceptional as-
pects, scientists are highly motivated to use this carrier system deliberately for disease
treatment and biomedical research.

Although strategies exist to extract naturally occurring EVs and to load them with ex-
ogenous cargoes, these “modified-EVs” suffer from low yield, low purity, and little flexi-
bility [65]. This challenge inspired researchers to create artificial EV counterparts, mim-
icking the lipid membrane which physically separates the aqueous inner compartment
from the surround environment. While EVs have the advantage of full biocompatibility,
artificial vesicles (AVs) can be easily synthesized in higher concentrations and modified
according to the application requirements.

Liposomes are the best-known AVs and consist of a lipid bilayer of phospholipids,
the natural components also integrated in the cellular membrane and vesicles. Their
structure allows hydrophobic molecules to be encapsulated in the membrane, and hy-
drophilic molecules to be loaded into the aqueous lumen. Liposomes have been widely
employed in research and as drug carriers, whereby several liposome formulations are
FDA-approved [66]. However, liposome surface is strongly affected by interactions with
circulating proteins in blood, a phenomenon called opsonization. Thus, liposomes gen-
erally display fast clearance due to opsonization by serum proteins and detection by the
immune system [67]. Their circulation time can be highly increased by incorporating
the polymer polyethylene-glycol (PEG) on the vesicles surface, thus sterically inhibiting
electrostatic and hydrophobic interactions with plasma proteins [68]. However, further
limitations are low stability and poor flexibility in the synthesis of conventional lipo-
somes.

The main goal of AV development, is to create vehicles which can be loaded with vari-
able cargoes, subsequently protect this cargo from degradation, and efficiently deliver it
in a time- and space-controlled way, according to the required question. Thus, high tun-
ability of the carrier vehicle is necessary. A successful approach to fulfill these needs is
creating vesicular carriers by using fully synthetic polymers. Discher et al. (1999) was the
first to implement amphiphilic block copolymers, which chemically resemble cellular
phospholipids while displaying increased structural stability and mechanical resistance
compared to liposomes [69]. The huge advantage of polymersomes is the high versatility
of their physicochemical properties, which allows careful tuning of the physical proper-
ties of the AV for any biochemical application.

For the synthesis, one hydrophobic and one hydrophilic polymer are used as a pair,
which self-assemble into a bi-layered structure as hydrogen bonds form between the
polymers and the surrounding water molecules [70]. The palette of possibble construc-
tions is considerable due to the broad range of available polymers like polyisobutylene-
monomethyl polyethylene (PiB) or poly(2-(diisopropylamino)ethyl methacrylate) (PDPA).
PEG plays also here an important, due to its stealth properties which grant the carrier
with longer bioavailability in vivo [71].
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1.3.2. POLYMERSOMES IN CELLS

The transport of polymersomes over the cellular membrane is crucial for any thera-
peutic or imaging application. Intracellular uptake of moieties depends on several fac-
tor, and polymersome size plays an important role [72]. Thus, the tuneability of polymer-
some diameter is highly advantageous and can be controlled via polymer concentration
and mixing rate during synthesis [73]. Often the yield contains a broad size distribution,
but this polydispersity can be reduced by using standard AV purification techniques like
centrifugation or size exclusion chromatography [74].

One of the ways polymersomes can enter cells is via the clathrin-mediated endo-
cytosis. Hereby, particles form contacts with cell surface receptors, initiating the cellu-
lar membrane to wrap around and subsequently internalize them [75]. Thereafter, the
internalized vesicle (endosome) is actively transported along the cytoskeleton towards
the perinuclear area, where the vesicle contents are selected for uptake or secretion. To
achieve targeted delivery to particular cell types, polymersome surface is often modified
with homing ligands such as aptamers, antibodies, metabolites [76]. Further, controlled
cargo release can be attained by creating stimulus-responsive polymersomes which dis-
sociate in response to pH, temperature, redox agents, or light [77]. Due to its synthetic
nature, the clearance of polymersomes is often lower than for liposomes, which ensures
longer circulation times but can lead to undesired accumulation. Employing biodegrad-
able polymers like polylactide (PLA) and poly(caprolactone) PCL is thus becoming a
favourable choice [78].
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Figure 1.2: Illustration of the membrane compositions of extracellular and artificial vesicles. a) An extracel-
lular vesicle (EV) is comprised of membrane proteins and adhesion molecules, containing various molecules
in its aqueous interior. b) A liposome is comprised of a shperical bilayer vesicle with a hydrophilic core. c)
The membrane of a polymersome vesicle is built by amphiphilic polymers, containing hydrophobic and hy-
drophilic chains, and encloses an aqueous interior. Modified figure from Leggio et al. (2020), Advanced Health-
care Materials ([79]. (Image reprinted and adapted with permission of the rights holder, John Wiley & Sons -
Books).

Morphology of polymersomes can also be controlled via the ratio of hydrophilic-
to-hydrophobic sections resulting in micelles, ellipsoids, vesicles, or tubular structures.
Spherical polymersomes are more common being the thermodynamically most stable
structure. Further, the choice of polymer as well as the hydrophilic-to-hydrophobic ratio
determine additional physicochemical properties such as the permeability, thickness,
rigidity, and surface charge of the membrane [70]. All features influence polymersome
function as well as cellular uptake and thus enable adaptability of the carrier to the ques-
tion of research.

Polymersomes high mechanical and chemical stability as well as their capability to
encapsulate molecules makes them interesting systems for in vivo fluorescence imag-
ing in cells, tissue, or small animals. As carriers of imaging probes, they serve to im-
prove fluorophore limitations like low tissue penetration, short half-life circulation and
fast photo-bleaching. Due to their capacity to entrap large volumes of moieties in their
inner aqueous compartment as well as their membrane, high local concentration of flu-
orophores can be achieved yielding robust fluorescent signal. Combining pH-sensitivity
and fluorophore-loading, Massignani et al. (2010) achieved efficient endosomal escape
and subsequent cytosolic labelling of living cells [80]. By comparing Rhodamine encap-




12 1. INTRODUCTION

sulated in a polymersome to not encapsulated CellTracker’™ dye, the former was found
to be longer fluorescent (up to 14 days) and non-toxic, in contrary to the pure dye, con-
firming the advantages of employing polymersomes.

Fluorescent polymersomes are widely employed for imaging purposes in living cells
or whole organisms like the zebrafish [81, 82]. Further, they are highly interesting for
biomedical applications focusing on targeted drug-delivery and tumor-imaging [70]. How-
ever, studies are lacking that analyse the dynamics of polymersome uptake, their poten-
tial as long-term imaging probes, as well as their degradation in cells. Investigating these
processes is important and would provide more insights for research and biomedical ap-
plication of polymersomes.

In chapter 3 the capacity of polymersomes to entrap an aqueous and a lipophilic
dye simultaneously and their ability to preserve the fluorescence of these dyes longer
was used. Here, dual-labeled polymersomes were employed for live-cell imaging. By la-
belling the membrane as well as the interior of the nanovesicle, a great tool was created
that allowed to observe the integrity of the polymersomes inside living cells and follow
them over days, with hardly impacting the cellular health state. We observed a fast up-
take of the dual-labeled polymersomes and could confirm their stable fluorescence over
an imaging period of 86 h. Further, the particles were divided on average 50-50 among
daughter cells, thus facilitating tracking of all cells equally while their proliferate. At day
7, we observed a strong decrease in fluorescence intensity, whereby the membrane dye
showed a higher signal than the encapsulated dye, suggesting a rupture of numerous
polymersomes. This highlights the practicality of using dual-labeled vesicles for imaging
as a clear indicator of their state. Our results showed that the employed polymersomes
are excellent candidates for in vivo imaging application for observation periods of up to
3 days.

1.4. NEURAL PROGENITOR CELLS

1.4.1. BACKGROUND INFORMATION

Neurogenesis is a complex process whereby new neural cells are generated. It takes
place through proliferation, migration, and eventual differentiation of neural progeni-
tor cells (NPCs) into mature neurons and glial cells. Neurogenesis mainly occurs dur-
ing embryonic and early postnatal development but is also known to prevail throughout
adulthood [83, 84]. In the adult brain, NPCs reside within specialized neurogenic niches
which provide the necessary environment to support their maintenance and develop-
ment of NPCs [85]. NPCs are characterized based on their location in the brain, gene ex-
pression profile, temporal distribution, and morphology [86]. Since the research in this
thesis mainly focuses on the general mobility and interaction characteristics of NPCs,
the complex organization of these niches as well as the terminology of NPC subtypes
will not be elaborated on. For more information on this topic see Obernier and Alvarez-
Buylla (2019) [85] and Martinze-Cerdeno et al. (2018) [86].

Between species, major differences exist regarding the spatial regions in which neu-
rogenesis occurs as well as the extent to which neurogenesis happens [87]. In rodents,
the two prominent niches are the subventricular zone (SVZ) of the lateral ventricle and
the subgranular zone in the dentate gyrus (SGZ) of the hippocampus. In humans, the
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SGZ and the striatum are most active [88, 89].

Neural progenitors in the SGZ generate new excitatory neurons for the dentate gyrus,
which are important for learning, pattern recognition, and memory [90, 91]. In the SVZ,
NPCs are destined to migrate long distances (3-8 mm in mice) to the olfactory bulb (OB)
and differentiate into olfactory interneurons [92]. These are important for fine odour
discrimination as well as odour-reward association [93, 94].

The pathway connecting the SVZ and OB is called the rostral migratory stream (RMS)
(Figure 1.3. Here, NPCs migrate in chains using blood-vessels and glia cells as guiding
structures [95, 96]. Interestingly, in case of an injury, the traveling NPCs can exit the RMS,
or migrate directly from the SVZ, towards the injury side following the inflammatory sig-
nal [97, 98]. Once arrived at their destination, NPCs can generate functional neurons
and integrate into the existing network [99, 100], showing regenerative capacity of the
adult brain. Since the heterogeneity of neural subtypes in the CNS is huge, an extensive
variety of cell types must be generated for regeneration.

1.4.2. NPCS FOR CENTRAL NERVOUS SYSTEM REGENERATION

NPCs are an exceptional tool here as their multipotency enables them to differen-
tiate into different neuronal and glial cells, depending on the environmental cues. Be-
sides this direct regenerative mechanism, NPCs secrete neurotrophic factors including
BDNE NGE and VEGE which support the survival and function of damaged tissue [101,
102]. For this reason, the “secretome” of NPCs has been in focus of research and has
been shown to improve the condition of neurodegenerative diseases in animal models
[103, 104]. Neurodegenerative diseases like Parkinson’s disease (PD), Alzheimer’s disease
(AD), or amyotrophic lateral sclerosis (ALS), as well as injuries like stroke and spinal cord
damages, affect millions of people worldwide without the possibility to arrest its progress
or cure its state. Considering the current lack of efficient treatments for central nervous
system (CNS) injuries and degenerative disease, the regenerative ability of NPC is highly
interesting. Despite the natural ability of NPCs to regenerate, the innate response is by
far not sufficient to recover the damages caused by physical injuries or neurological dis-
orders [105-107].

Currently, two promising approaches exist which focus on harnessing the full regen-
erative potential of NPCs. The first way is the mobilization and recruitment of endoge-
nous NPCs. Utilizing internal NPCs has the advantage of avoiding immunocompatibil-
ity problems [108]. Mobilization means achieving a higher release of NPCs from their
niche, and recruitment means attracting the cells to a specific location. For both goals,
biochemicals can be employed. For NPC mobilization, Leukemia inhibitory factor (LIF)
can be used, as it plays an important role in proliferation and fate regulation [109, 110].
To recruit NPCs to the injury location, factors like stromal cell-derived factor-1 (SDF-1)
and hepatocyte growth factor (HGF) have been shown to successfully act as chemoat-
tractants [111, 112]. The second way is the injection of exogenous NPCs which have
been differentiated in vitro or isolated from another source. Transplantation of exoge-
nous NPCs into animal models of various neurodegenerative diseases has been shown
to result in functional improvements [113, 114]. The benefits of this method include the
possibility to control various factors, e.g., by genetically modifying cells to overexpress
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neurotrophic factors. Current challenges with this technique include well-characterized
cells, height of dose numbers, low viability upon transplantation, as well as sufficient
migration, differentiation, and network integration at the impaired location [115].

a)

V-SvZ

Transit amplifying cell :‘ ;

Neuroblasts

Granule cells

b)
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Chemorepellent

Directional
migration

Chemoattractant
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Figure 1.3: Illustration of RMS and V-SVZ localization and composition. a) Overview of the migration of
neuroblasts within the RMS, starting in the V-SVZ and moving towards the OB. Overview of the situation of an
injury and the migration of neuroblasts from the RMS and V-SVZ towards the lesion site. Figure modified from
Kaneko et al. (2017), ([116]. (Image reprinted and adapted with permission of the rights holder, John Wiley &

Sons - Books)
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For therapeutic effects of NPC treatments, it is crucial that high numbers of cells ar-
rive at specific locations. Direct injection is not always possible, especially when the
damage is spread out throughout the brain as in neurodegenerative diseases. Thus, it is
essential to understand the migration mechanism of NPCs and the influence of the en-
vironment on their motion capability. Available studies on NPC migration mainly focus
on their progressive movement within days or weeks, and the final arrival at the side of
inflammation [117-119]. Although these results give valuable insights into the migra-
tory capacity of NPCs, data on the fundamental migratory behaviour on the timescale of
minutes and hours is missing.

Despite the success of complex in vivo studies, in vitro experiments can still give im-
portant information as they provide a clean and fully controllable environment. Most
in vitro studies on NPC focus on their lineage progression [120, 121], as their commit-
ment to a differentiated state is still an important field to understand, or they look only
at the broad migration distances [122]. However, hardly any studies analyse the funda-
mental migratory behaviour of NPCs. Since multiple factors influence the safe journey
of migrating NPCs, collecting in vitro migration data on a single-cell level will enhance
understanding of their innate characteristics and ultimately contribute to advancement
in clinical applications. Multiple possibilities exist to reduce the complexity of an in vivo
system but still emulate the different factors that cells encounter while migrating. By us-
ing patterning techniques to print lines and other geometries on 2D surfaces, minimal-
istic systems can be created that mimic the scaffold of blood vessels and astrocytes along
which NPCs migration in vivo. To simulate the pores and tight openings that NPCs need
to squeeze through on their journey, 3D channels with confinements present a great in
vitro analysis system. Both systems are employed in chapter 5.

Chapter 5 focuses on the biophysical basics of NPCs with and without physical con-
strictions using patterned surfaces. In experiments we observed that NPC motility can
be described by the mathematical persistent-random motion (PRW) model, whereby
cells move with persistence on long time scale but show random motion on long time
scale. Constricting NPCs to line patterns did not influence their velocity but did reduce
the persistence time. Interestingly, by observing the cells visually on lines and more com-
plex geometries, we detected several behavioral patterns highlighting how these cells
interact with each other and explore their environment. Lastly, NPCs readily migrated
through narrow 3D channels and squeezed through tight pores with a smaller size than
their nucleus. The preliminary observations of NPC made on the various in vitro envi-
ronments contribute to our understanding of their inherent behaviour and provide tools
for further investigations.




16

1. INTRODUCTION

1.5.

(10]

(11]

(12]

(13]

(14]

(15]

REFERENCES

Rishikesh U Kulkarni and Evan W Miller. “Voltage imaging: pitfalls and potential”.
In: Biochemistry 56.39 (2017), pp. 5171-5177.

Elizabeth MC Hillman et al. “Light-sheet microscopy in neuroscience”. In: An-
nual review of neuroscience 42 (2019), pp. 295-313.

Jianquan Xu, Honggiang Ma, and Yang Liu. “Stochastic optical reconstruction
microscopy (STORM)”. In: Current protocols in cytometry 81.1 (2017), pp. 12—-46.

Shinya Inoué and Ted Inoue. “Direct-view high-speed confocal scanner: the CSU-
10”. In: Cell biological applications of confocal microscopy (2002), pp. 88-128.

Jaroslav Icha et al. “Phototoxicity in live fluorescence microscopy, and how to
avoid it”. In: BioEssays 39.8 (2017), p. 1700003.

Elizabeth A Specht, Esther Braselmann, and Amy E Palmer. “A critical and com-
parative review of fluorescent tools for live-cell imaging”. In: Annual review of
physiology 79 (2017), pp. 93-117.

Stephen Douthwright and Greenfield Sluder. “Live cell imaging: assessing the
phototoxicity of 488 and 546 nm light and methods to alleviate it”. In: Journal
of cellular physiology 232.9 (2017), pp. 2461-2468.

Martin Purschke et al. “Phototoxicity of Hoechst 33342 in time-lapse fluores-
cence microscopy”. In: Photochemical & Photobiological Sciences9.12 (2010), pp. 1634—
1639.

Samantha L Hopkins et al. “An in vitro cell irradiation protocol for testing pho-
topharmaceuticals and the effect of blue, green, and red light on human cancer
celllines”. In: Photochemical & Photobiological Sciences 15.5 (2016), pp. 644-653.

Younan Xia et al. “Shape-controlled synthesis of metal nanocrystals: simple chem-
istry meets complex physics?” In: Angewandte Chemie International Edition 48.1
(2009), pp. 60-103.

Mostafa A El-Sayed. “Small is different: shape-, size-, and composition-dependent
properties of some colloidal semiconductor nanocrystals”. In: Accounts of chem-
ical research 37.5 (2004), pp. 326-333.

Jie Zheng, Philip R Nicovich, and Robert M Dickson. “Highly fluorescent noble-
metal quantum dots”. In: Annu. Rev. Phys. Chem. 58 (2007), pp. 409-431.

Yen-Chun Shiang et al. “Fluorescent gold and silver nanoclusters for the analysis
of biopolymers and cell imaging”. In: Journal of Materials Chemistry 22.26 (2012),
pp. 12972-12982.

Libing Zhang and Erkang Wang. “Metal nanoclusters: new fluorescent probes for
sensors and bioimaging”. In: Nano Today 9.1 (2014), pp. 132-157.

Svitlana Chernousova and Matthias Epple. “Silver as antibacterial agent: ion, nanopar-
ticle, and metal”. In: Angewandte Chemie International Edition 52.6 (2013), pp. 1636—
1653.



1.5. REFERENCES 17

[16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

[27]

(28]

(29]

(30]

Sungmoon Choi, Robert M Dickson, and Junhua Yu. “Developing luminescent
silver nanodots for biological applications”. In: Chemical Society Reviews 41.5
(2012), pp. 1867-1891.

M Mostafavi et al. “Early steps of formation of silver/polyacrylate complexed
oligomer clusters. A pulse radiolysis study”. In: International Journal of Radia-
tion Applications and Instrumentation. Part C. Radiation Physics and Chemistry
40.6 (1992), pp. 445-450.

Elisabeth Gwinn et al. “DNA-protected silver clusters for nanophotonics”. In:
Nanomaterials 5.1 (2015), pp. 180-207.

Danielle Schultz et al. “Evidence for rod-shaped DNA-stabilized silver nanoclus-
ter emitters”. In: Advanced materials 25.20 (2013), pp. 2797-2803.

Min Yang et al. “The Fluorescent Palette of DNA-Templated Silver Nanoclusters
for Biological Applications”. In: Frontiers in Chemistry 8 (2020), p. 1089.

Jeffrey T Petty et al. “Optically enhanced, near-IR, silver cluster emission altered
by single base changes in the DNA template”. In: The Journal of Physical Chem-
istry B115.24 (2011), pp. 7996-8003.

Liam E Yourston et al. “First Step Towards Larger DNA-Based Assemblies of Flu-
orescent Silver Nanoclusters: Template Design and Detailed Characterization of
Optical Properties”. In: Nanomaterials 9.4 (2019), p. 613.

Tom Vosch et al. “Strongly emissive individual DNA-encapsulated Ag nanoclus-
ters as single-molecule fluorophores”. In: Proceedings of the National Academy of
Sciences 104.31 (2007), pp. 12616-12621.

Hsin-Chih Yeh et al. “A DNA- silver nanocluster probe that fluoresces upon hy-
bridization”. In: Nano letters 10.8 (2010), pp. 3106-3110.

Hsin-Chih Yeh et al. “A fluorescence light-up Ag nanocluster probe that discrim-
inates single-nucleotide variants by emission color”. In: Journal of the American
Chemical Society 134.28 (2012), pp. 11550-11558.

Judy M Obliosca et al. “DNA/RNA detection using DNA-templated few-atom sil-
ver nanoclusters”. In: Biosensors 3.2 (2013), pp. 185-200.

Thomas Schlichthaerle et al. “DNA nanotechnology and fluorescence applica-
tions”. In: Current opinion in biotechnology 39 (2016), pp. 41-47.

Weiwei Guo et al. “Highly sequence-dependent formation of fluorescent silver
nanoclusters in hybridized DNA duplexes for single nucleotide mutation identi-
fication”. In: Journal of the American Chemical Society 132.3 (2010), pp. 932-934.

Donny de Bruin et al. “Measuring DNA hybridization using fluorescent DNA-
stabilized silver clusters to investigate mismatch effects on therapeutic oligonu-
cleotides”. In: Journal of nanobiotechnology 16.1 (2018), pp. 1-8.

Weiwei Guo, Jipei Yuan, and Erkang Wang. “Oligonucleotide-stabilized Ag nan-
oclusters as novel fluorescence probes for the highly selective and sensitive de-
tection of the Hg2+ ion”. In: Chemical communications 23 (2009), pp. 3395-3397.




18

1. INTRODUCTION

(31]

(32]

(33]

(34]

(35]

[36]

[37]

[38]

[39]

[40]

(41]

(42]

(43]

(44]

(45]

Guo-Yu Lan, Chih-Ching Huang, and Huan-Tsung Chang. “Silver nanoclusters
as fluorescent probes for selective and sensitive detection of copper ions”. In:
Chemical Communications 46.8 (2010), pp. 1257-1259.

Seong Wook Yang and Tom Vosch. “Rapid detection of microRNA by a silver nan-
ocluster DNA probe”. In: Analytical chemistry 83.18 (2011), pp. 6935-6939.

Tae-Hee Lee et al. “Single-molecule optoelectronics”. In: Accounts of chemical
research 38.7 (2005), pp. 534-541.

Danielle Schultz and Elisabeth Gwinn. “Stabilization of fluorescent silver clusters
by RNA homopolymers and their DNA analogs: C, G versus A, T (U) dichotomy”.
In: Chemical communications 47.16 (2011), pp. 4715-4717.

SY New, ST Lee, and XD Su. “DNA-templated silver nanoclusters: structural cor-
relation and fluorescence modulation”. In: Nanoscale8.41 (2016), pp. 17729-17746.

Danielle Schultz et al. “Structural insights into DNA-stabilized silver clusters”. In:
Soft matter 15.21 (2019), pp. 4284-4293.

H Arakawa, JF Neault, and HA Tajmir-Riahi. “Silver (I) complexes with DNA and
RNA studied by Fourier transform infrared spectroscopy and capillary electrophore-
sis”. In: Biophysical Journal 81.3 (2001), pp. 1580-1587.

Sourabh Shukla and Murali Sastry. “Probing differential Ag+-nucleobase interac-
tions with isothermal titration calorimetry (ITC): Towards patterned DNA metal-
lization”. In: Nanoscale 1.1 (2009), pp. 122-127.

Danielle Schultz and Elisabeth G Gwinn. “Silver atom and strand numbers in flu-
orescent and dark Ag: DNAs”. In: Chemical Communications48.46 (2012), pp. 5748-
5750.

Bidisha Sengupta et al. “Base-directed formation of fluorescent silver clusters”.
In: The Journal of Physical Chemistry C 112.48 (2008), pp. 18776-18782.

Matias Berdakin et al. “DNA-protected silver emitters: charge dependent switch-
ing of fluorescence”. In: Physical Chemistry Chemical Physics 19.8 (2017), pp. 5721-
5726.

Stacy M Copp et al. “Base motif recognition and design of DNA templates for
fluorescent silver clusters by machine learning”. In: Advanced Materials 26.33
(2014), pp. 5839-5845.

Jeffrey T Petty et al. “Near-infrared silver cluster optically signaling oligonucleotide
hybridization and assembling two DNA hosts”. In: Analytical chemistry 86.18 (2014),
pp. 9220-9228.

Stacy M Copp et al. “Magic numbers in DNA-stabilized fluorescent silver clus-
ters lead to magic colors”. In: The journal of physical chemistry letters 5.6 (2014),
pp- 959-963.

Martin I Taccone et al. “Optical properties and charge distribution in rod-shape
DNA-silver cluster emitters”. In: Physical Chemistry Chemical Physics 20.35 (2018),
pp. 22510-22516.



1.5. REFERENCES 19

[46]

[47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

[55]

[56]

[57]

(58]

[59]

(60]

(61]

Steven M Swasey et al. “Chiral electronic transitions in fluorescent silver clusters
stabilized by DNA”. In: ACS nano 8.7 (2014), pp. 6883-6892.

Jeffrey T Petty et al. “A silver cluster—-DNA equilibrium”. In: Analytical chemistry
85.20 (2013), pp. 9868-9876.

Ruslan R Ramazanov and Alexei I Kononov. “Excitation spectra argue for thread-
like shape of DNA-stabilized silver fluorescent clusters”. In: The Journal of Physi-
cal Chemistry C 117.36 (2013), pp. 18681-18687.

Victor Soto-Verdugo, Horia Metiu, and Elisabeth Gwinn. “The properties of small
Ag clusters bound to DNA bases”. In: The Journal of chemical physics 132.19 (2010),
05B606.

Patrick R O’Neill, Elisabeth G Gwinn, and Deborah Kuchnir Fygenson. “UV ex-
citation of DNA stabilized Ag cluster fluorescence via the DNA bases”. In: The
Journal of Physical Chemistry C 115.49 (2011), pp. 24061-24066.

Erling Thyrhaug et al. “Ultrafast coherence transfer in DNA-templated silver nan-
oclusters”. In: Nature communications 8.1 (2017), pp. 1-7.

Matias Berdakin et al. “Disentangling the photophysics of DNA-stabilized sil-
ver nanocluster emitters”. In: The Journal of Physical Chemistry C 120.42 (2016),
pp. 24409-24416.

Jinbo Zhu et al. “G-quadruplex enhanced fluorescence of DNA-silver nanoclus-
ters and their application in bioimaging”. In: Nanoscale 7.31 (2015), pp. 13224—
13229.

Junhua Yu et al. “Live cell surface labeling with fluorescent Ag nanocluster con-
jugates”. In: Photochemistry and photobiology 84.6 (2008), pp. 1435-1439.

Sungmoon Choi et al. “Tailoring silver nanodots for intracellular staining”. In:
Photochemical & Photobiological Sciences 10.1 (2011), pp. 109-115.

Jing Wu et al. “DNA-stabilized silver nanoclusters for label-free fluorescence imag-
ing of cell surface glycans and fluorescence guided photothermal therapy”. In:
Analytical chemistry 90.24 (2018), pp. 14368-14375.

Danya Lyu et al. “Cationic-Polyelectrolyte-Modified Fluorescent DNA-Silver Nan-
oclusters with Enhanced Emission and Higher Stability for Rapid Bioimaging”.
In: Analytical chemistry 91.3 (2018), pp. 2050-2057.

Yasuko Antoku et al. “Transfection of living HeLa cells with fluorescent poly-cytosine

encapsulated Ag nanoclusters”. In: Photochemical & Photobiological Sciences 9.5
(2010), pp. 716-721.

Raghu Kalluri and Valerie S LeBleu. “The biology, function, and biomedical ap-
plications of exosomes”. In: Science 367.6478 (2020).

Akira Yokoi et al. “Mechanisms of nuclear content loading to exosomes”. In: Sci-
ence advances 5.11 (2019), eaax8849.

Olivier G de Jong et al. “A CRISPR-Cas9-based reporter system for single-cell de-
tection of extracellular vesicle-mediated functional transfer of RNA”. In: Nature
communications 11.1 (2020), pp. 1-13.



20 1. INTRODUCTION

[62] Nunzio Iraci et al. “Extracellular vesicles are independent metabolic units with
asparaginase activity”. In: Nature chemical biology 13.9 (2017), p. 951.

[63] Alexander G Thompson et al. “Extracellular vesicles in neurodegenerative dis-
ease—pathogenesis to biomarkers”. In: Nature Reviews Neurology 12.6 (2016),
p- 346.

[64] Xiaoxue Zhou et al. “The function and clinical application of extracellular vesicles
in innate immune regulation”. In: Cellular & molecular immunology 17.4 (2020),
pp- 323-334.

[65] Pieter Vader et al. “Extracellular vesicles for drug delivery”. In: Advanced drug
delivery reviews 106 (2016), pp. 148-156.

[66] Upendra Bulbake et al. “Liposomal formulations in clinical use: an updated re-
view”. In: Pharmaceutics 9.2 (2017), p. 12.

[67] Lisa Sercombe et al. “Advances and challenges of liposome assisted drug deliv-
ery”. In: Frontiers in pharmacology 6 (2015), p. 286.

[68] Hwankyu Lee and Ronald G Larson. “Adsorption of plasma proteins onto PEGy-
lated lipid bilayers: the effect of PEG size and grafting density”. In: Biomacro-
molecules 17.5 (2016), pp. 1757-1765.

[69] BohdanaM Discher etal. “Polymersomes: tough vesicles made from diblock copoly-
mers”. In: Science 284.5417 (1999), pp. 1143-1146.

[70] Jiayu Leong et al. “Engineering polymersomes for diagnostics and therapy”. In:
Advanced healthcare materials 7.8 (2018), p. 1701276.

[71] Jung Seok Lee and Jan Feijen. “Polymersomes for drug delivery: design, forma-
tion and characterization”. In: Journal of controlled release 161.2 (2012), pp. 473—
483.

[72] René P Brinkhuis et al. “Size dependent biodistribution and SPECT imaging of
111In-labeled polymersomes”. In: Bioconjugate chemistry 23.5 (2012), pp. 958
965.

[73] Regina Bleul, Raphael Thiermann, and Michael Maskos. “Techniques to control
polymersome size”. In: Macromolecules 48.20 (2015), pp. 7396-7409.

[74] James D Robertson et al. “Purification of nanoparticles by size and shape”. In:
Scientific reports 6.1 (2016), pp. 1-9.

[75] Marko Kaksonen and Aurélien Roux. “Mechanisms of clathrin-mediated endocy-
tosis”. In: Nature reviews Molecular cell biology 19.5 (2018), p. 313.

[76] PrasadVPawar et al. “Functionalized polymersomes for biomedical applications”.
In: Polymer Chemistry 4.11 (2013), pp. 3160-3176.

[77] Hailong Che and Jan CM van Hest. “Stimuli-responsive polymersomes and nanore-
actors”. In: Journal of Materials Chemistry B4.27 (2016), pp. 4632-4647.

[78] Fariyal Ahmed and Dennis E Discher. “Self-porating polymersomes of PEG-PLA

and PEG-PCL: hydrolysis-triggered controlled release vesicles”. In: Journal of con-
trolled release 96.1 (2004), pp. 37-53.



1.5. REFERENCES 21

[79]

[80]

(81]

(82]

[83]

(84]

[85]

(86]

(87]

(88]

[89]

[90]

(91]

(92]

(93]

(94]

[95]

Loredana Leggio et al. “Mastering the Tools: Natural versus Artificial Vesicles in
Nanomedicine”. In: Advanced healthcare materials 9.18 (2020), p. 2000731.

Marzia Massignani et al. “Enhanced fluorescence imaging oflive cells by effective
cytosolic delivery of probes”. In: PLoS one 5.5 (2010), e10459.

Agnese Kocere et al. “Real-time imaging of polymersome nanoparticles in ze-
brafish embryos engrafted with melanoma cancer cells: Localization, toxicity and
treatment analysis”. In: EBioMedicine 58 (2020), p. 102902.

Marine Camblin et al. “Polymersomes containing quantum dots for cellular imag-
ing”. In: International journal of nanomedicine 9 (2014), p. 2287.

Carlos Lois and Arturo Alvarez-Buylla. “Long-distance neuronal migration in the
adult mammalian brain”. In: Science 264.5162 (1994), pp. 1145-1148.

] Tiago Gongalves, Simon T Schafer, and Fred H Gage. “Adult neurogenesis in the
hippocampus: from stem cells to behavior”. In: Cell 167.4 (2016), pp. 897-914.

Kirsten Obernier and Arturo Alvarez-Buylla. “Neural stem cells: origin, hetero-
geneity and regulation in the adult mammalian brain”. In: Development 146.4
(2019).

Verénica Martinez-Cerdefio and Stephen C Noctor. “Neural progenitor cell ter-
minology”. In: Frontiers in neuroanatomy 12 (2018), p. 104.

Alessandro Alunni and Laure Bally-Cuif. “A comparative view of regenerative neu-
rogenesis in vertebrates”. In: Development 143.5 (2016), pp. 741-753.

Olaf Bergmann, Kirsty L Spalding, and Jonas Frisén. “Adult neurogenesis in hu-
mans”. In: Cold Spring Harbor perspectives in biology 7.7 (2015), a018994.

Aurélie Ernst et al. “Neurogenesis in the striatum of the adult human brain”. In:
Cell 156.5 (2014), pp. 1072-1083.

Katherine G Akers et al. “Hippocampal neurogenesis regulates forgetting during
adulthood and infancy”. In: Science 344.6184 (2014), pp. 598-602.

Christoph Anacker and René Hen. “Adult hippocampal neurogenesis and cog-
nitive flexibility—linking memory and mood”. In: Nature Reviews Neuroscience
18.6 (2017), pp. 335-346.

Fiona Doetsch and Arturo Alvarez-Buylla. “Network of tangential pathways for
neuronal migration in adult mammalian brain”. In: Proceedings of the National
Academy of Sciences 93.25 (1996), pp. 14895-14900.

Wankun L Li et al. “Adult-born neurons facilitate olfactory bulb pattern separa-
tion during task engagement”. In: Elife 7 (2018), e33006.

Anne Grelat et al. “Adult-born neurons boost odor-reward association”. In: Pro-
ceedings of the National Academy of Sciences 115.10 (2018), pp. 2514-2519.

Mary C Whitman et al. “Blood vessels form a migratory scaffold in the rostral
migratory stream”. In: Journal of Comparative Neurology 516.2 (2009), pp. 94—
104.




22

1. INTRODUCTION

[97]
[98]
[99]
[100]
[101]
[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

Woong Sun, Hyun Kim, and Younghye Moon. “Control of neuronal migration
through rostral migration stream in mice.” In: Anatomy & cell biology 43.4 (2010),
pp. 269-279.

Mayara Vieira Mundim et al. “A new function for Prokineticin 2: Recruitment of
SVZ-derived neuroblasts to the injured cortex in a mouse model of traumatic
brain injury”. In: Molecular and Cellular Neuroscience 94 (2019), pp. 1-10.

Takuro Kojima et al. “Subventricular zone-derived neural progenitor cells mi-
grate along a blood vessel scaffold toward the post-stroke striatum”. In: Stem cells
28.3 (2010), pp. 545-554.

Toru Yamashita et al. “Subventricular zone-derived neuroblasts migrate and dif-
ferentiate into mature neurons in the post-stroke adult striatum”. In: Journal of
Neuroscience 26.24 (2006), pp. 6627-6636.

Shang-Wei Hou et al. “Functional integration of newly generated neurons into
striatum after cerebral ischemia in the adult rat brain”. In: Stroke 39.10 (2008),
pp. 2837-2844.

Naosuke Kamei et al. “BDNE NT-3, and NGF released from transplanted neural
progenitor cells promote corticospinal axon growth in organotypic cocultures”.
In: Spine 32.12 (2007), pp. 1272-1278.

Samuel E Marsh and Mathew Blurton-Jones. “Neural stem cell therapy for neu-
rodegenerative disorders: The role of neurotrophic support”. In: Neurochemistry
international 106 (2017), pp. 94-100.

Cory M Willis et al. “The neural stem cell secretome and its role in brain repair”.
In: Brain research 1729 (2020), p. 146615.

Jin-Jing Zhang et al. “Transplantation of bFGF-expressing neural stem cells pro-
motes cell migration and functional recovery in rat brain after transient ischemic
stroke”. In: Oncotarget 8.60 (2017), p. 102067.

Nathalie Picard-Riera, Brahim Nait-Oumesmar, and Anne Baron-Van Evercooren.
“Endogenous adult neural stem cells: limits and potential to repair the injured
central nervous system”. In: Journal of neuroscience research 76.2 (2004), pp. 223—
231.

Hideyuki Okano et al. “Regeneration of the central nervous system using endoge-
nous repair mechanisms”. In: Journal of neurochemistry 102.5 (2007), pp. 1459-
1465.

Andreas Arvidsson et al. “Neuronal replacement from endogenous precursors in
the adult brain after stroke”. In: Nature medicine 8.9 (2002), pp. 963-970.

Xuan Li et al. “Administration of signalling molecules dictates stem cell hom-
ing for in situ regeneration”. In: Journal of cellular and molecular medicine 21.12
(2017), pp. 3162-3177.

Matthew V Covey and Steven W Levison. “Leukemia inhibitory factor participates
in the expansion of neural stem/progenitors after perinatal hypoxia/ischemia”.
In: Neuroscience 148.2 (2007), pp. 501-509.



1.5. REFERENCES 23

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

Sylvian Bauer and Paul H Patterson. “Leukemia inhibitory factor promotes neural
stem cell self-renewal in the adult brain”. In: Journal of Neuroscience 26.46 (2006),
pp. 12089-12099.

Jaime Imitola et al. “Directed migration of neural stem cells to sites of CNS injury
by the stromal cell-derived factor 1a/CXC chemokine receptor 4 pathway”. In:
Proceedings of the National Academy of Sciences 101.52 (2004), pp. 18117-18122.

Stephen E Kendall et al. “Neural stem cell targeting of glioma is dependent on
phosphoinositide 3-kinase signaling”. In: Stem cells 26.6 (2008), pp. 1575-1586.

Giulia Forotti et al. “CSF transplantation of a specific iPSC-derived neural stem
cell subpopulation ameliorates the disease phenotype in a mouse model of spinal
muscular atrophy with respiratory distress type 1”. In: Experimental neurology
321 (2019), p. 113041.

II-Shin Lee et al. “Human neural stem cells alleviate Alzheimer-like pathology in
a mouse model”. In: Molecular neurodegeneration 10.1 (2015), pp. 1-16.

Roberta De Gioia et al. “Neural Stem Cell Transplantation for Neurodegenerative
Diseases”. In: International journal of molecular sciences 21.9 (2020), p. 3103.

Naoko Kaneko, Masato Sawada, and Kazunobu Sawamoto. “Mechanisms of neu-
ronal migration in the adult brain”. In: Journal of neurochemistry 141.6 (2017),
pp. 835-847.

Christiane L Mallett, Dorela D Shuboni-Mulligan, and Erik M Shapiro. “Tracking
neural progenitor cell migration in the rodent brain using magnetic resonance
imaging”. In: Frontiers in neuroscience 12 (2019), p. 995.

Kapinga P Ngalula et al. “Transplanted neural progenitor cells from distinct sources
migrate differentially in an organotypic model of brain injury”. In: Frontiers in
neurology 6 (2015), p. 212.

Dorela D Shuboni-Mulligan et al. “In vivo serial MRI of age-dependent neural
progenitor cell migration in the rat brain”. In: Neuroimage 199 (2019), pp. 153—
159.

Felipe Ortega, Benedikt Berninger, and Marcos R Costa. “Primary culture and live
imaging of adult neural stem cells and their progeny”. In: Imaging and Tracking
Stem Cells. Springer, 2013, pp. 1-11.

Marcos R Costa et al. “Continuous live imaging of adult neural stem cell division
and lineage progression in vitro”. In: Development 138.6 (2011), pp. 1057-1068.

Katja M Piltti et al. “Live-cell time-lapse imaging and single-cell tracking of in
vitro cultured neural stem cells-Tools for analyzing dynamics of cell cycle, mi-
gration, and lineage selection”. In: Methods 133 (2018), pp. 81-90.







