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Abstract

The interaction between neurons and nanostructured materials is an increasing interest due to
the possibility to manipulate the cells on the length scale of an individual biomolecule. A
comprehensive understanding of neuron adhesion to non-biomaterials opens promising
strategies to design neuronal network and for neuron-electrode integration. The neuronal
adhesion can be mediated by specific receptor-ligand or non-specific interactions. The specific
cell adhesion is often associated with the interactions between cell surface receptors (integrins)
and their respective ligands from the extra cellular matrix (ECM) components or between
hemophilic neuronal cell adhesion molecules (NCAMs) for cell-cell interactions. The non-
specific cell adhesion is mainly induced by electrostatic interactions. NCAMs are associated
with the negatively charge polysialic acid (PSA) and are known to be crucial for regulating
neuronal adhesion. Previously, the chemical ligand 11-amino-1-undecanethiol (AUT)
possessing positively charged terminals have been used to functionalize gold nanoparticles
(AuNPs) on the substrate for tuning the neuron adhesion and neurite outgrowth. However, the
preparation of cell culture samples has been restricted to the immobilization of disordered
AuNPs only. Moreover, it has been found that the attachment of these AuNPs on the surface
has been instable during long time cell culture, which results in particle aggregation and
cytotoxicity due to particle uptake. Although the cell adhesion is obviously mediated by the
electrostatic interactions, further studies to understand how charges and mechanical properties
of the substrates affect the cell adhesion and neurite outgrowth are still missing. In this work,
the block copolymer micelle nanolithography is used to synthesize both ordered and disordered
AuNP arrays of different sizes and densities. Moreover, weakly bound (WB) and strongly bound
(SB) AuNPs on the substrates can be obtained by tuning the oxygen plasma exposure time. The
AuNPs are used as nanoplatforms to carry the AUT ligands, while the background is blocked
by cell aversive molecules of 2-[methoxyl(polyethyleneoxy)6-9-propyl]trichlosilane (PEG).

The neuron adhesion and neurite outgrowth are firstly studied with WB AuNPs of
different sizes and densities at sub 50 nm scale. It is found that the cell survival and neurite
number increase with the rising ligand density and reach a saturation, independent of particle
size. However, the axon outgrowth responses in a different manner. The average axon length

exhibits an increase, a maximum, and a decrease phases, before reaching a plateau. The strong



influence of the electrostatic interactions for neuron adhesion is also confirmed by using
different ligand concentrations or removing the PSA molecules from NCAM with a specific
endoneuraminidase (Endo-N) enzyme. In both cases, a reduction in either ligand density
(positive charge number) or the negative charge of PSA-NCAM on the cell surface result in
decreasing neuron adhesion. Importantly, it is revealed that WB AuNPs cause drastic reduction
in cell survival as compared to the SB particles. The cytotoxicity of immobilized AuNPs is
investigated for different particle sizes, densities, and surface coupling strengths. It is also found
that WB AuNPs can cause higher cytotoxic effects on neurons than the same particles dispersed
in the culture medium. Besides the cytotoxicity, the surface coupling strength of AuNPs
strongly affects the axon elongation of neurons. At a same ligand density range, WB AuNPs
can enhance axon growth with increasing ligand density, while SB AuNPs dramatically reduce
the axon length at the higher ligand density. This opposite behavior of the axon elongation on
different particle coupling strength confirms the influences of mechanotransduction on neurite

outgrowth also for the substratum-cell coupling via AuNPs.

Moreover, it is found that the distributions of AuNPs on the substrates can influence the
neuron adhesion and neurite outgrowth. By a similar particle density (inter-particle distance) of
each particle size, disordered AuNPs provide better capability for cell survival as well as neurite
number than for the case of ordered AuNPs. However, the particle distribution does not affect

the axon elongation.

Finally, by combining optical lithography with protein self-assembly, positively charged
ferritin nanoparticle (FerNP) patterns are fabricated for controlling the neuron adhesion and
neurite guidance. The positively charged surface of FerNPs acts as cell adhesion cues similar to
the AUT ligands, while the background is passivated by the trichloro(1H,1H,2H,2H-
perflueooctyl) silane molecules (FOTCS). A high guidance efficiency of 88% is observed for
the neurite outgrowth due to the chemical contrast between the positively charged FerNPs and
the FOTCS backfill. Importantly, the possibility of loading magnetic or other functional metal
nanoparticles inside the nanocages of FerNPs opens potential applications for advanced

controlling of cell adhesion.
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Zusammenfassung

Die Wechselwirkung zwischen Neuronen und nanostrukturierten Materialien ist von
steigendem Interesse, da mit Hilfe der Nanomaterialien Zellen auf der Lingenskala einzelner
Biomolekiile manipuliert werden konnen. Ein umfassendes Verstdndnis der Neuronenadhédsion
an Festkorperoberflichen erdffnet vielversprechende Moglichkeiten gezielt neuronale
Netzwerke aufzubauen und diese in bio-anorganische Hybridbauelemente zu integrieren. Die
neuronale Adhédsion kann durch spezifische Rezeptor-Ligand oder nicht-spezifische
Interaktionen vermittelt werden. Die spezifische Zelladhdsion ist mit den Wechselwirkungen
zwischen Zelloberflachenrezeptoren (Integrine) und ihren jeweiligen Liganden der
extrazelluldren Matrix (ECM) assoziiert oder durch homophile neuronalen
Zelladhdsionsmolekiille (NCAMs) bei  Zell-Zell-Wechselwirkungen.  Unspezifische
Zelladhdsion werden dem gegeniiber hdufig durch geladene Molekiilliganden induziert.
NCAMs sind mit der negativ geladenen Polysialinsdure (PSA) assoziiert, die den Abstand zur
benachbarten Zellmembran regulieren. In fritheren Studien wurde deren elektrostatische
Wechselwirkungen zu 11-Amino-1-undecanthiol (AUT) mit positiv geladenen Endgruppen
genutzt, um die Neuronenadhésion und das Auswachsen von Neuriten zu kontrollieren. Hierfiir
waren die AUT-Molekiile als chemischen Liganden an Goldnanopartikel (AuNP) gekoppelt.
Bei diesen Partikeln handelte es sich jedoch ausschlieBlich um Partikel, die ohne Ordnung auf
Festkorperoberflichen immobilisiert waren. In der vorliegenden Arbeit wurde festgestellt, dass
die Oberflichenhaftung dieser AuNPs fiir lange Zellkulturzeiten instabil ist, was zu
Partikelaggregation und Zytotoxizitdt fiihrt. Obwohl die Zelladhdsion offensichtlich durch
elektrostatische Wechselwirkungen vermittelt wird, fehlen weitere Studien die den
Zusammenhang zwischen Ladungsdichte, Ladungsverteilung, Partikelbindungsstirke und
Zelladhdsion bzw. Neuritenwachstum untersuchen. In dieser Arbeit wird die Blockcopolymer-
Mizellen-Nanolithographie verwendet, um sowohl geordnete als auch ungeordnete AuNP-
Anordnungen verschiedener Gréflen und Dichten zu erzeugen. Dariiber hinaus kénnen schwach
(WB) als auch stark gebundene (SB) AuNP auf den Substraten generiert werden, indem die Zeit
der Sauerstoffplasmabehandlung variiert wird. Die AuNP werden als nanoskalige
Bindungsstelle fiir die AUT-Liganden verwendet, wihrend der Hintergrund durch
zellabweisende Molekiile 2- [Methoxy (polyethylenoxy) 6-9-propyl] trichlorsilan (PEG)
blockiert wird.

il



Die Neuronenadhision und das Neuritenwachstum werden zunichst mit WB AuNP
verschiedener Gro3en und Dichten im sub-50 nm Bereich untersucht. Es wurde festgestellt, dass
die Zellvitalitit und die Neuritenzahl mit wachsender Ligandendichte ansteigen und unabhéngig
von der Partikelgrofe eine Sattigung bei gleicher Dichte an Ligandenladungen erreichen. Das
Axonswachstum verhélt sich davon jedoch verschieden. Die durchschnittliche Axonldnge
nimmt zundchst zu, durchlduft ein Maximum und nimmt schlieSlich wieder ab bis sie ein
Plateau erreicht. Fiir SB-AuNPs wurde ein deutlich unterschiedliches Verhalten beobachtet. Die
Axonlidnge nimmt kontinuierlich mit steigender Ligandendichte ab. Diese unterschiedliche
Axonwachstumscharakteristik bestdtigt und verdeutlicht die Bedeutung der Kraftiibertragung

zwischen Oberflache und Zelle auf die Neuritenentwicklung.

Die grofie Bedeutung der elektrostatischen Wechselwirkungen auf die Neuronenadhésion
wurde durch Verwendung unterschiedlicher Ligandenkonzentrationen und durch Entfernen der
PSA-Molekiile vom NCAM mithilfe von Endoneuraminidase (Endo-N) -Enzym verifiziert.
Sowohl die Verringerung der Ligandendichte (positive Ladungen, Partikel) als auch der PSA-
NCAM (negative Ladungen, Zelle) fiihrt zu einer abnehmenden Neuronenadhésion. Weiterhin
wurde beobachtet, dass die Verwendung von WB AuNPs im Vergleich zu SB AuNP zu einer
drastischen Reduktion der Zellvitalitdt fiihrt. Die Zytotoxizitdt immobilisierter AuNPs wird
durch die PartikelgroBen, Dichten und Oberflachenkopplungsstirken beeinflusst. Die
Zytotoxizitit WB AuNPs kann sogar hoher sein als die vergleichbarer kolloidaler Partikel.

Dariiber hinaus wurde festgestellt, dass die Verteilung der AuNPs auf den Substraten die
Neuronenadhésion und die Neuritenbildung beeinflussen. Ungeordnete AuNP ermdglichen eine
hohere Zellvitalitit und Anzahl an Neuriten als geordnete AuNP bei vergleichbare

Partikeldichte. Dem gegeniiber beeinflusst die Partikelverteilung das Axonswachstum kaum.

SchlieBlich  werden durch Kombination von optischer Lithographie und
Selbstorganisation positiv geladene Ferritin Nanopartikel (FerNP) Strukturen zur Steuerung der
Neuronenadhision und Neuritenausrichtung hergestellt. Ahnlich wie bei den AUT-Liganden
wirken die positiven Ladungen der FerNP als Zelladhédsionssignale, wihrend der Hintergrund
durch die Trichloro (1H, 1H, 2H, 2H-perfluorooctyl) silanmolekiile (FOTCS) passiviert wurde.
Aufgrund des chemischen Kontrasts zwischen den positiv geladenen FerNPs und dem FOTCS-

Hintergrund wird eine hohe Ausrichtungseffizienz von 88% fiir das Neuritenwachstum

iv



beobachtet. Die Mdoglichkeit, magnetische oder andere funktionale Metall-Nanopartikel in die
Ferritinpartikel zu laden, eréffnet potentielle Anwendungen fiir eine verbesserte Kontrolle der

Zelladhasion.
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1. INTRODUCTION

Cell functions are based on the interaction of cells and their surrounding structures. For the
adherent cells, cell differentiation, proliferation and migration are highly regulated by adhesive
interactions. The interactions of cells and nanostructured materials have attracted interest due
to the possibility to manipulate cells on the length scale of an individual biomolecule. The
adhesion of cells to the nanostructured substrate can influence their survival,'? differentiation,
* motility,*® and in case of neurons, also their excitability.”® Nanomaterials, especially gold
nanoparticles (AuNPs) have been used as nanostructure platforms for biological applications.”
' The universal usability of AuNPs is because of their biocompatibility, easy preparation, and
straightforward ligand immobilization (utilize the special gold-thiol affinity). By controlling the
particle size and density, the amount of cell adhesive cues functionalized AuNPs on surfaces
can be well controlled. Many studies used AuNPs as platforms to study cell adhesion for various
types of cells.'?'* However, most studies were performed on different cell types than neurons.
Moreover, the utilized adhesive ligands are often associated to specific interactions (directly
induced integrin binding) such as cell receptor mediated adhesion of arginylglycylaspartic acid
(RGD) or other laminin derived peptides. Neurons differ from other cell types as they possess
dendrites and axons. Another difference is that they communicate with each other by
electrochemical signals via synapses. Neurons seem to prefer adhering on soft substrates rather
than stiff substrates like most other cell types such do as fibroblasts or epithelial cells.!>!7
Although there have been studies on neuronal adhesion, the detailed understanding of the
mechanism behind still remains obscurity until now. Neural cell adhesion molecules (NCAMs)
are cell-surface glycoproteins, which mediates cell adhesion, migration, and plasticity in the
nerve system.'® The negatively charged polysialic acid (PSA) is found to associate with the
NCAM has an important role in regulating neuronal adhesion. 82 Moreover, it is reported that
cell adhesion can be influenced by non-specific interactions such electrostatics interaction
between the positively charged ligand coating on substrates and the negative charge from the
PSA-NCAM or other glycocalyx proteins on the cell surface.?!?2 These studies have shown that
non-specific interaction can be even stronger than specific adhesion. Although the electrostatic
effect on cell adhesion are obvious, the detail mechanism how charges induce cell adhesion is

still not well understood. A comprehensive understanding of cell adhesion is indispensable for



INTRODUCTION

succeeding in regulation of neuronal outgrowth on non-biomaterials for biotechnological

applications such as implant devices or neuroelectronic signal recording.

In recent reports, P.Li at al. has shown that AuNPs can be used for controlling neuronal
adhesion.?*2* In this study, the neuron adhesion and neurite outgrowth were studied by tuning
the density of chemical cell adhesive ligands which were immobilized on the substrates via
AuNPs, while the background was blocked by different cell repulsive molecules. It was found
that the cell viability increases with the ligand density, which is independent of particle size.
The influences of AuNP sizes, densities and particle patterns on neurite outgrowth and
polarization had been also studied and reported. However, other important parameters of AuNPs
such as the surface coupling strength, particle distribution, and cytotoxicity can also affect
neuron adhesion and cell differentiation. More importantly, when studying neuron-material
interactions for neurobioelectronic devices or long time in-vitro cell cultures, the cytotoxic
effects of the non-biomaterials on the cells are crucial and need to be carefully investigated.

23,25

Moreover, the AuNP immobilization method based on the salanization shows a limitation

in fabrication of the ordered AuNP array as well as stable surface coupling strength of AuNPs.

The goal of this thesis is to provide a more comprehensive study of neuron adhesion and
neurite outgrowth by investigating the influence of not only the particle sizes and densities, but
also the particle coupling strength and distribution on neuron adhesion. An alternative AuNP
synthesis will be introduced for this work, the block copolymer micelle nanolithography, which
allow to directly synthesis both ordered and disordered AuNPs of different sizes and densities
on the silicon substrates.?®3! For the first time, chemical cell adhesive ligands immobilized on
the surface via AuNPs of different sizes, densities, coupling strengths and distributions are used
for a comprehensive study of neuron adhesion and neurite outgrowth during long time in-vitro
culture. This work will also provide more detail about some remaining issues from our
preliminary experiments such as the cytotoxicity of AuNPs and the influence of charges on
neuron adhesion. Moreover, the electrostatics interaction of the positively charged ligand and
the PSA-NCAM on cell surface is further studied by using a specific enzyme, which can cleave
the cell-ligand interactions. Last but not least, motivated by the novel achievement from Beck
et al.’?> a new approach of neuron adhesion and neurite guidance is established by using

positively charge ferritin nanoparticle (FerNP) patterns as the nanostructured platforms. The



INTRODUCTION

FerNPs can be loaded with different (magnetic) material nanoparticles, which opens a
possibility for more advanced neuron adhesion regulation, for example, selectively spatio-

temporal controlling of the cell adhesion by an external magnetic field.






2. FUNDERMENTALS

This chapter will summarize background information relevant for this thesis for a better
understanding the experiments and results. The fundamental concepts of neuron adhesion,
neuron-nanomaterial interaction, and methods for nanostructure fabrication and

characterizations will be mentioned.
2.1 Biological background

2.1.1 Neuron

Neurons are the basic working units in the nervous system, which can be electrically excited,
so that the cells communicate with each other through electrical and chemical signals. The
mammalian brain contains from 100 million to 100 billion neurons, depending on the species.
Neurons are similar to the other cells as they have a cell body with cell membrane, a nucleus
and many other organelles (Figure 2.1). However, neurons differ from other cells because their
cell body (soma) possesses extension parts called neurites. The cell body contains a nucleus and
cytoplasm, while the neurites arise from the cell body and often extend for hundreds of
micrometers and branch multiple times. The neuritis consists an axon and dendrites, particularly
when the neuron is in its undifferentiated stage. The axon extends from the cell body by
elongating its terminal part (growth cone) and often branches before connecting to the dendrites
of other neurons by synaptic connections. The neuron adheres not only to the other neurons to

form a neuronal network, but also to the extracellular matrix (ECM) or to the substrates. The
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Figure 2.1 Anatomy of a typical neuron with a cell body
containing a nucleus and other organelles and an axon and
dendrites. (BruceLaus, wiki).
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neuron adhesion allows neuronal migration and differentiation, neurite outgrowth, axonal
fasciculation, synapse formation and plasticity. Hippocampal and cortical neurons are
commonly used for studying a variety of cell functions such as neurite initiation and extension
in short-term cultures. These neurons are also easier to handle compared to neurons from other
regions in the central nervous system. Moreover, the neurons express many key phenotypic
features such as well-developed dendrite branches and synaptically connected network
formation.>? Importantly, both hippocampal and cortical neurons are located in primary regions
that are responsible for information acquisition, storage, and processing.>* These regions can be
significantly suffered by neurondegenerative diseases such as Alzheimer, epilepsy, and stroke.
Therefore, these neuronal cell lines are excellent candidates and accessible models for studying

normal neuronal development.
2.1.2 Cell adhesion

Cells interactions to other cells, ECM or substrate is called cell adhesion. Cell adhesion is
essential in cell communication and regulation. It also plays a pivotal role to maintain 3D
structure and the cell functions in tissue. Cell adhesion also involves in cell spreading, migrating
and signal transduction.® The cell adhesion is typically mediated by multiprotein complexes
involves three: the cell adhesion molecules (CAMs)/adhesion receptors, the ECM proteins, and

the cytoplasmic plaque/peripheral membrane proteins. The cell adhesion molecules (receptors)

Cell surface protein
Centrosome 0 p

}Junction

Tissue

Figure 2.2 Cell adheres to a surface, such as tissue, via cell adhesion domains. The adhesion
domains which are formed by the attachment of cell adhesion molecules (CAMs)/ receptors
(integrins) and surface adhesive cues of the ECM, link the cell to the surface by clusters of
adhesion complexes between integrins and cytoskeletal. The adhesion domains act as anchors
which not only maintain the global mechanical stability, but also have an important role in cell-
force sensing.3)
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are usually transmembrane glycoproteins such as the integrin, cadherin, immunoglobulin,
selectin or proteoglycan superfamilies. The receptors from cell surface can recognize and adhere
to either other cell adhesion receptors of neighbouring cells or tissues or to the ECM. At the
intracellular part of the membrane, the integrin receptors associate with cytoplasmic plaque of
peripheral membrane proteins to form adhesion complexes (ACs), which link the cell
cytoskeleton to the outer part of cell membrane. Thus, the cell can sense and transduce the signal
through their adhesion receptors on the cell surface. An example of a cell adheres to a soft
surface, such as tissue (Figure 2.2).%%37 Here the cell surface receptors (integrins) associated
with CAMs adhere specifically to the ECM (such as collagen fibrils) forming adhesion domains.
At the adhesion domain inside the cell membrane, the integrins are linked to the actin and
microtubule cytoskeleton through adhesion complexes, which are formed by the clustering of
different adapter proteins.**" Indeed, the adhesion complexes are typically formed by different
intracellular proteins (can be over 100 different proteins such as talin, vinculin and tensin) into
large macromolecular complexes, which connect the cell receptors to the cell-organizing
centrosome via actin and intermediate filaments. The example of adhesion complexes (AC)
which link actin filaments to the integrins (Figure 2.3).*' Many proteins involved in the AC
have specific roles in cell signaling. For example, vinculin proteins which link integrin adhesion
molecules to the actin filaments have an important role in mechanotransduction of cells.*>*
Therefore, the coupling of these adhesion domains to the cell cytoskeleton not only maintains
the global mechanical stability of the cell, but also has an important role in the cell’s mechanical
sensing ability of surrounding environment. Moreover, the cells can transfer the tension forces
to the substrates via the adhesion sites which formed by AC proteins.***” The ACs also involve
in cell migration, proliferation and cell survival as well. ¥*-** This adhesion of the cell to the
ECM is considered as specific binding, in which the transmembrane receptors (integrin) of cells
specifically bind to the ligand molecules such as laminin, fibronectin and collagens. For
example, in mammals, the integrin receptors such as a3p1, a4p1, a6B1, a7B1, a6B4 in a variety
of cell types have highly binding specificities and affinities to the laminin.’! The specific cell
adhesion can be also the adhesion through binding between specific cell membrane receptors
and corresponding CAM functionalized substrates.’>> Likewise, the surface coated substrates
with the laminin-derived synthetic peptide, PA22-2 (CASRARKQAASIKVAVSADR),
IKVAYV or the arginylglycylaspartic acid (RGD) peptide, can promote neuronal adhesion and
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stimulate neurite outgrowth by its specifically affinity on the integrin receptors.?!>® Beside from
the specific binding, cell adhesion can be mediated by non-specific interactions between the
surface and cells such as electrostatics and van der Waals interactions. Although many adhesion
proteins are involved similarly as specific adhesion, the electrostatic interaction of cells is
considered as a passive process of non-specific and non-receptor mediated adhesion. In some
cases, the nonspecific adhesion of hippocampal neurons on a positively charged poly-D-lysine
(PDL) surface is found to be even higher than the specific adhesion of cells.?!2? For neural cells,
the polysialic acid (PSA) moiety of neural cell adhesion molecule (NCAM) regulates cell-cell
and cell-substrate adhesion through electrostatic interactions.'® 3-° The PSA is mainly located
at the terminal of linear branch glycans on cell surface glycoproteins (glycocalyx). The repulsive
interaction of PSA-NCAM between adjacent cells facilitates cell migration, plasticity, and cell-
cell adhesion. 2 %0 Moreover, the attractive interactions between the negative charged of
PSA-NCAM and positively charged adhesion ligands immobilized to a substrate can be used to
control the cell adhesion and therefore regulating their viability and differentiation.?*®'%4, Thus,

the cell adhesion can be regulated if the electrostatic interaction of PSA-NCAM is interrupted.

Structure of an adhesion complex in migrating cells
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Figure 2.3 Composition of a adhesion complex (AC) formed
by arrangements of different proteins such as vinculin,
tensin, talin, and so on.[*!]
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2.1.3 Cell-material interfaces

The adhesive interaction between cell and material surface is bi-directional and dynamic and should
mimic the natural interactions of cells and the extracellular matrix (ECM).*>%¢ Cell adhesion to
material surfaces at nanoscale is fundamental for the design of biomaterial substrates for
biological applications such as medical implants or in-vitro cell cultures. The interface between
cells and nonbiological surface regulates cell adhesion and therefore influences cell function,
development and cell viability.> ¢7%® A complete understanding of cell adhesion to materials is
pivotal to enhance the biocompatibility of the materials and to minimize scar tissue formation.
This also opens promising strategies for development of tissue-engineering applications or cell-

electrode integration to meet the biochemical and biophysical requirements.

There are three main material properties that influence of adhesion of cells: surface

69-71 72-74

compliance,”>”* and the surface chemical compositions.”>” For topography

topography,
influences, many experiments have found that cells response differently to different topography
surfaces.?-%2 The substrate topography can determine neuron polarization, growth and nerve
regeneration.®3# Secondly, the mechanical properties of substrates have been confirmed to
strongly affect cell adhesion. For example, the stiffness of the substrate can directly regulate
stem cell differentiation in different lineages.®® Neurons are differed among mechanosensitive
cells that seem to prefer soft to stiff substrates.!>#¢ The stiff substrate can also enhance cultured
neuronal network activity.?” Finally, in terms of surface chemical compositions, it has been
found that a change in surface chemistry significant effect on cell function.®®°° Nano-fabrication
techniques and surface chemically modifications allow to functionalize surface chemistry for
controlling the cell adhesion.?* %912 For examples, cell adhesive ligand functionalized AuNPs
were decorated on substrates to control the neuron adhesion by various parameters such as

particle sizes, densities and binding strengths.?* ©!

2.2 Nanolithography fabrication

2.2.1 Block copolymer micelle nanolithography

The block copolymer micelle nanolithography is a bottom-up, self-assembly method utilized
for nanofabrication. This technique employs intrinsically chemical or physical forces, which
operate at the nanoscale to assemble basic units into larger structures.”® Here, the self-

organization of macromolecules allows fabrication of well-ordered arrays (hexagonal) of
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Figure 2.4 A schematic principle of nanoparticle synthesis using the micellar method. Reverse micelles formed
in a non-polar organic solvent toluene with their polar heads towards to interior of the micelles forming spheres
(step 1). Metal precursors, such as gold salt, can be loaded into the cores of the micelles (step 2). The micelles
with loaded metal precursor will be transferred onto the substrate with a hexagonally ordered arrangement (in
step), or a disordered arrangement (by adding extra polymer in step 4). Finally, the polymers are etched by plasma
leaving the AuNPs on the substrates.

nanoparticles with adjustable sizes and inter-particle spacing on a variety of substrates. In this
method, reversed micelles are formed by dissolving a block copolymer such as polystyrene(x)-
b-2-poly-vinylpyridine(y) (PS(x)-b-P2VP(y)), in a non-polar solvent (Figure 2.4). Here x and y
are the monocular weight (MW) of each polymer chain respectively. The resulting reverse
micelles provide nanosized compartments for loading a metal precursor, which can be added
with the precise amount calculated depending on the added polymers (step 2). Using the dip-
coating technique, the reverse micelles confining the metal salt can be transferred onto the
substrate with a highly-ordered arrangement according to the self-assemble processes (step 3).
Finally, the nanoparticles are formed on the substrate after the polymers are etched by oxygen
plasma.!# %496 Using this method, the size of the nanoparticles can be tuned by using different
loading ratio (LR) of the metal salt adding and by choosing the appropriate block length of the
P2VP block of the copolymer. On the other hand, the inter-particle distance can be adjusted by
choosing the appropriate PS block length or modulating the dip-coating speed. The
arrangements of nanoparticles are also alternated by adding extra hydrophobic polymer (step 4)

for disordered NP array.
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Figure 2.5 A) The structure of ferritin formed by a family protein into a nanocage, which can conain iron ions.’
B) The ferritin can be engineered to possess a positively (left) or negatively (right) surface charge.?

8

2.2.2 Ferritin nanoparticles

Ferritin is a universal intracellular protein that can store or release irons in a controlled fashion.
In nature, ferritins are found in all domains of life. They are composed of 24 protein subunits to
form a cage architecture with a range of 10 nm.”” A typical structure of ferritin from the
bacterium, Desulfovibrio desulfuicans, which is formed by 24 homodimer subunits (Figure
2.5A).”® There have been many reports that ferritins can be used for bionanotechnology
applications such as building nanodevices, medical imaging, or drug delivery.®® Moreover, Beck
at al. has shown that the total charge of ferritins can be engineered to possess a positive or
negative surface net charge (Figure 2.5B).3? The nanocages of ferritins can be loaded with
different inorganic NPs, such cerium oxide or cobalt oxide The positively or negatively charged
surface of ferritin NPs (FerNPs) can act as cell adhesive or repulsive cue, which regulates cell

adhesion through electrostatic interactions.

2.3 Characterization techniques

2.3.1 Scanning Electron Microscopy (SEM)

A scanning electron microscope (SEM) is an electron microscope that produces images of a
sample surface by using a focused beam of electrons. During imaging, the electrons are emitted
and interact with atoms in the sample surface. The interaction produces various signals that
contain information about the sample's surface topography and composition. The SEM allows
researchers to examine a big variety of specimens with many advantages over traditional optical
microscopes. One of the main advantages is it can produce very higher resolution images of a

sample surface (about 10 nm in size). The electron beam follows the path through
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(A) The SEM working principle
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Figure 2.6 A) The working principle of a scanning electron microscope (SEM), (source: enfo.agt.bme.hu). B)
A SEM image of a neuron cultured on nanostructure after sample preparation steps of cell fixation,
dehydration, and metal sputtering.

electromagnetic lenses, which focus the beam down toward the sample in vacuum (Figure
2.6A). When the electron beam hits the sample, electrons and X-ray are emitted from the surface
of sample. Detectors will collect emitted beams such as X-rays, secondary electrons (SE) and
backscattered electrons (BSE) in order to process and produce the final image. The SE detection
is the most common SEM mode. In the SE imaging, the low-energy SE are emitted from atoms
at very close specimen surface when they are excited by an electron beam. Consequently, the
emitted SE is collected by a special detector to create the high-resolution image of sample
topography. In order to image deeper locations within specimen, a BSE imaging mode is use.
The BSE consist high-energy electron beams that are reflected from the sample by elastic
scattering interactions. Since the backscattering interactions are higher in heavy elements than
the light elements, the BSE mode can be used to detect different contrast between different
chemical compositions.

As the SEM works under vacuum conditions and uses electrons to for imaging. Therefore,

all water inside the samples must be removed, as the water would vaporize in the vacuum. For
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biological samples such as cells or tissues, they must be technically dried, while their structures
should be preserved. Therefore, live cells or tissues will be fixed to remain their 3-D structures
by a chemical fixation method. The sample can be also stained with heavy metallic materials to
enhance contrast such as osmium tetroxide, uranyl acetate, lead or copper citrate.'®’ The samples
also need to be conductive. Non-conductive samples need to be covered with a thin layer of
conductive material (sputter coater). Gold, platinum and iridium are usually used as conducting
materials for coating bio-specimen. An example of a SEM image of a neuronal cell after
performing sample preparation steps such as cell fixation, dehydration, and metal sputtering
(Figure 2.6B).!%!

2.3.2 Focused Ion Beam (FIB)

Focused ion beams (FIB) previously used for material and semiconductor sciences, are
nowadays powerful tools for ultrastructural imaging of biological samples. The FIB technique
allows to create fresh cross-sections of cells or biological specimens by the progressive removal
of materials, so that the internal structures of the samples can be imaged by the SEM. FIB can
also image samples directly like the SEM by detecting emitted electrons from the sample
surface. Additionally, FIB can be used as a sculpting tool to create specific specimen shapes
such as lamellae or needles for further investigations of transmission electron microscopy

(TEM) or chemical composition analysis.

(A) The components of FIB

gas injection
needles

sample

sample stage

vacuum chamber

ion column

(B) A FIB cross-section of a neuron

7 detector

Figure 2.7 A) The principle of focused ion beam (FIB). B) The FIB cross-section of a neuron cell after
sample preparation steps of cell fixation, metal staining, dehydration, resin embedding and surface
sputtering.
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The basic FIB instrument consists of vacuum chamber, liquid metal ion source, an ion
column, a sample stage, detectors, and gas delivery systems (Figure 2.7A). FIB systems use a
finely focused ion beam, especially gallium (Ga®), to modify and image the sample of interest.
For FIB imaging, low beam currents are often used, while high beam currents are required for
sputtering or milling specific sample location. The primary Ga+ ion beam hits the sample
surface, which results the emission of secondary ions (i* or i) and neutral atoms (n°) as well as
secondary electrons (¢’). As the primary beam scans on the sample surface, the signal from the
ions or secondary electrons is collected to produce an image. However, to obtain the highest
resolution imaging and prevent damage to sensitive samples, SEM imaging is still required. The
combination of SEM and FIB columns onto the same chamber allows to take the advantages of
both techniques. In the SEM and FIB combination, both the ion beam and the electron beam are
used as a dual-beam system, which complement each other to allow sample preparation,
imaging, and analysis can be accomplished in one system.

As the FIB works in vacuum condition and is usually combined with the SEM, so the
samples also need to be completely dry. For biological samples, the same sample preparation
steps as mentioned in the SEM section, are required before performing the FIB experiments.
An example of SEM imaging of a FIB cross-section performed with a neuron after preparing
with cell fixation, osmium tetroxide and uranyl acetate staining, cell dehydration, resin
embedding, and metal sputtering.'®' Here, the ion beam is used to remove materials of the cell
for creating a cross-section, while the electron of beam is used to image the cross-section by the
SEM with BSE imaging mode. An example of a SEM image of a FIB cross-section of a neuron
after performing sample preparation steps such as cell fixation, heavy metal staining, cell
dehydration, resin embedding, and metal sputtering (Figure 2.7B).

2.3.3 Atomic Force Microscopy (AFM)

Microscopes have historically been used as important tools in biological analysis. The atomic
force microcopy (AFM) is one of the most powerful techniques for studying insulators and
semiconductors as well as electrical conductors. The AFM probes the surface of a sample by a
sharp tip attached at the end of a cantilever (Figure 2.8A). The tip is often a couple of microns
in length and less than 100A in diameter. Forces between the tip and the sample surface cause

the cantilever to bend or deflect. In this case, the cantilever acts as a spring and follows the rule
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(B) The working principle of AFM (A) An AFM image of AuNPs
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Figure 2.8 A) The principle of the atomic force microscope (AFM) (source: wikipedia.org). B) The
AFM image of array of nanoparticles decorated on a substrate.
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of Hooke’s law.'%* A detector will measure the deflection of a laser beam caused by the vibration
of the cantilever when the tip is scanned over the surface of the sample. The measurement of
the cantilever deflections allows a computer to plot a map of surface topography'%.

AFM can work in two main scanning modes, contact and non-contact modes (regimes). In the
contact regime, the cantilever is held less than a few angstroms from the sample surface,
whereas in non-contact mode the tip stays at a distance of 10 to 100 nm from the sample.
However, another mode called,”’tapping mode’’, which belongs to the non-contact regime, is
most commonly used. In the tapping mode, the tip will vibrate above the surface of the substrate
at a certain resonant frequency. The change of the forces between the surface and tip by
modulating amplitude setpoint during scanning, will result in a change of vibration amplitudes
of the tip. The tapping mode take advantages of both contact and non-contact modes. It
eliminates friction forces by intermittently contacting the surface, therefore minimize damage
on the sample. Moreover, the oscillation with sufficient amplitude of tapping mode prevent the
tip being trapped by adhesive meniscus from the possible contaminant layer of sample surface.

An example of AuNP array is imaged by the AFM with the tapping mode (Figure 2.8B).
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(A) The components of the XPS (B) The working principles of the XPS
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Figure 2.9 A) A schematic diagram of X-ray photoemission spectroscopy (XPS) apparatus. B) An
overview of working principle of XPS.

Binding Energy

2.3.4 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface sensitive and widely used technique to
obtain chemical information and the electronic state of various material surfaces. The
components of a XPS are shown in figure 2.9A. When the X-ray beam is irradiated to the
surface, electrons in the core-level of surface atoms are emitted from the surface. These
photoelectrons will be collected to plot a spectrum of emission intensity versus electron binding
energy. A simple example of the XPS process is schematically represented for the emission of
one electron from the 1s shell (Figure 2.9B). The binding energies of the photoelectrons are
characteristic for the element from which they are emitted, and therefore, the spectra can be
used for chemical analysis of the surface.'® Small shifts in the elemental binding energies
provide additional information about the chemical state of the elements on the surface.
However, XPS cannot identify hydrogen and helium elements because these are small atoms
and electron emission does not take place.

2.3.5 Fluorescence Microscopy

Fluorescence microscope is a technique for acquiring an optical microscope that uses
fluorescence to produce an image by illuminating the fluorescent species of on the sample and
collecting the emitted fluorescent light to produce the image. The interest part of species on a
sample can be stained using specific-affinity property of anti-body labelled fluorescent dyes.
This allows the investigation of those parts of desired organelles or unique surface features on

the same sample. The working principle of the fluorescence microscope is shown in Figure
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(A) The working principle of the microscopy
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Figure 2.10 A) the working principle of a fluorescence microscopy. B) The fluorescence image of axon (orange),
dendrites (green) and nucleus (blue) staining from a neuron.

2.10A. The light from a source will be passed to a filter to choose a desired wave-length light
before excite the sample, which has been already labelled with fluorescent substance. The
excitation light is absorbed by the fluorescent substance labelled in specimen and this
fluorophore will emit light with a lower energy level compared to the excitation light. The
emission light will be passed to a proper filter to a detector (camera or eyes directly) for
obtaining the image. An example of the fluorescent image of a neuron is labelled with

fluorescent chemicals for axon (orange), dendrites (green), and a nucleus (blue) (Figure 2.10B).

17






3. MATERIALS AND METHODS

In this section, all materials, instruments, and methods used for the experiments will be
introduced. In the beginning, the step-by-step fabrication of AuNPs arrays and chemical
modifications for the cell culture will be described. Ordered and disordered AuNPs of different
sizes and densities synthesized by the block copolymer micelle nanolithography are introduced.
The disordered AuNPs arrays are also prepared by directly immobilizing on the silicon substrate
with different surface coupling strength. The atomic force microscopy, X-ray photoelectron
spectroscopy, and electron scanning microscope are used to characterize the nanoplatforms. In
the end, the cell culture and sample preparation for the fluorescent microscopy, scanning
electron microscope, and focused ion beam cross-sections will be also described.

All molecules and chemicals were purchased and used in this thesis without further
purification. MilliQ water with a resistance of 18.2 MQ (Elix and MilliQ minipore system).
Common use solvents such as absolute ethanol, 2-propanol, acetone, dried toluene (< 0.0005%
H20) were purchased from the Merck Millipore Germany. Nitrogen with a purity of 99.8%, and
silicon wafers (<100>, n-doped, 1-10 © cm, Rms ~0.147 nm) with a 100 nm top layer of SiO2
were used throughout all the experiments.

3.1 Sample preparation for cell culture

3.1.1 Block copolymer micelle nanolithography

The block copolymer micelle nanolithography is employed to produce gold nanoparticles of
different sizes, densities and distributions onto the silicon substrates (see section 2.2.1). The
parameters such as the amount of polymer, the volume of toluene, the salt loading ratio and time
for stirring were already optimized to make size-selective nanoparticles.”* ' Here, gold
nanoparticles with sizes of from around 5 nm to 20 nm were produced by using
diblockcopolymer, polystyrene(x)-b-2-poly-vinylpyridine(y) (PS(x)-b-P2VP(y)), which were
purchased from the Polymer Source (Dorval, Canada). The number x and y are the molecular
weight (MW) numbers of polystyrene (PS) and poly(2 vinylpyridine) (P2VP) respectively (see
Table 3.1). A 7 ml glass vial (for containing the solution) with a plastic cap, plastic tweezers, a
Teflon coated magnetic bar and other tools were carefully cleaned with toluene and dried with

Polymer amount MW(P2VP)
MW(PS)+MW(P2VP) ~ MM(P2VP)

Amount of salt = X MM(HAuCly) x LR

Equation 1: Amount of gold salt (HAuC14) to be added to the solution. The size of the formed
nanoparticles can be adjusted by changing the loading ratio (LR) and the block length of P2VP block.
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Table 3.1 Summary of micelle solutions prepared

Size

Polymer

MW of

MW of

MM of

MM of

Amount of Amount of

Amount PS P2VP P2VP HAuCls L‘;a‘:i‘“g HIA‘:Cth i H‘;;Cdl‘
(m)  (mg) (w) (W  (gmol)  (g/mol) atlocapuated - aece
(mg) (mg)
45 25.1 32500 7800 105 339.79 05 7.86 79
10 24.9 44000 18500 105 339.79 0.7 19.35 19.8
147 2498 185000 90000 105 339.79 0.6 16.07 16.5
19 2525 185000 90000 105 339.79 0.9 25.56 25

nitrogen gas. Each micellar solution was prepared by adding 25 mg polymer to 5 ml toluene
and magnetically stirred for at least three days to make sure the polymer was completely
dissolved for the reverse micelles formation. Then gold salt, H4uCl,, was added to each solution
with pre-calculated amount corresponding to its loading ratio (calculated by Equation 1) and as
shown in Table 3.1. A plastic spatula used to add the salt was cleaned with isopropanol and
dried with nitrogen gas before use. The loaded solutions reached their equilibrium states after
seven days of magnetic stirring.

In order to making disordered AuNPs, 5 mg of polystyrene (PS) with MW of 170.000
(Polymer Source, Dorval, Canada) was added to the micelle solution (after 3 days loading the
gold precursor) and magnetically stirred for at least one day before using.

3.1.2 Nanoparticle immobilization of different surface coupling strength
The AuNP immobilization on silicon substrates with different surface coupling strength is

illustrated in Figure 3.1. Following this approach, the citrate stabilized gold nanoparticles (cit-
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Figure 3.1 AuNPs immobilizations of different surface coupling strength. (A) Surface activation of the silicon
substrate by oxygen plasma. (B) Attachment of APTES monolayer by salinization. (C) Decoration of the silicon
surface with cit-AuNPs. The immobilized cit-AuNPs followed by 2 min plasma exposure for weakly bound (D)
and 30 min plasma exposure for strongly (E) bound AuNPs.
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AuNPs) of different sizes are tethered on silicon samples through an electrostatic
immobilization process, which has been previously established at our lab.?4>%2 Briefly, silicon
substrates were first successively cleaned with acetone and 2-isopropanol for 3 min in an
ultrasonic bath (repeatedly 2 times for each step). The cleaned samples were then dried in a
nitrogen stream and activated by oxygen plasma at 200 W, 1.4 mbar for 2 min (Pico, Electronic
Diener plasma surface technology) (Figure 3.1A). The activated silicon wafers were then
exposed to a vapour of 3- aminopropyltriethoxysilane (APTES, 99 % Sigma) in a glass
desiccator (Argon air, 5 mbar, 1 hour) inside the glovebox (MB-200B Modular Glove Box
Workstation) (Figure 3.1B). Thereafter, the APTES modified substrates were incubated into the
colloidal citrate stabilized AuNPs (Cit-AuNPs) solutions with particle diameters of 5, 10, 20
(Sigmal-Aldrich), 30 and 50 nm (SPI) for 0.5, 1, 10, 30 and 60 min and overnight to obtained
different particles densities. For the overnight incubation samples, the cit-AuNPs solutions were
added with NaCl 1mM by 1:50 ratio to reduce the ionic strength of the solutions for obtaining
higher particle density. The samples were finally rinsed by Milli-Q water and dried in a N> flow
(Figure 3.1C). The citrate molecules surrounding the AuNPs were then removed by oxygen
plasma etching with varying exposure times resulting in different particle binding conditions.
The weakly bound (WB) particles were fabricated with a short oxygen plasma exposure of 2
minutes (Figure 3.1D). This short plasma treatment just partially decomposes the citrate
molecules.'% In order to obtain to obtain strongly bound (SB) particles, the samples were treated
with an oxygen plasma for 30 min instead of the 2 min (Figure 3.1E).

3.1.3 Chemical modifications

Simultaneously, after WB and SB AuNPs were obtained by different oxygen plasma exposure
(Figure 3.2A), the AuNP free areas of the SiO» surface were activated by the oxygen plasma for
a subsequent attachment of cell aversive 2-[methoxyl(polyethyleneoxy)6-9-propyl]
trichlorosilane (PEG silane) for passivation (5 uL of the PEG silane, obtained from Fluorochem,
UK, in 5 mL toluene for 8 hour incubation) (Figure 3.2B). The samples were then thoroughly
washed by clean toluene, and finally by absolute ethanol. In the last modification step, the
AuNPs on the samples were modified with ImM 11-amino-1-undecanethiol (AUT) molecules
(ordered from Sigma-Aldrich) dissolved in the absolute ethanol overnight, and finally rinsing
with pure ethanol (Figure 3.2C). The samples were then sterilized by UV light for 30 min inside

the sterile bench (Heraeus) before seeding the cells.
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Figure 3.2 Surface chemical modifications of the nanostructured platform for the cell culture f. (A) AuNPs
decorated SiO»/Si substrates (both WB and SB coupling strength). (B) Attachment of PEG molecules on the
silicon background for passivation. (C) AUT ligands are functionalized onto the AuNPs for the cell adhesion.

3.2 AuNP array and chemical modification characterizations

For investigating the nanostructure and surface chemical modifications, different
characterization methods such as AFM, SEM, XPS have been performed. The densities and
sizes of nanoparticle decorated substrates were characterized by SEM (Gemini 1555
(Leo/Zeiss HNF) using an inlens detector mode or by the AFM (Nanoscope Multimode,
Bruker) with the tapping mode. The AFM was also used to measure the change in average
heights of AuNPs after each chemical modification step of the PEG passivation and AUT
functionalization. The nanoparticle binding strengths were imaged and manipulated by AFM
with the tapping mode by a high spring constant cantilever (200N/m, Bruker). The composition
of the surface modification was characterized by XPS (PHI 5000 VersaProbe II, UL VAC-PHI)
to prove the binding of AUT-AuNPs.

3.3 Cell culture and analyses

3.3.1 Neuron cultures

All animal experiments were carried out in accordance with the Landesumweltamt fiir Natur,
Umwelt und Verbraucherschutz Nordrhein-Westfalen, Recklinghausen, Germany, approval
number 84-02.04.2015.A173. Rat embryonic cortical neurons were prepared according to

1. 197 and Fricke et al. ' The detailed protocol to prepare and culture the cells was

Brewer et a
discussed in our previous work. 24-?° Briefly, neurons were obtained by separating cortices from
the embryonic brain of pregnant Wistar rat at 18 days gestation and immersed in Hank’s Balance
Salt Solution (HBSS) without calcium and magnesium for at least 3 minutes. The cortices were
then mechanically dissociated by pipetting with a silanized Pasteur pipette. Subsequently, the
cell suspension was diluted in HBSS with calcium and magnesium by 1:2 ration and left for at

least 3 minutes on ice. The majority of glial cells and non-dispersed tissue attach to the calcium
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and magnesium ions, which results precipitation at the bottom of the tube. The suspended
neuron in upper layer were collected and centrifuged for 2 min at 200 g to separate the cell from
the solution. Finally, the neuronal pellet was redispersed in neurobasal medium (Life
Technologies) with ratios of 1% B27 (Life Technologies), 0.5mM L-glutamine and 50pg/ml
gentamycin. For all experiments in this thesis, the obtained neurons were seeded with the
density of 30,000 cells per cm? on the samples and the culture medium was exchanged after 1-
3 hours of cell seeding. Cells were stored in incubator at 37° C, 5% CO», and 100% humidity

condition for the cell characterizations at 3™ day in vitro (DIV3) culture.

3.3.2 Fluorescent microscopy

3.3.2.1 Live and dead staining

Cells were characterized by a fluorescence microscopy (ZEISS Axio Imager Z1, Zeiss) after
three days of culture for visualizing live and dead cells. The cells were first stained with calcein
(for live cells) and ethidium homodimer (for dead cells) in 1xPBS (1:1000 ratio) for 15 min
under dark condition at RT. Images were recorded by an Axiocam XRm Cam (Zeiss) and
processed using Zen 2012 (blue edition) and ImageJ software (version 1.50b). The cells and
number of neurite were counted using the ‘Analyze Particles’ function and ‘Cell Counter’
plugin of ImagelJ. The average axon length was measured by using the ‘NeuronJ’ plugin. Each
data value was obtained from two or three different samples and the data recording was repeated
for at least three times. All data were averaged and the standard error was determined as

indicated in the respective graphs.

3.3.2.2 Immunostaining of nuclei, axons, dendrites, tubulin, actin, and vinculin
For the first steps of axon staining, cells were rinsed 2 times with pre-warmed PBS at 37° C,
and fixed with 4% paraformaldehyde for 12 min at RT. The samples were then rinsed three
times with PBS, and the cells were permeabilized in a blocking buffer (1% bovine serum
albumin + 2 % goat serum in PBS) with 0.1% Triton X for 15 min at RT. The samples were
rinsed three times with PBS and stored in the blocking buffer for 1 hour at RT. From these steps,
the different fluorescent sustains can be used for labelling axon, dendrites, tubulin, and vinculin:
For dendrites and axons staining, the samples were incubated with a first antibody (Tau 1
mouse, Life Technologies) with a 1:200 concentration ratio in the blocking buffer solution for

1.5 hours. After rinsing three times with PBS, the samples were stored with a second antibody
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(Alexa Fluor 546 anti-mouse, Life technologies) with 1:500 ratio, in the blocking buffer for 1.5
hours in dark condition at RT and then rinsed three times with PBS. In the next steps for dendrite
staining, the samples were incubated with a second antibody (MAP2 Rabit, Life Technologies)
with a 1:500 concentration ratio in the blocking buffer solution for 1.5 hours. After rinsing three
times with PBS, the samples were stored with a second antibody (Alexa Fluor 488 anti-rabbit,
Life Technologies) with 1:500 ratio, in the blocking buffer for 1.5 hours in dark condition at
RT. In the meanwhile, cell nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI) by
adding a concentration of 1:500 to the second antibody solution.

For tubulin and vinculin staining, the samples were incubated with a first antibody (Anti
beta tubulin antibody, Life Technologies) or monoclonal anti-vinculin antibody (Sigma) with a
1:200 concentration ratio in the blocking buffer solution for 1.5 hours. After rinsing three times
with PBS, the samples were stored with a second antibody (Alexa Fluor 488 anti-mouse, Life
technologies) with 1:500 ratio, Alexa Fluor 633 phalloidin (ThermoFisher Scientific) with 1:40
ratio, and dapi (Life Technologies) with 1:500 ratio together in the blocking buffer for 1.5 hours
in dark condition at RT.

Finally, the samples were rinsed three times with PBS and imaged by the fluorescence
microscopy with proper excited lights for each fluorescent chemical labelling. The fluorescent
labelled samples can be also mounted on the glass coverslip for later characterizations.

3.3.3 Cell fixation for scanning electron microscopy (SEM) and focused ion beam (FIB)
cross-sections

The cells were prepared for FIB cross-sections according to the following steps.!!: 19-110 T
brief, samples were rinsed twice with pre-warmed PBS buffer (37° C) and then incubated for
fixing the cells in 3.2 % glutaraldehyde for 15 min. Samples were rinsed twice with PBS at RT
and followed by 5 times washing with milliQ water or cacodylate buffer. For enhancing the
contrast of internal cellular structures, the samples were then stained with 1% osimum tetraoxide
(0Os0O4) (obtained from Sigma-Aldrich) in cacodylate buffer for 2 hours on ice. After rinsing 5
times with milliQ (2 min for each step), the samples were incubated in 1% Tannic acid diluted
in milliQ for 30 min at RT and then washing 5 time with milliQ (2 min for each step). The
samples were continued to stain by 2% uranyl acetate for 5 hours at 4° C and then washed 5
times with milliQ (2 mins for each step). The samples were then subsequently immersed in

increasing concentrations of ethanol (10 % for 5 min, 30 % for 5 min, 50 % for 5 min, 70 % for
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15 min, 90 % for 7,5 min by 2 times, and 95 % for 7,5 min for 2 times) and stored in 100 %
ethanol for the next steps. The absolute ethanol (EtOH) on the cells was then step by step
exchanged by epoxyl resin (a mixture of epoxyl embedding medium epon 812, epon hardener
DDSA, epoxyl embedding medium hardener MNA, tris(dimethylamino)phenol 95 %-DMP-30,
all ordered from Sigma). The samples were subsequently immersed in solutions of EtOH: resin
(3:1) for 3 hours, EtOH:resin (2:1) for 3 hours, EtOH:resin (1:1) for overnight, EtOH:resin (1:2)
for 3 hours, EtOH:resin (1:3) for 3 hours, and in resin for 3 hours. The resin on the surface of
the samples was carefully rinsed by flushing EtOH over the samples. Finally, the samples were
dried in an oven at 60°C overnight. Then, each sample was mounted on a typical electron
microscopy stub using liquid silver glue. A thin layer of iridium (approximately few nanometer)
was sputtered (15-30 s deposition time, 15 mA current) via sputtering device (K575X Sputter
Coater, Quorum EMITECH, Lewes, United Kingdom) onto the samples for imaging in SEM or
FIB. The FIB cross-sections of cells were performed by a Helios Nanolab 600i apparatus (FEI,
USA). Before cutting, the cells were sputtered in a 1 pm thick platinum layer and cut in a Ga-
ion beam with a current of 2.5 nA and an acceleration voltage of 30 kV. For each cut, the tangent
surface of the cell was polished by a lower current of 21 pA to clearly visualize the internalized

NPs.

3.4 Cytotoxic investigations
In order to investigate the cytotoxic effects of the WB AuNPs, 5, 10, 20 nm AuNPs of different
particle densities were decorated on silicon substrates by the incubation times of 1, 10, 30 and
60 mins (see method 3.1.2) for both WB and SB. For comparing the cytotoxic effects between
WB and colloidal AuNPs, the SB 5, 10 and 20 nm AuNP arrays with densities of 234, 268, and
240 particles/ um? respectively were prepared as the substrates for experiments. Laminin coated
silicon substrates were also used as control samples. The silicon substrates were first cleaned
with acetone, isopropanol, before rinsing with milliQ and drying by a nitrogen gun. The
substrates were treated by oxygen plasma (2 min, 200W, 1.4 mBar) and sterilized in 70%
Ethanol solution for 30 min, and then immersing in 10 pl laminin (Sigma-Aldrich) diluted in
10 ml Grey’s buffer salt solution (GBSS) (Thermo Fisher Scientific).

The AUT-AuNPs with concentrations of 4.7 x 10'2, 1.5 x 10", and 1.9 x 10'? particles per
pl for 5 nm, 10 nm, and 20 nm AuNPs respectively were synthesized as previously reported by

Kaulen et al.''"!'? Briefly, glass beads (1-1.3 mm, Carl Roth GmbH + Co. KG) were silanized
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with APTES according to a procedure reported by Nath et al.!’> 2.5 g of silanized glass beads
were washed once with 1 mL of water, then 2 mL cit-AuNP (5 nm, 10 nm, and 20 nm) were
added. The glass beads were incubated overnight, the liquid phase was removed and the beads
were rinsed 3 times with water. Successful immobilization of the AuNP was evident by a color
change of the glass beads from colorless (before immobilization) to red (after immobilization).
Upon addition of ImL water, 50 uL. AUT (2 mM solution in ethanol and 50 pL HCI1 (0.1 M)
and subsequent sonication ligand exchange occurred and the formed AUT-AuNPs were released
from the solid support. The AuNP dispersion was removed from the glass beads and allowed to
stand for two hours to ensure complete formation of an AUT coat on the particles surface. The
AUT-AuNPs were further purified three times by centrifugation and redispersion in acidified
water. After the last centrifugation step, the supernatant was removed and the concentrated

AUT-AuNP pellet was used for cell tests.

The dispersed AUT-AuNPs of different sizes were added to the culture medium of the
same particle size samples after the medium exchange with the volume of 1.5 ul, 5 pL, and 20
pL for 5 nm, 10 nm, and 20 nm particles respectively. A same volume of each colloidal AUT-

AuNPs were also added to the laminin coated control samples.

3.5 Cell culture with endoneuraminidase (endo-N) enzyme adding

20nm ordered AuNP arrays with a density of 90 particles/ pm? per were prepared by the micelle
nanolithography as nanostructure platforms for this experiment. The AUT functionalization
steps were followed the protocol described in part 3.2.3. In in study, the specific cell adhesion
ligand of PA22 was used as the control samples. For the PA22 functionalization of AuNPs, 150
ul PA22 peptide in water (100 pg/ml) was dropped on the AuNP array for overnight at 4° C.
The samples were then rinsed with milliQ and dried by a nitrogen gun. The laminin coated
silicon samples were also used as the specific cell adhesion control samples. The
endoneuraminidase (endo-N) enzyme (200 mg/mL, obtained from the ABC Scientific) was
diluted in the neurobasal culture medium with a ratio of 1:1000 ratio (3.5 U/mL) immediately

after cell seeding.
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As mentioned in the fundamental part of this thesis, cell adhesion plays a pivotal role in
determining the cell development and survival. Therefore, the ability to control the behaviour
of cells that interact with non-biomaterials is desirable for the success of a variety of
biotechnological applications such as biomedical implants. The growing knowledge of surface
coatings has allowed not only the control of cellular adhesion but also the regulation of cell
morphogenesis through surface mediated signalling pathways.!'*!!5 Control of the cell adhesion
can be performed by tuning chemical compositions, which induce interactions between cell
membrane and the synthetic surface.?* %% 6 In this thesis, following our preliminary results,?
24,62 metal nanoparticles especially AuNPs have been used as surface chemical cues to control
the adhesion of neurons in vitro cultures. Besides the chemical effects, the other parameters
such as the particle size, density, distribution and surface coupling strength have been also
thoroughly investigated to better understand how neurons response to the non-biomaterials at
sub-50 nm nanoscales.

In the first part of this section, AuNPs decorated on Si/SiO substrates with particle
variations of sub-50 nm sizes, densities, distributions, and surface coupling strengths are
fabricated to be used as nanoplatforms for studying neuron adhesion and neuritogenesis. Surface
chemical modifications of chemical ligands for cell adhesion and background passivation are
performed. Moreover, different characterization techniques such as AFM, SEM, FIB, XPS and
fluorescent microscopy are utilized to investigate the nanoplatforms.

In the second section, the influence of surface topography and chemical ligand density on
neuron adhesion and neurite outgrowth are evaluated by weakly bound (WB) AuNPs of
different sizes and densities. The amount of chemical ligand on the surface can be precisely
controlled by a define particle size and density. A bigger particle size possesses a higher
capacity of ligand binding, which is a spare proportional to the particle size. The dependence of
cell survival, neurite number, and axon outgrowth are statistically quantified by the influences
of not only the nanotopography in sub-50 nm AuNPs, but also the surface chemical ligand

density.
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In the next section, cytotoxic effects of the WB AuNPs are investigated as function of
different particle sizes, densities, and surface coupling strengths. The cell survival is compared
between cells cultured on the WB and strongly bound (SB) AuNP arrays to evaluate the
cytotoxic effects. Importantly, the cytotoxic effects of the WB AuNPs are also compared with
the colloidal AuNPs of the same size and ligand, but dispersing in culture medium. Besides the
cytotoxic effects on the cell survival, the influence of the WB and SB particle coupling strengths
on axon outgrowth is characterized for different particle sizes and densities.

Another parameter of the AuNPs array, which could affect the cell adhesion is discussed
here, namely particle distributions. The block copolymer micelle nanolithography allows
synthesizing both highly ordered and disordered AuNP arrays on the substrates. Once again, the
cell survival and neurite outgrowth dependence on the particle sizes and densities are
characterized, but for the different particle distributions of ordered and disordered AuNPs.

Moreover, the neuron adhesion is supposed to be mainly mediated by the unspecific
electrostatic interactions between the negatively charged glycocalyx integral membrane NCAM
and the positively charged AUT ligands immobilized on the AuNP array. Thus, the cell adhesion
would be interrupted by using a specifically selective enzyme to remove the negative charge of
glycocalyx elements from the NCAM. The cell survival is quantified and compared between
the cells cultured in medium with and without adding the enzyme for different type of adhesion
cues (AUT, PA22, and laminin).

Since neurons in the brain form a complex and directed network by billions of cells and
much higher number of synaptic connections, local control of neuron adhesion and neurite
guidance on biochemical patterns is essential for development of artificial neuronal network.
Instead of using AuNPs array, in this thesis, positively charged ferritin nanoparticle patterns are
fabricated on the silicon substrate for controlling the neuron adhesion and guiding neurite
outgrowth. Moreover, the ferritin nanoparticles can be loaded with different metal (magnetic)
nanoparticles, which allows possibly to control the cell adhesion by advanced methods such as
externally magnetic fields.

4.1 Nanoparticle array preparation and characterizations
Nanoparticles, especially AuNPs are commonly used as nanomaterials for biotechnological and
biomedical applications due to their good biocompatibility, easy synthesis, and simple surface

chemical functionalization (capabilities high gold-thiol affinity). Our preliminary results have

28



RESULTS AND DISCUSSIONS

shown that AuNPs can be used for tuning neuron adhesion.?* ¢!-2 The usage of AuNPs to
control the cell adhesion in terms of surface chemistry have some important advantages: the cell
adhesive cues (ligands), which support the cell adhesion, can be easily immobilized on the
sample surface through chemically functionalized AuNPs. Thus, the number of ligands on the
surface can be well controlled. Moreover, other important parameters such as particles sizes,
densities, distributions, and surface binding strengths can be regulated by the methods used for
particle immobilization.

Thanks to self-assemble nanofabrication methods, in this thesis AuNPs of different sizes,
inter-particle distances, distributions and surface binding strengths are prepared on substrates
for studying neuron in-vitro cultures. Therefore, AuNPs have been functionalized by with 11-
amino-1-undecanethiol (AUT) as cell adhesion ligands, while the background is passivated by
2-[methoxyl(polyethyleneoxy) 6-9-propyl] trichlorosilane (PEG silane), a cell aversive
molecule, which prevents undesired cell adhesion.

4.1.1 AuNP synthesis by the block copolymer micelle nanolithography method

The block copolymer micelle nanolithography is a bottom-up, self-assembly method utilized
for nanofabrication. This technique employs intrinsically chemical or physical forces which
operate at the nanoscale to assemble basic units into larger structures.?%2® % Using this method,
AuNPs of different sizes, inter-particle distances (densities), and orders are synthesized and
bound onto SiO» substrates. Highly ordered AuNP of 5 nm, 10 nm, and 20 nm are synthesized
by using the PS(30.000)-b-P2VP(8.500), PS(44.000)-b-P2VP(18.500), and PS(175.000)-b-
P2VP(70.000) block copolymer micelle solutions respectively, whereas the inter-particle
distances (densities) are tuned by changing the dip-coating speed from 3 to 21 mm/s (see method
section 3.2.1). The ordered AuNPs of different sizes and densities are prepared by using the
different block copolymers and varying the dip-coating speed in the respective micellar
colloidal solutions (Table 4.1). Since the samples are dip-coated from a toluene based solution,
the drying speed of toluene can affect the particle arrangements. The self-assemble arrangement
of densely packed colloidal micelles on the substrate is affected by long-range van der Waals
interactions and capillary forces between the micelles during the evaporation of the solvent onto
the substrate surface. Faster speeds of withdrawing sample from the colloidal micelle solvent
result in closer packed particle coverage of the surface.?’ The highly well-ordered arrangement

(hexagonal order) of nanoparticles can be optimized by choosing a proper dip-coating speed
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Table 4.1 Ordered AuNPs of different sizes and densities synthesized on
SiO; substrates.

Particle density (particles /um?) of different dip-

Size (nm) coating speed (mm /s).

3 9 15 21
4.5+0.7 453 £28 1029497 1093 +58 1232+53
11+1.4 180+ 16 300 +21 396 + 46 444 + 42

19 £2.7 29+2 56 +4 73+4 92+ 6

Figure 4.1. The SEM images of the highly ordered 20 nm AuNPs with different densities obtained by
varying dip-coating speed of 3 mm /s (A), 9 mm /s (B), 15 mm /s (C), and 21 mm /s (D). Scale bar: 200
nm.

depending on the polymers use®. Although, verifying the dip-coating speed results in different
particle densities (or inter-particle distances), the hexagonal order of AuNPs could be also
affected to a certain extent. The SEM images of 20 nm AuNPs with different densities are
obtained by changing the dip-coating speed as shown in Figure 4.1. The AFM characterizations
of all particle sizes and densities are obtained by changing the dip-coating speeds from 3 to 21
mm/s (Figure A4.1; Appendix B). An optimal dip-coating range from 9 to 15 mm/s for obtaining
the highly well-ordered arrangement can be observed for the 20 nm AuNPs. For examples, the
highly hexagonally ordered arrangements of the AuNP array obtained after plasma etching from
the respective dip-coated colloidal micelles are indicated by using the autocorrelation
transformation as shown in the inset image at the corners in Figure 4.2.

On the other hand, disordered AuNP arrays can be also synthesized by this block

copolymer micelle nanolithography method. After gold precursor is loaded to the colloidal

Figure 4.2. The AFM images of dip-coated micelles (right) and their
respective 20 nm AuNPs (left). The Fourier spectrum obtained by
2D-autocorrelation of the AFM images indicate the highly hexagonal
order of particle arrangements as shown by the inset square image at
respective corner. Scale bar: 200 nm.
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) Order (B) Disorder

Figure 4.3. The AFM images of 10 nm AuNPs with highly well-
order (A) without and disorder (B) with adding the PS polymer. The
Fourier spectrum obtained by 2D-autocorrelation of the AFM images
indicated the difference in particle arrangements, as shown by the
inset square image at respective corner. Scale bar: 300 nm.

micelles, another hydrophobic polymer of PS (170.000) is added into the micelle solvent (see
method section 3.2.1). The added PS polymer interrupts the originally hexagonal order of the
micelles during the dip-coating step.'* The amount of PS polymer is experimentally calculated

to be enough for creating the disorder, but avoiding the aggregations of the colloidal micelle

Correlation function: C(r) ~ exp(-1/¢)

Ordered AuNPs  2D-Autocorrelation
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Figure 4.4 Autocorrelation spectra of AFM images (2x2 pm?) for ordered and disordered 10 nm AuNPs.
The periodic distribution of ordered AuNP array is extracted from the radial profiles of the corresponding
autocorrelation spectra with the lateral correlation length (&), the number of unit repeats (@), and the
average inter-particle distance (1).
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solvent. The existence of the PS polymer in the colloidal micelle solvent obviously disrupts the
order of the AuNPs as shown in the AFM images of 10 nm AuNPs obtained by a dip-coating
speed at 15 mm/s (Figure 4.3).

By using the Gwyddion'!” or Nanoscope Analysis software!'$, important parameters such
as the size, the inter-particle distance, the order of the particles can be determined. In order to
quantitatively evaluate the degree of order in AuNP arrays, 2D-autocorrelation spectra are
created for the AFM images of the above 10 nm ordered and disordered AuNPs (2 x 2 pm? in

scan size). From these spectra, radial profiles!!*-12°

can be extracted to characterize geometrical
arrangement of the two AuNP arrays as shown in Figure 4.4. The radial profile is fitted to the
correlation function allowing the extraction of the correlation length & with r, the distance
measured on the autocorrelation profile (in nm). When the average distance of AuNPs is
measured, the number of unit repeat, ¢ could be calculated, which quantitatively proves the
degree of the AuNP order for each array. From this quantitative investigation of the particle
arrangement, the periodic distribution of ordered AuNP arrays (§ = 562 nm, ¢ = 5.62) is
extracted to be more than five times higher than the distribution of disordered AuNP array (& =
101 nm, ¢ = 1.01).

4.1.2 AuNPs immobilization with different surface coupling strength.

Beside from the direct synthesis of AuNPs on surfaces as the aforementioned block copolymer
micelle nanolithography, arrays of AuNPs can be also prepared by immobilizing colloidal
AuNPs on the surface. Usually, the anchoring of AuNPs on the solid substrates was performed
by using intermediate linker of organic molecules functionalized on the surfaces, in which, their
terminal functional groups were designed for physical or chemical interactions. '*'"'?* Using
one common method from these approaches, negatively charged citrate-stabilized AuNPs (cit-
AuNPs) could be attached to the silicon surface through a self-assembly on a of 3-
aminipropyltriethoxysilane (APTES) coated surface.!?! This AuNPs immobilization had been
investigated and optimized for different particle sizes and densities in our preliminary

experiments.?3-2*

In this thesis, not only the particle size and were varied, but also the particle surface
coupling strength of AuNPs is controlled for more comprehensive neuronal adhesion studies.
To study the influence of the surface binding strength of AuNP on neuron adhesion, weakly

bound (WB) AuNPs are firstly decorated on the substrate with different particle sizes and
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densities.®! Thus, 5, 10 nm, 20 nm, 30 nm, and 50 nm cit-AuNPs are decorated with different
densities by varying the sample incubation time in the respective colloidal particle solution (see
method section 3.2.2). The SEM images of the lowest and highest particle density for 5 nm, 10
nm, 20 nm, 30 nm and 50 nm AuNPs are shown in Figure 4.5 (a full set of all particle sizes and

densities are shown in the (Figure A4.2; Appendix B).

It is found that the electrostatic immobilization of 5 nm and 10 nm AuNPs is much faster
than for the bigger particle sizes of 20 nm, 30 nm, and 50 nm AuNPs. This can be explained by
different binding kinetics and ionic strength of each AuNP solution.!?! The negatively charged
cit-AuNPs are surrounded by an electrical double layer of positive ions, which is based upon
repulsive interactions to keep individual AuNP stable in the colloidal solution. A difference in
the thickness of the double layer directly changes the electrostatic repulsion and thus the
interparticle distance (density).'?*!?6 Moreover, P.Li studied the kinetics of AuNPs binding to
the substrates for the same system in her work.?® In accordance with previous work, the binding
kinetics of the AuNPs depends on the incubation time also in this study. The density of 20 nm
AuNPs, for example increases steeply during the first hour of incubation and gradually reaches
a saturation state after few hour incubation.®> The detail densities of all particle sizes are
prepared by varying the sample incubation time in the respective colloidal particle solution, as

shown in Table 4.2.

More importantly, the surface coupling strength of 5 nm, 10 nm, and 20 nm AuNPs on the
sample surface could be controlled by changing oxygen plasma treatment after the AuNPs are

immobilized on the substrate. A short plasma treatment of 2 min results weakly bound (WB)

5 nm NPs

10 nm NPs 20 nm NPs 30 nm NPs 50 nm NPs

18 ' 4 1

Figure 4.5 SEM images of SiO; surfaces decorated with AuNPs of different sizes (nm) and densities (particles per
um?). The lowest (top row images) and highest densities (bottom row images) are obtained for 5 nm, 10 nm, 20
nm, 30 nm and 50 nm AuNPs by changing the incubation time. The number in each image indicates the particle
density /um? (the full densities of all AuNPs are shown in Table 4.2). Scale bar: 100 nm.
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Table 4.2 WB disordered AuNPs of different sizes and densities immobilized on
SiO; substrates.

Particle density (particles /um?) obtained by different incubation

Size (nm) time (min). Error bar is standard error (SE)
0.5 1 10 60 Overnight
5 135+4 173 +4 225+3 239+8 324+16
10 76+5 208 +4 258+6 268 + 15 400 + 32
20 18+1 49+6 98 +7 240+ 12 560 + 46
30 4+13 39+3.4 78+4 115+7 228 +£ 10
50 1+£0.3 4+£12 11+£2.3 25+2.7 59+3.3

AuNPs on the surfce, while a longer plasma treatment of 30 min allows obtaining surface
strongly bound (SB) AuNPs. After 2 min plasma treatment, the attachment of AuNPs to the
SiO: surface occurred via electrostatic binding between negative charges of cit-AuNPs and
positive charges of the amino groups of the APTES molecules. It is assumed that only freely
exposed APTES molecules on the oxide layer and exposed citrate molecules surrounding the
AuNPs are removed during the short 2 min plasma treatment, while molecules underneath the

particles are conserved and maintain the particle binding.'%

If the 30-min plasma is applied, the
AuNPs binding would convert from the electrostatic adsorption to the contact attachment to the
oxide layer. Moreover, it has been reported that AuNPs have catalytic properties, which can be
activated by oxygen plasma.'?”"'?* The process of gold oxidation during long time plasma
activation enhances the attachment of AuNPs on the silicon surface in agreement with the
observation of Xu et al.'?® However, the detail mechanism behind how oxygen plasma enhances

the attachment of the AuNPs on the silicon surface is still not fully elucidated and need further

studies.

4.1.3 Particle binding strength characterizations
It is found that the duration of the plasma treatment after cit-AuNP immobilization influences
the particle binding strength. A first indication of a different binding strength for both the 2 min
and 30 min plasma treatments can be derived from a simple sonication and washing procedure
applied to the particle-modified samples (Figure A4.3; Appendix B). Specifically, for the
AuNPs of 5, 10, and 20 nm in size, they are observed well distributed and less aggregated
particles for 30 min plasma treatment in contrast to the 2-min plasma treatment.

To characterize differences between the two types of NP binding, the AuNPs can be

manipulated by an AFM tip.!3%13! Both long and short plasma treated 10 nm AuNPs are actuated
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Low load High load Low load

WB NPs

SB NPs

Figure 4.6 Characterization of the AuNP binding strengths. (A-F) show
AFM images of 10 nm AuNPs for both weak (WB) and strong binding (SB)
strengths. (A, B) Low load scan with a setpoint amplitude difference, AS
of 50 mV, (C, D) high load scan with a higher AS of 380 mV, (E, F) and a
final low load scan for the evaluation of particle displacement. Scale bar:
200 nm.

by adjusting the tip-sample loading forces under ambient conditions with the same AFM tip
(Figure 4.6). The tapping AFM in the repulsion mode is used to image the surface by a cantilever
with a spring constant of 200 N/m. First, the AuNP densities is determined by a low load scan
with an amplitude setpoint difference AS of 50 mV (an initial amplitude setpoint is set to a value
of about 400 mV after the tip engagement) without displacing the AuNPs by the AFM tip,
(Figure 4.6A, B). When AS increases, the load between sample and tip increases. If the force
applied via the tip is bigger than the binding strength of the AuNPs to the substrate, the AuNPs
start moving. Particle trajectories can be observed, which are caused by shifting AuNPs when
the amplitude setpoint is significantly lowered down to 20 mV (an amplitude setpoint difference
AS of 380 mV), (Figure 4.6C, D). It can be seen that mainly AuNPs after short plasma treatment
times are moved during scanning with high load. In contrast, only few particles are displaced
for samples after long plasma treatment. This observation indicates differences in the binding
strengths for both types of treated AuNPs. The shortly treated AuNPs can be easier displaced
than AuNPs that experienced a long plasma treatment. Figure 4.6E, F show control images of
AuNPs recorded with amplitude setpoint difference AS of 50 mV after scanning with high load.
Various shortly plasma treated AuNPs are removed and most particles change their original

positions, while the positions of long plasma treated AuNPs are almost preserved. The number
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Figure. 4.7 The percentage of removed particles presented as
a function of the amplitude setpoint difference, AS (mV). (two
experiments are repeated by a same AFM tip for two separate
samples, N=2; and variation shown by standard error, SE).

of particles that have been removed during scanning while the load is increased by decreasing
the amplitude setpoint for both binding strength particles, (Figure 4.7).

Increasing AS by reducing the setpoint step by step from 350 mV down to 10 mV leads to
a considerable detachment of shortly plasma treated AuNPs already at relatively low amplitude
setpoint differences (low loads), which becomes even stronger for higher setpoint differences
(high loads). In contrast, almost all long plasma treated AuNPs remain at their original position
until the amplitude setpoint becomes smaller than 50 mV. From this analysis, we can indirectly
confirm that the binding strengths of particles after long plasma treatment to the substrate are
significantly higher than of the shortly activated particles. Therefore, we consider the samples
after 2 min plasma treatment as weakly bound (WB) particles, whereas the long plasma
treatment leads to strongly bound (SB) particles.
4.1.4 Chemical surface modifications and characterizations
As our aforementioned motivation, AuNPs are used as a tool to regulate surface chemical
compositions of the substrates for controlling neuron adhesion and neuritogenesis. Thus, surface
chemistry is utilized to functionalize the AuNPs with cell adhesive ligands of AUT. The use of
the AUT ligands have been obviously confirmed to enhance neuronal adhesion from the
previous work by Gilles at al.%? and Li at al.?** Here, the cell adhesion is chemically mediated
by the electrostatic interaction between the positively charged amino terminal groups of the
AUTs and the negatively charged molecules on the cell surface. Although the process of cell

adhesion involves the arrangements of cell surface molecules, it is considered as non-specific
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cell adhesion as mentioned in the fundamental section. From biological observation of cell
culture and the quantitative characterization by XPS, Li has shown in her work, the AUT ligands
are firmly attached to the AuNPs.?* Compared to this work, although the same method is used
to immobilize the AuNPs on the silicon substrates, the strongly bound (SB) AuNPs are etched
by oxygen plasma for 30 mins®! instead of 2 min as in Li’s work. Moreover, it has been reported

that gold can be oxidized by oxygen plasma exposure, 2 132133

so that longer time etching the
cit-AuNPs with oxygen plasma may influence the attachment of AUT-AuNPs. To quantitatively
confirm, the attachment of the AUT to AuNPs, the chemical composition of the particle-
decorated surfaces is characterized by X-ray photoelectron spectroscopy (XPS). Therefore, the
samples of the SB 20 nm-AuNPs (30 min plasma treatment) with a surface coverage of about
16 % are prepared for this characterization. The XPS results indicate an increase of C and O as
well as the occurrence of N and S atoms at the sample surface after AuNPs are modified by the
AUT in comparison to samples with the bare AuNP indicating the successful attachment of the
amino alkyl thiols (Table 4.3). The amount of N and S is relatively low as only a small part of
the surface is covered with AuNP where AUT can bind. The Au signal decreased after AUT
binding due to the formation of a molecular layer on the AuNPs attenuating the gold signal. The
observed XPS data are in good agreement with similar investigation for AuNP decorated
surfaces after 2 min oxygen plasma treatment and AUT modification.>* This proves that the
duration of the plasma treatment does not influence the attachment of the thiol-ligands to the
AuNPs. This XPS characterization of the AUT attachment on AuNPs via gold-thiol bounds is
also consistent to observation from other previous research, in which AuNPs are also similarly
exposed in oxygen plasma.'> 4%

In order to control the neuron adhesion on substrates, the passivation of the background

also plays an indispensable role in preventing the non-desired cell adhesion. It has been proven

that the silicon oxide surface can support the cell adhesion.?> 13136 Thus, the PEG silane, a cell

Table 4.3 XPS analysis in atom percent of AuNPs after 30 min
oxygen plasma treatment and AUT modification.

Element [%]
Au C N S Si (0]
AuNPs 8.7 6.2 0 0 60.5 24.6
AUT-modified 5.3 225 1.1 0.8 286 41.7

AuNPs
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aversive molecule, is applied on the surface for passivating the particle free-area background.
The common use of PEG for background passivation in cell culture has been reported from
many groups. !4 888% 9L 137 p 1 i et al.?* have thoroughly investigated the essential role of
background passivation by different backfill molecules such as the PEG or octyltrichlorosilane
(OTS). An important role of the PEG backfill on controlling the neuronal adhesion will be also
confirmed in the next section of this thesis.

To affirm the attachment of the PEG molecules applied on the silicon surface, contact
angle (CA) and XPS measurements had been performed previously.?*>* In this work, the
attachment of PEG and AUT molecules on AuNPs can be also qualitatively proven by AFM
imaging the AuNPs after each modification step. SB AuNPs with the size of approx. 15 nm are
synthesized on the silicon substrate by using the block copolymer micelle method. The AFM
images characterize the average height of AuNPs of the same sample which indicates a decrease
of 1.96 nm height after the PEG binding to the background, while the height increases by 2.76
nm when the AUT is attached to the AuNPs, (Figure 4.8). These relative changes in the averaged
AuNP height after each chemical modification step together with the XPS data (Table 4.3) prove

the success of the PEG passivation and subsequent AUT-AuNP attachments.

Pure Au NPs | :_ Sl

Modification AuNP AuNP + PEG AuNP + PEG + AUT

A AuNPheight  14.86+036  12.9+0.28 15.66+0.22
Au NPs+PEG |88 (nm)

Particle height (nm)

Au AutPEG AutPEGHAUT
Surface Modification

Figure 4.8 The average heights (particle sizes) of ~15 nm AuNPs
are measured by AFM images after each step of surface chemical
modification of PEG passivation and AUT attachment (The average
heights of particles are taken from particles in three different areas,
N=30; the variations shown by standard error, SE).
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4.2 Influence of ligand and backfill on neuron adhesion

As aforementioned description in the sample preparation section 4.1, AuNPs are mainly used
to control the chemical composition on surface for studying neuron adhesion. For this purpose,
AuNPs are functionalized by the AUT ligand as the cell adherent cue via the gold-thiol binding,
whereas the background is passivated with the PEG molecules. The adhesion of cells to the
substrates has been reported to be mediated by the unspecific electrostatic interaction between
the positively charged AUT and the negatively charged glycocalyx associated cell receptors.-
5 To study the influence of surface charge density on neuron adhesion, the surface composition
on nanometer scale is controlled by using AuNPs of different sizes and densities. For the same
NP size, the increasing AuNP density leads to an increase of the number of particle associated
adhesion molecules (AUT), which supports the cell adhesion. The number of AUT molecules
bound to the AuNP surface can be estimated from the density of thiol containing SAM-
molecules on AuNP of about 4.5 molecules per nm? determined by Kaulen et al.!!'! If we take
only the upper, solution exposed hemisphere of the AuNP (semi-particle) into consideration,
then the total number of AUT molecules for each particle size can be calculated. Both,
increasing particle size and particle density lead to an increase of the ligand density by more
than one order of magnitude. Moreover, the use of the PEG backfill plays an essential role for
controlling the cell adhesion or cell guiding as well as studied before.?* The indispensable role
of the backfill is clearly confirmed again in this work (Figure 4.9). Here, neurons are cultured
on two series of ordered 20nm AuNPs of different particle densities (prepared by a same
protocol) for both cases of with and without PEG passivation. The fluorescent microscope
images of live (green) and dead (red) cells are recorded after 3 days of in-vitro culture (DIV-3),
Figure 4.9A. The number of live cells per mm? are statistically quantified (Figure 4.9B). In case
of applied backfill, the dependence of live cells on particle density can be observed, in which
the number of adherent cells increases with the increase of particle densities. In contrast, the
non-backfill samples show a different behavior. Although the number of adherent cells for this
case is generally noticeable higher than those of the backfilled samples, a clear dependence of

the cell number on the particle density cannot be seen. Possible explanation is that also the bare

39



RESULTS AND DISCUSSIONS

Increasing the density of NPs

>
" 1201 = With backfil (B
[
= No backfill I
: 80 - N 1
¥}
= 60
2 | L
= 40 -
; 20 4
o L i
0
29 57 72 84

Particle density /um?

Figure 4.9 A) DIV3 neurons cultured on AUT functionalized 20 nm AuNPs of different densities with and without
PEG passivation (scale bar: 100um). B) The statistical quantification of live cell number on different particle
densities of 29, 57, 74, and 84 particles per pm? (experiment is repeated at least three times, N=6; the variations
shown by standard error, SE).

silicon dioxide (SiO) surface can support the neuron adhesion. In fact, it has been reported that
silicon substrates can facilitate cell adhesion.!*>136 138 The SiO; layer on the substrate possesses
the negative charge, which enables the positive ions in culture medium to absorb onto the
surface. This adsorption layer of surface acts as additional adherent cue for the neuron adhesion.
In the case of backfilling, the increase of the live cell with the particle density is exclusively due
to the increased number of cell adherent ligands. This observation is also consistent with the

previous finding.” It is obviously known that the PEG backfill is a cell aversive molecule,
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which prevents the attachment of cells onto the surface. In fact, the dead cells can be much
easier dispossessed from the same during medium exchange than the live cells when less cell
adherent cues are present on the whole backfill environment. Therefore, the backfill plays an
indispensable role for studying the influence of surface chemical composition on the cell
adhesion. Moreover, the cell survival (live cell number) should be considered to correlate with

the cell adhesion instead of using cell viability as well as cell live/dead ratio.
4.3 The influence of weakly bound AulNPs on neuron adhesion and neurite outgrowth

In this part, the influence of sub-50 nm topography and surface chemical composition on the
neuronal adhesion and neuritogenesis is comprehensively investigated as a function of particle
sizes and densities. For this work, the WB disordered AuNPs with a diameter of 5 nm, 10 nm,
20 nm, 30 nm and 50 nm are immobilized on the SiO2/Si substrates using the salinization
method (see method section 3.1.2). The densities of each particle size were controlled by
changing the incubation time (detail about the particle density, see Table 4.2). The AuNPs are
functionalized with AUT, while the background is passivated by PEG backfill.

To investigate neuron adhesion as well as neurite outgrowth on the WB AuNPs of
different sizes and densities, the cell survival and neurite number were firstly evaluated, which
directly correlate to the cell adhesion and neuritogenesis, respectively. The fluorescent images
of live (green) and dead (red) cells were taken after 3 DIV (Figure A4.4; Appendix B), while
the dependence of cell survival (per mm?) and neurite number (per cell) on different particle
sizes and density are statistically quantified (Figure 4.10). The number of live cells increases
with the particle density for most particles sizes (Figure 4.10A). The increases of the cell
survival with the particle density are significant higher for bigger particle sizes. Neuron survival
on 50 nm NPs shows the highest slope of cell survival/particle density curve, whereas the
dependence curve for the small NPs of 5 nm shows the lowest slope. A similar dependence of
neurite number on the particle density was also observed for the cells on different particle sizes
(Figure 4.10B). Similarly, the neurite numbers of cells on bigger NPs is significant higher than
those on smaller NPs. The increase in the cell survival and neurite number associated with the
bigger particle size for a similar particle density indicates a clear particle size effect on

promoting neuron adhesion and neurite development.
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Figure 4.10 Dependence of live cell and number on particle density (A) and ligand density (C) for different WB
AuNP sizes. Dependence of neurite number on particle density (B) and ligand density (D) for different WB AuNP
sizes. The cells on WB particles: 5 nm, 10 nm, 20 nm, 30 nm and 50 nm AuNPs with different densities (Experiment
is repeated at least three times, N=6; the variation shown by standard error, SE).

However, when the particle density is converted to the ligand density as shown in Figure
4.10C for the live cell number and Figure 4.10D for the neurite number, it can be seen that the
difference of the cell survival and neurite number dependence on ligand density between
different particle sizes becomes obviously smaller. The particle size effect is not observed when
the particle density is converted to the ligand density. Different particle sizes process different
capacity of ligand binding, since the binding ligand is proportional to the particle surface area.
In case of the AUT molecules, the number of ligand was estimated to around 4.5 AUT /nm?.!!!
If only the upper half of AuNPs (semi-sphere) is considered to be involved in cell surface
interaction, a specific number of ligand can be calculated for each particle size. When the
particle size increases, the ligand number on each particle will be proportional to the square of
its radius. By the same unit area, the ligand density is correlated to the density of AuNPs by a
same proportional ratio, therefor the number of ligands per unit area is determined. Since the

ligand number is increased by the square of the particle radius, a 50 nm AuNP will possess 100

times higher ligand binding number as compared to a small particle of 5 nm. For this reason,
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larger particles possess a higher ligand binding capacity and support cell adhesion already at
low particle densities. Obviously, the live cell and neurite number dependence on particle
density are separated for each particle size, while the dependence on the ligand density are
similar for all particle size. A steeply increasing trend before reaching a plateau is found for
both the cell survival and the neurite number depending on the ligand density (Figure 4.10C,
D). Very poor cell survival (under 10 cells /mm?) is observed for all particle sizes when the
ligand density is lower than about 10° ligands/ um?. However, the cell survival increases steeply
with the ligand density until about 7.5 x 10° (ligands /um?), before it reaches more or less a
saturation at a live cell number of about 80 cells/mm? (Figure 4.10C). A small fluctuation with
a sudden decreasing in cell survival is observed in the case of 10 nm, which can be explained
in the latter section when the cytotoxicity of the WB NPs is investigated. Altogether, the
dependence of cell survival on the ligand density elucidates a quantitative relation between the
cell density and the positive charges of surface ligands. The ligand density from about 10°
(ligands/ pm?) is required as a threshold ligand number to induce and promote cell adhesion,
while the ligand density higher than 7.5 x 10° (ligands /um?) is the saturation ligand number for
the cell adhesion. The slope of rising phase indicates the sensitivity of neurons responding to
the change of surface cationic charges. This relation between cell survival and ligand density
on the surface corresponds to a sigmoidal dose-response curve as can be also seen in Figure
A4.5, Appendix B. Similarly, the number of neurite increases rapidly from 1 to 5 neurites per
cell for all particle sizes until the ligand density reaches a range of about 7.5 x 10° (ligands
/um?) (Figure 4.10D). At the higher density than 7.5 x 10°, the neuron possesses an almost
saturated neurite number, which corresponds to the development stage 4 and normal
maturation.*® The dependence of the neuron survival and neruite number on the particle sizes
and the ligand density are consistent with P.Li’s observations.?> Although the ligand density of
about 7.5 x 10" ligands /um? mostly saturates both the cell survival and the neurite number,
this value is smaller than the value of 15 x 10'° reported by P.Li. However, the AUT
concentration of 1 mM used in this work (compared to 0.5 mM in the case of P.Li) and the
2

different binding ligand density of 4.5 ligands per nm? ' (compared to 5.5 ligands per nm? in

case of P.Li)!*°

might contribute to this different observation. Therefore, it can be derived a
plausible consideration that the neuron survival (adhesion) and the neurite number are strongly

regulated to the ligand density. In fact, the cell survival and neurite number is independent of
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the particle size in the sub-50 nm range. It denotes that the cell adhesion can be initiated as long
as there is a sufficient ligand density of about 10° (ligands/ pm?). The distribution of local spots
with high ligand density (big particle) can promote the cell adhesion similarly as the case of a
higher density of spots of low ligand number (small particle). For example, only 4 particles
/um? of 50 nm AuNPs can support the cell survival as similar as a 98-particle density of the 20
nm AuNPs (Figure 4.10A). The low density of 50 nm AuNPs in a unit area correlates to a
significantly larger average interparticle distance compared to the case of high particle density
for 20 nm AuNPs at the same number of ligand molecules. The electrostatic interaction between
the positively charged amino-groups of the AUT ligand with the negatively charged glycocalyx
compounds on the cell surface is assumed to mainly regulate the cell adhesion. The increase of
cell survival with the surface charge density is independent of the particle sizes, which indicates
the cell adhesion mediated by the nonspecific ligand can be consider as homogeneous adhesion
as the case of cell adhesive behavior on the PDL coated substrate (control sample).

The neurite outgrowth of cells on different particle sizes and densities were also
investigated by characterizing the average axon length (um) of a neuron. The axon length is
displayed versus the particle density (Figure 4.11A) and the ligand density (Figure 4.11B) for
different particle sizes. The dependence of the axon length on the particle density increases
steeply in the first phase, while there are decreasing trends of the axon length in the second
phase with higher particle densities for all particle sizes as seen in Figure 4.11A. Although the
dependence of axon length on the particle density is also separated by different sizes, but there
is a decreasing phase of axon outgrowth for each particle size, which is not observed for the
case of the live cell and neurite number as the aforementioned part. For example, the axon
length of neurons cultured on the 50 nm AuNPs increases and decreases sharply by only dozens
of particles. In fact, neurons with their neurites cultured on the 50 nm AuNPs of a small range
from 1 to 54 particle densities can be visually seen in the fluorescent microscopic images (Figure
4.11C). However, when the axon length is plotted versus the ligand density (Figure 4.11B), the
difference of the axon length depending the ligand density by different particle sizes becomes
smaller. Obviously, the dependence of the axon length increases steeply to a peak, and followed
by a fast decrease before reaching a saturation for 20, 30, and 50 nm particle sizes. A clear trend
is not so apparent for the case of 5 nm and 10 nm due to the limitation of the ligand density in

the whole ligand density range. From the graph, it can be seen that the increasing phase and the
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plateau are independent of the particle size, while the peak and the decreasing phase vary with
the particle size. The axon length seems to reach the shorter peak of axon length for the bigger
particles as compared to the smaller particles. The 50 nm NPs show the lowest peak for the axon
dependence on the ligand density, while the highest peak is observed for the 20 nm NPs (Figure
4.11B). Although, there is a different response of the neurite outgrowth with the ligand density
as compared to the cases of the cell survival as well as the neurite number, the neurite outgrowth
is also strongly regulated by the ligand density. The positive charge surface correlated with the
ligand density might be responsible for this observation of neurite growth behaviour. It was
reported that the positively charged surface can affect neurite outgrowth.'*-14! Although the
mechanism how the positive charge affects the biological response of neurons is still not clear,
it is suggested that an optimal range of intracellular calcium concentration is required for the
neurite outgrowth.'4>143 Since the influx of Ca?* across the cell membrane is controlled by the
voltage-gated calcium ion channels, the electrostatic interaction between cell membrane and the
electrically charged substrate might lead to the changes in the intracellular Ca®" concentration.
It was reported that a polymeric piezoelectric substrate with a surface charge density in a range
of 10 C m™ can be optimal for the neurite outgrowth.'*! This value is significant lower than a

charge density of 24 x 102 C m™ for 500 particles per pm? of 20 nm AuNPs as reported by

(A) Axon length vs particle density (B) Axon length vs ligand density
3 : .som 300 : ©Sum

E L [ ? 10 nm E 250 [ t .
e 7l I 200m S il 20 nm
-] ol I i | o30 Ezoo ~Ti t . 30 nm
o 1 4 1 . [ nm 80150 1% li T 4 .
g [ B | I ' ®50nm g | # 1 ) 50 nm
. L, ,{ 1 t = 100 - § 1
< =]
o} | : % s
< <

. 0+

0 100 200 300 400 500 600 0.0E+00 5.0E+05 LOE+06 LSE+06 2.0E+06

Particle density /um? Ligand density /um?

(C) Axon ougtgrowth on 50 nm NPs of different densities

Scale bar: 100 um

Figure 4.11 Dependence of axon length on particle density (A) and ligand density (B) for different WB AuNP
sizes. (Experiment is repeated at least three times, N=6; the variation shown by standard error, SE). C) Live/dead
fluorescent images of neurons on 50 nm WB AuNPs with different particle density.
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(A) Neurons cultured on 30 nm AuNPs with different AUT concentrations
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Figure 4.12 Live/dead fluorescent images (top) of neurons on 30 nm WB AuNPs (density 228 particles/um?) with
different AUT concentration using (scale bar: 100 pm). Quantitative graph of average axon length (bottom) for
neurons on each AUT concentration sample (the error bar is standard error, SE).

P.Li.>* However, there might be cross-talk influences by other factors such as topography and
surface coupling strength of AuNPs, which are also contributing to the axon elongation. These
particle parameters will be thoroughly studied and discussed in the latter sections. In fact, bigger
particles might possess not only better capacity of ligand binding, but also higher surface
coupling strength due to their larger surface contact. Although, the small effect of topography
on the neuron adhesion by the sub-50 nm AuNPs, the mechanical properties of the nanoplatform
can be crucial to regulate the cell adhesion and neurite outgrowth. 44143

Moreover, the strong influence of ligand density on the neurite outgrowth is also supported
by control experiments, in which different ligand concentrations are used instead of using only
a universal concentration of 1 mM in all experiments. The 30 nm NP samples with a same high
density of 235 particles per um? were functionalized by different AUT concentrations of 1 mM,
0.1 mM, 0.02 mM, and 0.01 mM. The cell survival and neurite outgrowth can be visually
noticed from the fluorescent microscopic images of the neurons as shown in Figure 4.12.A. The
average axon length of a neuron is statistically quantified for each AUT concentration sample
(Figure 4.12.B). A high neuron survival with short neurites (about 100 pm) can be seen for cell

cultured on the 1 mM AUT concentration sample as described before. Interestingly, the neurons
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cultured on the 0.1 mM AUT concentration sample show the longest axon length as compared
to the neurons cultured on other concentration samples. The axon length decreases together with
the cell survival when the cells cultured on a relative low ligand concentration sample of 0.02
mM. At a very low ligand concentration of 0.01 mM, a very poor cell survival as well as short
neurite outgrowth is observed, which may indicate an insufficient ligand density requiring for
cell adhesion.

From these observation, it can be concluded that there is domination of ligand density over
particle topography and distribution for all cell survival and neurite number, but also
topographical effects for axon elongation in sub-50 nm range. However, here the cell adhesion
was studied on the weakly bound (WB) AuNPs, when the particles were found to be not very
stable on the surface and could be grasped by neurons.’! In the next part the influence of particle-
surface binding strength on the neuron adhesion will be comprehensively discussed. This part
will also address the remain consideration about the poor and fluctuated cell survival as well as
neurite outgrowth of neurons on the small WB particles of 5 and 10 nm sizes.

4.4 Surface coupling strength of AuNPs causes cytotoxicity on neurons

In this section, the influence of particle coupling strength on neuron adhesion will be

thoroughly addressed and discussed. Although AuNPs are commonly used as nanostructure

9-11

platforms for biological applications,” " it is also known that AuNPs can develop a cytotoxic

146-148 149-150 151-152

profile in biological entities depending on their sizes, shapes, compositions,
and capping agents.!>*!>* It turned out that some particle properties such as the size have
opposed influences on the cell behavior. For instance, metal AuNPs show an increased
cytotoxicity with decreasing particle diameters, while the particle uptake rises with the particle
size at mesoscopic scales. In most cases, the cytotoxicity of nanomaterials was studied by using
colloidal AuNPs in vitro or in vivo. AuNPs embedded in a material or bound to a material
surface are usually considered nontoxic. However, the cytotoxicity of nanomaterials releasing
from the surface of the supporting structure during cell culture is still not fully clarified.
Furthermore, it is known that the cells can create mechanical stress on the substrate via adhesion
sites during their development.*3-* Therefore, continuing pulling of particles from the cells may
unfurl cytotoxic behaviour of particles and affect their viability due to the possibility of AuNP
uptake. It can be anticipated that the binding strength of AuNPs to the sample surface should

have a considerable impact on their cytotoxicity.
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Table 4.4 WB and SB disordered AuNPs of different sizes and densities
immobilized on SiO; substrates.

Particle density (particles /um?) obtained by different incubation

Size (nm) time (min)
1 10 30 60
5 150+3 174 + 4 224 +3 234 +8
10 199 +£2 207 +4 247+6 268 + 15
20 18+1 47+6 98+7 240 £ 12

In this work, since AuNPs are mainly used as the tool to tune the chemical composition
on the surface for controlling the neuron adhesion, 5 nm, 10nm and 20 nm AuNPs of different
density are prepared for both strongly bound (SB) and weakly bound (WB) AuNPs as shown in
Table 4.4. The AuNPs are functionalized with the AUT ligands for inducing cell adhesion, for
which the background is passivated by the PEG molecule to prevent undesired cell binding.
Consequently, the cells adhere mainly via the AUT-AuNPs to the sample surface. The surface
coupling of AuNPs on the substrate has been confirmed and characterized by the AFM as
discussed in section 4.1.3. Depending on the binding strength of the particles themselves, the
particles may detach from the surface due to the cell adhesion grasp during the cell culture.
Thus, an alteration of cell viabilities as a function of particle binding strength and size need to
be carefully investigated. Additionally, it is important to compare the cytotoxicity of the surface
released AuNPs to dispersed AuNPs applied from solution buffer in the culture medium.

4.4.1 Cytoxic observations for SB and WB AuNPs

For this study, rat cortical embryonic neurons on the AUT- AuNPs of both binding strengths
with different sizes and densities are used. To estimate the survival of the neurons after three
days of in vitro culture (3 DIV), the cells are visualized by co-immunostaining with calcein
(green) for live cells and ethidium homodimer (red) for dead cells. Fluorescence images of
cultured cells are recorded and analyzed, (Figure 4.13), (live/dead stained cells of all particle

sizes and densities are shown in Figure A4.6, A4.7; Appendix B).
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Figure 4.13 Representative fluorescence images of DIV3 neuron cultures on the nanoparticles of different sizes
and densities (per pm?) for weakly bound (WB) and strongly bound (SB) particles with live (green) and dead (red)
staining. (A) 5 nm AuNPs with a density (particles per pm?) of 150 (WB_150), 234 (WB_234) for WB particles
and 150 (SB_150), 234 (SB_234) for SB particles. (B) 10 nm AuNPs with a density of 199 (WB_199), 234
(WB_268) for WB particles and 199 (SB_199), 234 (SB_268) for SB particles. (C) 20 nm AuNPs with a density
of 18 (WB_18), 240 (WB_240) for WB particles and 18 (SB_18), 240 (SB_240) for SB particles. Scale bar 100
pm.

From the micrographs, there are noticeable differences of the cell survival between neurons
plated on AuNPs of different binding strengths. Overall, the cell survival is significantly higher
for the SB AuNPs than for cells on the WB AuNPs for all sizes and densities. The cell survival
differences are strongest for particles with a diameter of 5 nm and 10 nm. To obtain a reliable
conclusion, the cell survival and morphology on both binding strengths are statistically
investigated. A clear dependence of the cell survival on the density of AuNP can be seen for all
SB AuNP sizes (Figure 4.14A). The density of vital neurons rises with increasing particle
density. Here, the surface composition on nanometer scale is controlled by using different AuNP
densities and different AuNP sizes. For the same NP size, the increasing NP density leads to an
increase of the number of particle associated adhesion molecules, which will enhance the cell
adhesion. Both, increasing particle size and particle density lead to an increase of the ligand
density by more than one order of magnitude, which explains the enhanced neuron survival for

the SB AuNPs and in parts also for the WB AuNPs.
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Figure 4.14 The cell survival and neurite number of the cells on WB particles compared
to SB particles. (A) The cytotoxic effect of surface bound particles is derived from the
number of live cell on the same particle size, density, and binding strength. The cells on
both SB and WB particles: 5 nm AuNPs with densities of 150, 174, 224, and 234; 10 nm
with densities of 199, 207, 247, and 268; and 20 nm with densities of 18, 49, 98, and
240. (B) The average number of neurites from neurons cultured on the same samples in
(A). (Experiment is repeated at least three times, N=6; the variation shown by standard
error, SE).

Interestingly, this trend of enhanced cell-density can be observed for the WB particles
only on the 20 nm AuNPs, while the cells plated on smaller AuNPs (5 nm and 10 nm) show a
similar low survival independent of the particle density (Figure 4.14A). The determined cell
survival of neurons on the 20 nm WB AuNPs is consistent with our previous findings.?* Neurons
cultured on the 5 nm WB AuNPs show a large difference of cell survival by two- to threefold
(P <0.01, Student’s t-test) for high particle densities, in comparison with the SB AuNPs. This
indicates a cell harming effect of AuNP that are only weakly bound to sample surface. This
detrimental influence seems to be size dependent since the survival differences are not so

pronounced for larger AuNPs. They can be only unambiguously observed (P < 0.01) for high
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particle densities (10 nm NPs: 247, 268 particles/um?; 20 nm AuNPs: 98, 240 particles/ pm?,
see Table 4.4) and do not exceed 30 % for 20 nm particles, Figure 4.14A.

In additional to the differences on the cell survival, the cells cultured on the 5 nm and 10
nm WB AuNPs show an unhealthy development with poor neural polarity and dendritic growth
(Figure. 4.14B and Figure A4.6; Appendix B). A majority of cells develop only a few neurites
(2-3), which remain mostly shorter than 100 um. On the contrary, neurons grown on the SB
AuNPs of 5 nm and 10 nm diameter exhibit more dendrites (3-5), matured growth cones, and
formation of neural network. Neurons plated on 20 nm particles of both binding strengths do
not show major differences in cell shape and neurite number. They possess a normal
morphological development similar to neurons cultured on control samples after 3 DIV with
few hundreds of micrometer long axons and around 5-6 neurites, which is in agreement with
previous studies.>*> More importantly, it can be seen that only for SB particles, the neurite
development shows a particle density (adhesion site number) dependence in which the number
of neurites increases with the number of particles. The neuron developments on the SB particles
are consistent with the neuron developments reported from previous studies of neuronal growth

on nanostructure.' > 15

4.4.2 Cytotoxicity comparisons between SB, WB, and colloidal AuNPs

The harmful effect of the nanoparticles indicates that the WB AuNPs develop a severe
cytotoxicity during in vitro culture. The cytotoxic properties of AuNPs exposed to cells from
colloidal solutions have been confirmed from previous studies. !> It was also reported that small
AuNPs possess a higher cytotoxicity than large AuNPs.'#"- 157 The cytotoxicity becomes clearly
apparent for 5 nm AuNPs where a detrimental influence on the survival can be observed for all
particle densities, while for larger particles the difference between strongly and weakly bound

particles vanishes.

Generally it is assumed that positively charged nanoparticles enter cells via binding to
membrane-associated proteoglycans.'>® To verify a possible uptake of the amino-functionalized
WB AuNPs, the cross sectional studies are performed to visualize and estimate the uptake of
AuNPs. Therefore, cells after 3 DIV are fixated and embedded in resin by an ultra-thin resin
embedding method optimized for scanning electron microscopy (SEM) of individual cells.'®!

Focused ion beam (FIB) cross-sections are carried out to access neuron cross section and to
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evaluate the AuNP uptake for both SB and WB AuNPs. For this purpose, the cortical neurons
are cultured at 3 DIV on samples modified by AuNP on the highest accessible densities of all
three sizes (5 nm, 10 nm and 20 nm) without addition of any solution dispersed nanoparticles.
It is observed that high number of particles inside cells cultured on the WB AuNP, while almost
no particles can be found inside the cells on SB AuNPs (Figure 4.15 and Figure A4.8; Appendix
B). The AuNPs inside cells tend to form clusters or groups of AuNPs rather than being
individually distributed over the cell (Figure 4.15C, D). These observations can be explained as
the AuNPs are trapped by either endosomes or lysosomes.'#% 19160 A distinctly smaller fraction
of particles can be found inside the cells for 10 nm AuNPs. Obviously, the uptake of 20 nm
AuNPs is higher than for 10 nm AuNPs (Figure. 4.15A). However, it should be noted that the

diameter of the smaller particles is in the same range as the resolution of the SEM. The latter

may explain why the 5 nm AuNPs could not be visualized inside the cells for both particle

10 nm 20 nm

Figure 4.15 FIB cross-section images of DIV-3 cells on the 10 nm (A) and 20 nm (B) WB particles, and
images at higher magnification (C) and (D).
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binding strengths. Furthermore, it has been reported that particle uptake decreases with the NP
size, which is in line with our observations.'®!"'®2 Another reason for the low signal for 5 and
10 nm AuNPs samples can be the cytotoxicity of the particles themselves, since only cells with
low particle uptake survive long enough to be studied by SEM. In order to locate the uptake
AuNPs, the cells are stained with osmium tetroxide and uranyl acetate prior to the resin
embedding steps for enhancing the contrast between intracellular organelles.'"> 1> The osmium
tetroxide is used for staining lipid components, especially the cell membrane, while the uranyl
acetate staining is performed for proteins, nucleic acids, hydroxyl groups in carbonhydrates and
RNA. A statistical analysis of FIB cross-sections for investigating the uptake of 20 nm AuNPs
inside the cells indicates that, mostly the uptake AuNPs are found close to the nucleus, where
is known as the endoplasmic reticulum (Figure 4.16). It was reported that the uptake
nanoparticles can be found in the smooth endoplasmic reticulum, and some can internalize the
nucleus.'*% 1% The bigger particles might be mostly trapped by the reticulum, while the smaller

particles might easily internalize the nucleus, and therefore resulting higher toxicity.

In the further study, the cytotoxicity of AUT-AuNPs is investigated by the same sizes and
modified ligands, but freely dispersed in the cell culture medium in addition to the SB AuNPs.
Therefore, 5 nm, 10 nm and 20 nm AUT-AuNPs are directly added to the culture medium after

4 pm

-

Figure 4.16 FIB cross-section images of a neuron cultured on the 20 nm, which is stained
with osmium tetroxide and uranyl acetate in the sample preparation step for the FIB
characterization.
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seeding cells on Si/SiO2 samples decorated by SB particles of the same size. The particle
densities for each particle size are used at the highest density of 60 min incubation time (see
Table 4.4) for this investigation. The amount of added colloidal nanoparticles for each particle
size has been estimated according to the as-prepared particles as 4.7 x 10'2, 5.1 x 10'!, and 2.5
x 10'° particles per ml (or cm®) of culture medium (see Table A4.1, Appendix. B). The number
of added particles from solution (per cm?) is comparable to the number of surface tethered
particles for 20 nm AuNPs (per cm?) and clearly exceeds the number of bound particles by at
least one, and two orders of magnitude for 10 nm and 5 nm AuNPs respectively. The DIV-3
cell survival is statistically estimated after plating neurons on SB AuNPs with and without
exposure to the colloidal particles of different sizes (the experiment is repeated at least three
time). It is found that that the cell survival of cortical neurons strongly decreases, if the cells are
immersed into a colloidal particle solution for both SB AuNPs and laminin coated SiO2 (control)
samples. The dispersed AUT-AuNPs shows a similar cytotoxic reduction of live cells for
samples with SB particles and control samples (Figure A4.10, A4.11; Appendix B). Moreover,
the toxicity effect decreases with the increase of the particle size. These observations
consistently confirm the previously reported toxicity of solution-dispersed aminoalkylthiol

functionalized AuNPs, 3% 165-166
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Figure 4.17 The cytotoxic effects of WB and AUT colloidal particles. The relative number
of live cells between WB-NP samples, SB-NP samples + dispersed NPs, and SB-NP
samples is shown. The densities for 5Snm, 10 nm and 20 nm NPs are 234 (NPs_234),
268 (NPs_268), and 240 (NPs_240) respectively (particles per pm?). (Experiment is
repeated at least three times, N=6; the variations shown by standard error, SE).

Moreover, the cytotoxic effects of WB AuNPs are compared to the dispersed colloidal
AUT-AuNPs, (Figure 4.17). Here, the relative number of live cells (in percentage) are
normalized by dividing the average number of live cells of nanoparticle samples by the average
number of live cells cultured on the control samples for each experiment. Generally, it can be
seen that the cell survival is significantly different for cells cultured on SB AuNPs and the cells
in contact with WB AuNP binding or dispersed AuNP for all particle sizes. Neurons in contact
only with strongly bound particles show the highest survival among all tested samples, (see also
Figure 4.14A). Interestingly, the survival of cells on 20 nm SB NP is higher than on the laminin
control sample, which demonstrates the suitability of bound nanoparticle samples as model
surface to promote cell adhesion at the nanoscale.* 1971 Tt also reflects strong interaction
between the positively charged, surface tethered nanoparticles and negatively charged
glycocalyx of the cell membrane.!! Furthermore, it can be seen that the cell survival strongly
decreases for all particle sizes if colloidal or WB particles are present in the culture medium,
especially for 5 nm and 10 nm NP sizes. It is worth noting that the harmful effect of the WB
particles is similar or even slightly stronger for these small particle sizes than that of colloidal
particles, although the number of particles exposed to the cells is smaller, see above and Table

A4.2; Appendix B. This indicates a different endocytosis efficiency for surface bound and
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colloidal AuNPs. Generally, it is assumed that the uptake of colloidal particle happens in a two-
step process.'’%!”? Within the first step, the freely diffusing particles associate with the cell
membrane. During the second step, these particles are internalized into the cell by endocytosis.
In principle, both uptake processes can deviate for surface tethered in comparison to medium-
phase particles. For the association process, we have to take into account that the distribution
of the particles is restricted from 3D for colloidal particles to 2D for surface tethered AuNPs,
which increases the local density of particles at the vicinity of the cell membrane for the latter.
Colloidal particles of small size and low sedimentation rates diffuse freely within the medium
and bind / dissociate occasionally to the cell membrane.!” If the affinity constant (K) is large,
then the density of membrane associated particles saturates after a characteristic time z.!”" The
affinity constant is defined as the ratio of the rate constant k. for the NP adsorption and kq
dissociation from the membrane. The saturation density of membrane associated particles can

be estimated by !
Dpmax = [ka C/( ka C+ kd)]DO (1)

C represents the concentration of particles added to the medium. The maximum density of
particles Do that can adsorb to the cell membrane can be estimated from geometrical
considerations by dividing the unit area (1 pm?) by the projected area of the a nanoparticle and
multiplying with the volume fraction of monodisperse spheres randomly loose packed in 2D
films.!”* The projected AuNP area is estimated taking the length of AUT and the Debye
screening into account. The characteristic time can be calculated by 7 = 1/(ka C + ka). Eun at al
determined experimentally k. = 4.95 x 10° Ms! and k¢ = 2.79 x 107 s! for amino-

functionalized 18 nm AuNP, which allows the calculation of K, Dpmax, and 7, Table 4.5.!7° From

Table 4.5 The highest number of different AuNP sizes
immobilized on SiO substrates and the maxium number of
particles bound on cell membrane after 1.

Density sample T Dpmax
Size [nm]  tethered AuNPs [h] [nm?]
[em?]
5 234+3 4.2 7260
10 268 £15 8.7 648
20 240+£3 9.8 12
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the resulting values it can be concluded that the characteristic times are clearly shorter than the
culture time. Therefore, the particle density on the all membrane is saturated for colloidal
particles when the cytotoxicity is determined. A comparison of this density with the density of
particles tethered to the sample surface reveals that less colloidal particles are associated to the
membrane for 20 nm AuNPs. In contrast, the density of membrane associated particles is higher
than that of surface bound particles for 10 nm and 5 nm particles, nevertheless, the survival of
cell in contact with WB and colloidal particles is similar. Apparently, surface confined but WB
particles can possess a similar or higher toxicity than colloidal particles although the contact of
the cell to the WB particles is limited by a relative small number of involved particles. These
results indicate that the different cytotoxicity is not caused by a different accessibility of AuNP
to the cell membrane, but rather by a different internalization process. Adherent cells organize
their cytoskeleton according to physical and chemical properties of the sample surface.® 176
However, the cortical cytoskeleton also plays a pivotal role for different endocytic pathways.!””
178 The reorganization of the actin network at the interface between cell and solid sample surface
in comparison to the solution exposed parts of the cell membrane may affect the efficiency of
particle uptake. Furthermore, it is known that cells can transmit certain forces from their
cytoskeletal contractile activities via adhesion cues to the substrate.!’”!32 In this work, the
tension forces generated by cells are transmitted from the cells to the substrate through the
AuNPs, which function as adhesion bridges. The dual function of the actin cytoskeleton
regarding force transmission and endocytosis may result in a variation of particle uptake
effectiveness. Therefore, it can be assumed that the probability of AuNP uptake into the cells
of surface confined nanoparticles can be different (larger) from the internalization of particles

homogenously dispersed in buffer medium.
4.5 Surface coupling strength influences axonal outgrowth of neurons

It has been reported that the mechanical property of substrate plays an important role for the
regulation of neuron adhesion and neurite outgrowth.3% 4% 144145, 183 Iy fa¢ct mechanosensing is
critical for the axon growth in the developing brain as reported by Koser et al.'s? Besides the
cytotoxic effects of the WB NPs as discussed in the above section 4.3, the influence of the
particle coupling strength on neurite outgrowth will be investigated in this part for neurons

cultured on the 5 nm, 10 nm, and 20 nm AuNPs with different densities for both surface coupling

57



RESULTS AND DISCUSSIONS

strengths. Although the cytotoxicity of WB NPs can affect the neurite outgrowth, a clear
dependence of the axon length on the chemical ligand density for WB AuNPs of different sizes
and densities has been affirmed in section 4.3. However, neglecting the cytotoxic effect, a
change in surface coupling strength of AuNPs may result in different behavior of neurite
outgrowth. Therefore, a statistical analysis of axon length for the neurons on the both WB and
SB AuNPs by the same sizes and densities is analyzed, Figure 4.18A. The neurite length of
neurons cultured on the similar particle sizes and densities is compared between WB and SB
AuNPs. In the case of WB AuNPs, an increase of the axon length is observed for all particle
sizes when the particle density increased. The increase of the neurite length with the particle
density is already presented in the section 4.3, in which bigger particles induce the steeper slope
for the neurite outgrowth. The densities of 5 nm, 10 nm, and 20 nm AuNPs used for this

investigation vary in the increasing phase of neurite length (see Figure 4.11A).

In contrast, a complete opposite behavior of the axon outgrowth could be found on the SB
AuNPs samples. Interestingly, the axon length of neurons on the SB AuNPs decreased with the
particle density for all particle sizes. Even at very low 20 nm AuNP density of about 18 particles
per um?, neurons develop the longest axon length. When the particle density increases, the
neurite length decreases. The neurite outgrowth of the neurons cultured on the lowest (18) and
highest particle (240) densities for WB and SB 20nm AuNPs could be noticeably recognized in
the calcein fluorescent labeled images, Figure 4.18B. The contrasting behavior of the neurite
outgrowth indicates a smaller impact of the chemical cue on SB AuNPs, but mainly regulates
the neurite outgrowth on WB AuNPs. Since the mechanotransduction plays a pivotal role during
axon outgrowth, the different particle coupling strength could explain this opposed elongation
behavior. The different coupling strength of the WB and SB AuNPs were characterized by the
AFM as shown in section 4.1.3. The SB AuNPs possessed significant stronger coupling strength
onto the surface than the WB AuNPs.

To further investigate the effect of the binding strength on the cytoskeletal development,
fluorescent immunostaining experiments are carried out. The cell nuclei, actin and tubulin
proteins are labeled for the neurons cultured on the highest density (240 particles /um?) of 20

nm AuNPs of both coupling strength types (Figure 4.19). A shorter axon length (about 150 pm)
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Figure 4.18 A) Dependence of axon length on particle density. B) Live/dead

fluorescent images of neurons on 20 nm WB and SB NPs with lowest and highest

particle densities (Experiment is repeated at least three times, N=6; the variations

shown by standard error, SE). Scale bare: 200 pm.
with a bigger growth cone size is typically observed for the cell on the SB AuNPs as compared
to a longer axon length (about 250 um) with a smaller growth cone size for the case of WB

AuNPs.
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(A)Neurons on SB AuNPs (B) Neurons on WB AuNPs

Nuclei

Figgure 4.19 Immunostaining images of neurons labelled with actin, tubulin, and dapi (for nuclei), the cells are
cultured on 20 AuNPs with density of 240 particles /um? for SB particles (A), and for WB AuNPs (B).

Besides the neurite length, a morphological difference in cell bodies are also observed.
Cells plated on the SB AuNPs possess bigger cell bodies with an overall higher number of
neurite branching (see also Figure 4.14B). In addition, the larger cell spreading correlates with
higher actin protein expression in the cell body as well as in the growth cone of the cells on the
SB AuNPs. This might indicate better cell adhesion of the cells with a stronger polymerization
of actin due to better transduction of forces (see the model later). Therefore, the immunostaining
of intracellular actin and vinculin proteins are also performed to visualize the adhesion
complexes formation, Figure 4.20. In agreement with Figure 4.19, neurons cultured on WB
AuNPs of the 240 extend longer neurite with smaller growth cone size, but less actin and
vinculin (Figure 4.20A) as compared to neurons on the same particle density of SB AuNPs
(Figure 4.20C). The higher actin and vinculin expression denote a larger adhesion complex
formation of the neurons on SB AuNPs, to a certain extend. The weak coupling strength of WB
AuNPs on the surface might result in fewer formation of adhesion complexes since the particles

can be grasped or slipped over the surface during cell adhesion. Interestingly, at a relative low
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Figgure 4.20 Immunostaining images of neurons labelled with actin, vinculin, and dapi (for nuclei). The cells
are cultured on 20 nm AuNPs with density of 240 (A) particles /um? for WB particles, and 42 (B) and 240 (C)
particles /um? for SB particles. The growth cone is shown by the arrow in each image.

particle density of 42 SB AuNPs /um?, a similar level of neuron adhesion and neurite outgrowth
is observed similar as for cells on WB AuNPs at high density (Figure 4.20B). The longer axon

with a small growth cone indicates moderate actin and vinculin expression for these cells.

It is known that the axon growth is strongly controlled by the dynamic extension or
retraction of the growth cone.* *> 3% During neuronal development, cells communicate with
environmental guidance cues through their receptors, which link their rigid cytoskeletal
elements to the adhesive cues on the substrate. In order to elucidate the influence of different
AuNP decorated samples on axon outgrowth, a simple model of growth cone dynamic has been
proposed, Figure 4.21. The process of actin polymerization in filopodia of the growth cone will
strictly regulate the dynamic growth cone protrusion.®® When globular actins (G-actins) are
polymerized to form filament actins (F-actins), a pushing force arises at the leading edge against
the plasma membrane for growth cone extension, called Fpolymerization. In addition, another force

that governs the F-actin is the myosin contractile force, called retrograde flow (RF), Fmyosin,
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Figure 4.21 The model of growth cone extension on AuNPs immobilized the silicon substrate. F-actin
polymerization from G-actin at leading edge of the growth cone pushes the plasma membrane for extending the
growth cone forward (Fpotymerization). However, the contractile activities of the myosin II attaches and pulls the F-
actin reaward (Fmyosin), which results a constitutive retrograde flow (RF) of the actin filament. The cell adhesion
on the ligand functionalized AuNPs decorated substartes can activate integrin and cluster adhesome-adaptor
proteins to form focal adhesion complexes. The attachments of cells on the substrate via AuNPs will result a
mutual interaction between the cell and the AuNPS (Fadhesion), Which restrains the RF and create cell traction forces
on the particles. Depending on how stable the AuNPs couple onto the substrate (Fcoupling), the
mechanotransduction of adherent neurons can be trigged to regulate the axon outgrowth.

which is antiparallel with the Fpolymerization. > The combination of the contractile force of myosin
and the rearward RF of actin filaments due to leading edge actin polymerization regulates the
growth cone dynamic. The balance between the rate of F-actin polymerization and the RF will
determine whether the growth cone extends or retracts. If the RF is decreased by a certain factor,
the growth come protrusion will increase and vice versa.'®® In addition, many adaptor proteins
cluster together forming adhesion complexes, which physically link the F-actin cytoskeleton to
adhesive cues on the substrate through cell receptors (integrin, NCAM).* The coupling between
substratum-integrin-actin is named the molecular clutch,*® which results in slowing down of the
RF by an adhesion force, Fadnesion. This adhesion force associated with the molecular clutch
arises to restrain myosin driving the RF and therefore regulating the force of actin
polymerization to propel growth cone forward protrusion. Although the molecular clutch
mechanism is still under debate for neuronal cells, the adhesion of neurons creating stress force
to substrate has been reported by many research groups.**¢ In this thesis, the AUT-AuNPs
decorated substrates exclusively provides the binding sites for neuron adhesions since the
background was passivated by backfill. It is assumed that when the neurons adhere on the AUT-
AuNPs, the assembly of proteins forming adhesion complexes would link the F-action to the

AuNPs through cell receptors. Depending on the dynamic state of the adhesion complex
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formation and the coupling strength of AuNPs on the substrate (Fcoupiing), the adhesion force

arises and affects the balance state between the RF and Fpolymerization-

In case of the WB AuNPs, the pulling of neurons grasping on the particles during neurite
outgrowth might result in the particle slipping or lifting from the substrate due to the weak
Feoupling. The loss of particle from the surface can reduce the influence of the adhesion forces. In
fact, from the FIB cross-section of neurons cultured on WB AuNPs, the particles were found to
be lifted up with the cell membrane from the substrate, (Figure A4.9; Appendix B). The axon
outgrowth is found mainly regulated by the ligand density as discussed in the section 4.3. Even
without direct and specific link between cytoskeletal and extracellular environment, the actin
polymerization is still activated by the surface charge, which is associated with the chemical
ligand density on the surface.'**'4! However, there are possibly cross-talk influences between
both the chemical ligand and mechanotransduction on the axon outgrowth, taken the different
peaks of axon outgrowth dependence on the ligand density for different particle sizes into
account (see the Figure 4.11.B). At the low particle densities, Fadnesion is relative high due to the
tensile force of cell pulling, while the Feoupling is very week in the initial phase. Thus, low Feoupling
can limit the transmitted force between cell and substratum due to force dissipation. When the
particle density increases, the number of point contact adhesions increases and results in the
higher transmitted force (higher Fadnesion). Therefore, the axons are elongating. However, when
the particle density increases, the transmitted total force increases to a critical value, which starts
causing clutch slippage (breaking) at point contacts.>* The slippage (breaking) of the adhesion
complexes results in fewer and short lived point adhesion contacts, which disrupts the
transmitted forces necessary for growth cone extension. Thus, when the particle (ligand) density
increases, the axon length increases to a peak and decreases before reaching a plateau. This
consideration is also supported by a statistical analysis of axon outgrowth on 30 nm SB AuNPs
at a relative high particle density performed by varying the ligand concentration (see Figure
4.12). A low ligand concentration (0.1 mM) used for functionalizing the high particle density
(228 particles/pm?) can result in a Faghesion Strength as similar as 1 mM ligand concentration for
a lower particle density (77 particles/um?). Moreover, bigger particle sizes can possess stronger
coupling strength (higher Feoupling forces) onto the surface due to their larger area interacting
with the surface. Thus, the interplaying influences of both the chemical ligand and the
mechanical aspect of WB AuNPs might contribute to peak shift of axon length dependence on
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the ligand density from 20 nm to 50 nm AuNPs, Figure 4.11B. The peak shift that is not clearly
observed for the cases of 5 nm and 10 nm AuNPs could be explained due to the limitation of

the ligand density for small sizes as well as their cytotoxicity (section 4.3).

In contrast to the WB AuNPs, it is found that the significantly stronger coupling strength
of SB AuNPs contributes to different behavior of axon outgrowth with the particle density. The
high Feoupling of SB AuNPs allow the forces of the cellular cytoskeletal pulling to be transmitted
to the substratum, which results in high local Fadnesion. Even very few AuNPs can transmit a
considerable total force to the cell, high enough to stimulate fast axon elongation, which is not
the case for WB AuNPs with very small Feoupling. High densitie particles of SB AuNPs (point
contacts) contribute to even higher Fadnesion, Which overcomes a threshold and causes the
breaking or disassembly of point contacts via molecular stretching.>® Therefore, the axon

elongates with a lower rate for increasing densities of SB AuNPs.

Moreover, the larger amount of actin and vinculin proteins, which could be found in the
growth cone of neurons on SB AuNPs at the highest particle density denotes a higher number
of adhesion complexes (Figure 4.20). The adhesion complexes link the F-actin to the substrate,
which can result in the RF attenuation and therefore promoting growth cone spreading.
However, during axon growing, the growth cone is highly dynamic, which is correlated with
the association and dissociation of adhesion complexes.*® 18 186187 Thyg  the
mechanosensitivity of the growth cone is highly determined by whether adhesion forces,
Fadnesion, can be transmitted to the F-actin before or after the adhesion complexes dissociate.>® It
has been reported that the availability of ligands on the surface regulates the levels of surface
receptor expression (integrin) of neurons by affecting the rate of receptor degradation.'®®
Specifically, neurons express a high number of receptor at the low lanimin ligand availability
and vice versa. The increased number of surface receptors at the low ligand density is associated
with long lifetime of receptors, which increases neuron adhesion as well as neurite outgrowth.
In contrast, the significant faster rate of receptors removing from the cell surface at the high
ligand density results much shorter lifetime of receptors, which lowers the rate of neurite
outgrowth.!3® Therefore, it can be assumed that the fewer and short lifetime of point contact
adhesions on SB AuNPs at high particle densities disrupts the transmitted forces, which are

necessary for growth cone protrusion and fast axon outgrowth.

64



RESULTS AND DISCUSSIONS

The neurons on high particle densities which is sufficient for neuron adhesion tend to
expend their cell morphologies as well as growth cone size rather than elongating their neurite
length. This observation was also indicated by a recent research, in which increase in growth
cone size is correlated with decrease in axon length.'® It was also reported that the globe RF of
growth cone is contributed by not only myosin contractile activities and but also actin-network
treadmilling.'®> The bigger growth cone size of neurons for high particle densities might be
associated with high global RF, which reduces the rate of neurite outgrowth.'”® A clearer
investigation of neurite out growth depending the particle density and ligand density of SB NPs
will be also discussed in the next section, when the influence of SB AuNPs on neuron adhesion

and neuritogensesis by different particle distributions is investigated.
4.6 The influence of ligand distributions between order and disorder

In sections 4.3, 4.4 and 4.5, the influences of the particle size, density, and surface coupling
strength on neuron adhesion and neuritogensesis have been thoroughly discussed. It has been
observed that the surface coupling strength of AuNPs strongly affects the neuron survival and
neurite outgrowth. Specifically, the WB AuNPs can cause cytotoxic effects on the neuron
survival, while noticeable toxicity is not observed for the case of SB AuNPs. Moreover, it has
been found that the neuron adhesion can be equally promoted by a similar ligand density for
different particle sizes and densities. By the same number of ligands in a unit area, a low number
of big AuNPs can mediate cell adhesion similarly as a high number of small AuNPs. This refers
to a locally sufficient ligand density, which is more essential for the cell adhesion than inter-
ligand distances. However, it was reported that a threshold inter-ligand distance of sub-70 nm
is required for cell adhesion.'* 1°!"12 In these studies, an average RGD ligand spacing of beyond
70 nm dramatically reduces the cell adhesion and spreading of osteoblasts. The important role
of lateral spacing of ligands was also confirmed by other groups for dorsal root ganglion (DRG)
neurons. 37 Although different cell types including neurons have been studied, all research used
specific ligands for studying cell adhesion. Therefore, in this section, the influence of particle
distributions of AUT-AuNP with different sizes and densities on neuron adhesion and neurite
outgrowth is examined. The highly ordered and disordered SB AuNPs can be prepared by the
micelle nanolithography method, which is free cytotoxic effects on neurons as compared to the

WB AuNPs (see in section 4.4). First, a statistical quantification of cell survival on ordered and
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Figure 4.22 A) The statistical quantification of neuron survival on 10 nm
AuNP synthesized by the micelle method for both ordered and disordered
particles. (B-C) Fluorescent micrographs of neurons labelled for live
cells (green) and dead cells (red) of the disordered array (B) and ordered
array (C) with their inset images of AuNPs respectively (Experiment is
repeated at least three times, N=6; the variations shown by standard error,
SE).

disorder arrays of around 10 nm AuNPs, Figure 4.22. In this experiment, both the ordered and
disordered AuNPs are prepared by the micelle nanolithography method (see section 4.1.1).
Obviously, even at a lower particle density of 219 disordered particles um™ (average distance:
69 + 3.4 nm) (Figure 4.22B) as compared to about 247 ordered particles pm (average distance:
56 + 1.3 nm) (Figure 4.22C), a noticeable better cell survival was observed for the cells on the
disordered array (Figure 4.22 A).

To further study the influence of particle distributions on neuron adhesion, 5 nm, 10 nm,
and 20 nm SB AuNP arrays of different densities are prepared by the micelle nanolithography
with highly ordered particle distribution (see section 4.1.1, Table 4.1). The chemical
modifications of the AUT ligand functionalized AuNPs and PEG background passivation are
performed as described before. To evaluate the influence of ordered and disordered particle
distributions, neuron survival on different sizes and densities of the ordered AuNPs is compared
to the cell survival of neurons on the SB disordered AuNPs with similar sizes and densities (see
section 4.3, Table 4.4). The statistic quantification of live cell number depended on the average

particle distance (correlating with the particle density) to is analyzed for both ordered and
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Figure 4.23 The dependence of live cell number on the particle distance for ordered and disordered AuNPs of
different sizes (A) 20 nm, (B) 10 nm, (C) 5 nm AuNPs (Experiment is repeated at least three times, N=6; the
variations shown by standard error, SE).

disordered AuNPs, Figure 4.23. From the graphs, it can be seen that the cell survival decreases
with the inter-particle distance for all particle sizes of both distributions. However, by the same
distance of each particle size, the neuron survival is noticeably higher for the cells on the
disordered particles than the cells on the ordered particles. This result indicates that even at a
higher inter-particle distance (lower particle density), disordered AuNP arrays can provide
better neuron adhesion than those of the ordered AuNP arrays with a smaller inter-particle
distance (higher particle density). The inhomogeneous ligand distributions of the randomly
disordered AuNPs results in unequally distributed local ligand densities, while the
homogeneous ligand distributions of the highly ordered NPs results in equal locally ligand
densities on the surface. The better cell survival of neurons on the disordered NP array is
induced by locally high particle density, which provide sufficient ligand molecules required to
support the cell adhesion. This result is consistent with the observation reported by Spatz et al.
for studying the impact of order and disorder patterns on osteoblasts.'*. However, a different
mechanism of cell adhesion is supposed due to the nonspecific ligands AUT used in this work

as compared to the specific ligand (RGD) used by Spatz et al.

Generally, significant bigger slopes for the cell density/particle distance are observed for
the disordered AuNPs. Interestingly, the difference in cell survival between ordered and
disordered AuNPs is more apparent for the 5 nm and 10 nm AuNPs (Figure 4.23B, C), whereas
it is smaller for 20 nm AuNPs (Figure 4.23A). At relative large particle distances for 5 nm and
10 nm AuNPs, the cell survival is very poor for both particle distributions. In the case of
disordered 20 nm AuNPs, the cell survival almost stabilizes at about 85 cells /mm?, when the
particle distance is lower than 104 nm (98 particles /um?). A regularly sharp decrease in the cell

survival down to about 35 cells /mm? is observed when the particle distance increases to 194
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nm (18 particles /um?). However, for the cells on the ordered AuNPs, very poor cell survival
(under 20 cells /mm?) is found at large particle distances (from 123 nm to 180 nm). Interestingly,
when the particle distance decreases from 123 nm to 93 nm (density increased from 56 to 90
particles pm respectively) the cell survival is enhanced by a remarkable increase, even with a
steeper slope (1.45 cells /nm) than the cells on the disordered AuNPs (0.52 cells /nm). The
sudden decrease in the cell survival for the ordered 20 nm AuNPs at the range from 123 nm to
180 nm indicates beyond threshold particle distance for promoting the cell adhesion. In case of
5 nm and 10 nm ordered AuNPs, small sizes result in a significantly lower ligand density, which
might be insufficient to support the cell survival as observed in the case of 20 nm ordered
AuNPs. Obviously, within the used range of particle distances, the cell survival is still in the
increasing phase for the 5 nm and 10 nm AuNPs with decrease in the particle distance, while
the cell survival saturates for the 20 nm AuNPs. Noticeably big increases of cell survival are
only observed for 10 nm and 5 nm AuNPs when the distance is lower than 52 nm (Figure 4.23B)
and 29 nm (Figure 4.23C) respectively. From these observations, although disordered AuNPs
facilitate a noticeable better cell adhesion, a certain sufficient ligand density is compulsorily

required for the cell adhesion in the both particle distributions.

To compare the influence of the ligand distribution and the ligand density on neuron
adhesion and neuritogenesis, the cell survival and neurite number are plotted versus both the
particle density and ligand density, Figure 4.24. Overall, it can be seen that both live cell and
neurite number increase by steeper slopes for bigger particles sizes when the density increases
(Figure 4.24A, C). In agreement to the Figure 4.23, the disordered AuNPs can significantly
enhance not only the cell survival, but also the neurite number as compared to the case of
ordered AuNPs, especially small 5 nm and 10 nm particles. However, when the particle
densities are converted to the ligand density (Figure 4.24B, D), the difference between particle
sizes becomes smaller for each type of particle distributions. More importantly, the live cell and
neurite number variation by the ligand density are both apparently higher for the case of
disordered AuNPs, and generally independent of particle sizes. This observation confirms that
the cell survival and neurite number are still strongly regulated by the ligand density, which is
analogous to the case of the WB AuNPs, as discussed in section 4.3, Figure 4.10. Both particle
distributions show that the cell survival and neurite number increase significantly with the

ligand density and reaching the saturation from the ligand density of around 3 - 4 x 10° ligand
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per um?. This value is smaller than the value of 7.5 x 10° ligand per um? for the case of the WB
AuNPs (Figure 4.11). The mechanotransduction of neurons for different particle coupling
strength might contribute to this difference since all particles here are SB AuNPs. Moreover, as
compared to the SB AuNPs, a higher particle density of WB AuNPs is required to compensate
the particle uptake.

More importantly, the ordered and disordered particle arrangements show a certain
influence of the ligand distribution on the neuron adhesion and neuritogensesis. To some extent,
the better cell survival and higher neurite number of neurons on the disordered AuNPs might
be correlated to the model of focal adhesion (FA) complex formation as reported by Spatz et
al.* '* For osteoblasts, the nanometer inter-distance of specific ligands (RGD) is crucial to
induce the clustering of FAs for the cell adhesion. Only spacing smaller than 70 nm between

two neighboring particles can induce the FA formation. The FA clustering and the related
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Figure 4.24 Dependence of live cell and number on particle density (A) and ligand density (B) for different
particle sizes and distributions. Dependence of neurite number on particle density (C) and ligand density (D)
for different particle sizes and distributions (Experiment is repeated at least three times, N=6; the variations
shown by standard error, SE).
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(B) Disorder

. y S

Figure 4.25 10 nm AuNP arrays of highly ordered (A) and disordered (B)
distributions. The average distances of particles are about 94 nm for both ordered
patterns, but the disorder possess many dense particle groups, in which the
particle distances are smaller than 94 nm (indicated by the red circles).

integrin linkage between the substrate and the F-actin cytoskeletal results in better cell adhesion.
The inter-particle distance bigger than 70 nm will not mediate the formation of FA or the
integrin clustering, therefore resulting in poor cell adhesion.'* Although the adhesion complex
formation has been still not fully elucidated for neuronal cells, consistent observations for DRG
neurons cultured on the DM-GRASP-functionalized AuNPs were confirmed by Pollerbeck et
al." 137 The ordered AuNP array with a interparticle distance of 58 nm can increase the cell
adhesion (up to 4 to 5-fold) as compared to the AuNP array with the interparticle distance of 73
nm. At a similar particle density (or an averaged inter-particle distance), for disordered AuNPs
exist many groups of particles, which are close enough to induce cell adhesion, Figure 4.25
(some of them indicated by red circles, for example). At the local sub-threshold distances of
some particles gathering in the case of disordered AuNP array might support cell adhesion,
which is not the case for ordered array with a homogeneous particle distribution. It can be
derived that the local density of the AUT ligand, which is contributed by not only the inter-
particle distance (density), but also the particle size and distribution is the critical parameter for

regulating neuron adhesion.

To demonstrate the further influence of the particle distribution on neuritogensesis, the
average axon length of a neuron is also statistically quantified and displayed versus the particle
density and ligand density for both ordered and disordered patterns, Figure 4.26. A clear

decrease in neurite length before reaching a saturation is observed for all particles when the
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particle density increases (Figure 4.26A). The neurite outgrowth reduces dramatically in the
range below 400 particles per um?. At higher particle density, the axon length almost stabilizes
at a value of around 120 um. Moreover, the dependence of the neurite length is independent of
the particle sizes and distributions. Although a sufficient particle density is required for the cell
adhesion, small 5nm AuNPs induce the neurite outgrowth as similarly as 10 nm and 20 nm
particles. The consistence of the curve in each particle size indicates a negligible influence of
the particle distributions. However, when the neurite length is plotted versus the ligand density,
the dependence of neurite length is varied by the particle sizes (Figure 4.26B). In fact, all curves
that are matched together when plotted versus particle density now separate from each other.
Moreover, it can be seen that the particle distributions do not affect axon elongation at the same
particle size. However, a size effect is observed on axon length for each particle size. At the
same ligand density, bigger particles promote axon elongation better than smaller particles.
Moreover, comparing the dependence of axon length on the ligand density for both SB (Figure
4.26b) and WB (see Figure 4.11B) AuNPs shows that the ligand density range that causes
decreasing axon is much smaller for SB AnNPs. This indicates that the axon elongation is
mainly controlled by mechanotransduction for unspecific neuron binding. In fact, the particle
coupling strength has been found to be a key contribution to this neurite growing behavior as
discussed before (see section 4.5). The neurite outgrowth behavior on different particle densities
can be explained based on the model of growth cone extension as suggested in Figure 4.21.
From the suggested growth cone model, the strong coupling of SB AuNPs on the substrates
(high Feoupling) allows the cell traction forces to be transmitted to the substratum, which strongly

affects the axon elongation rate. At low availability of adhesion sites (particle density), neurons
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Figure 4.26 Dependence of axon length on particle density (A) and ligand density (B) for the SB AuNPs of
different sizes and distributions (Experiment is repeated at least three times, N=6; the variations shown by standard
error, SE).
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tend to strengthen their adhesion to the substratum by expressing a high number of surface
receptors. This allows transmitting forces from cells to substrate, which can restrain the RF to
make axon growing faster. In contrast, at higher particle densities, the increased Fadnesion results
in breaking or disassembly of the point contact adhesions, which disrupts the transmitted forces
and therefore reducing the axon outgrowth rate. In other words, fewer and transient point contact
adhesions (adhesion complexes) at adhesion site density shortens force transmitting time
between cells and substrate, which results in small reduction of the RF. Therefore, at higher
particle densities, axons grow at lower rate and tend to spread bigger growth cone size rather

than elongation (see Figure 4.20).

Overall, the disordered patterns can provide a noticeable higher capability of neuron
adhesion and neurite number than the ordered patterns. The cell survival and neurite number
increase sharply with the ligand density before reaching a plateau. The inhomogeneous
distributions of disordered AuNPs create locally high ligand densities, which can support the
cell adhesion, while it is not the case for the ordered AuNPs with homogeneous particle
distributions for low particle densities. However, there is no influence of the particle
distributions on the neurite outgrowth. The axon elongation is strongly controlled by
mechanotransduction, which is mainly affected by the particle coupling strength. The axon
length decreases with increasing particle density as both ordered and disordered SB AuNPs are
used in this study. At relatively high particle densities, the observed short axon outgrowth might
be also a consequence of the high charge (ligand) density, which affects the cells on both the
SB and WB AuNPs, 40141

4.7 The regulation of cell adhesion by enoneuraminidase (endo-N) enzyme

The polysialic acid (PSA) associated with neural cell adhesion molecule (NCAM) on cell
membrane can regulate both cell-cell and cell-substrate adhesion.”® The PSA-NCAM is also
required to induce developing neurons and synaptic plasticity.”% >’ The level of PSA attached
to NCAM is regulated by a specific neuraminidase (endo-N) enzyme controlling cell-cell
aggregation.”® In this thesis, the neuron adhesion is found to be mainly mediated by the
unspecific electrostatic interactions between the negatively charged PSA moiety of NCAM and
the positively charged AUT-AuNPs. Although the cell adhesion is obviously depended on the

ligand density (surface charge) as described in aforementioned sections, further investigations
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of neuron adhesion are performed by using the endo-N to remove the PSA from NCAM which
provides the unspecific natural of neuron adhesion. To perform this study, 20 nm AuNPs with
density of 90 particles pm were prepared by the micelle nanolithography as nanoplatforms for
either AUT or PA22 functionalization. Here the integrin derived ligands PA22 and laminin
coated silicon substrates are used control samples. The endo-N enzyme is added to the culture
medium of neurons plated on the AUT, PA22, and laminin samples at the same time after cell
seeding. The live and dead cell staining micrographs of neurons were taken after 3 DIV on the
respective samples with and without adding the enzyme, Figure 4.27A-F. The statistical
quantification of the relative cell survival for the different samples with and without enzyme
addition is shown in Figure 4.27G. The relative cell survival for each sample was determined
by dividing the absolute live cell number of each sample by the absolute live cell number of

laminin sample for each culture experiment.

AUT Laminin PA22
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(G) Endo-enzyme to cleave the PSA
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Figure 4.27 (A-F) Fluorescent micrographs of neurons labelled for live cells (green) and dead cells (red) of the
AUT, PA22, and laminin samples with and without Endo-N enzyme using. G) The statistical quantification of a
relative neuron survival on these samples. (compared to laminin control samples) (Experiment is repeated at least
three times, N=6; the variations shown by standard error, SE). Scale bar: 100 pm
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In case of the nonspecific AUT ligands, an obvious contrast of the live cell number is
observed between samples without adding enzymes (Figure 4.27A, D). Although the difference
of live cell number is not apparent between samples without (Figure 4.27B, C) and with adding
enzyme (Figure 4.27E, F) for the specific ligands of PA22 and laminin, a noticeable cell
aggregation can be observed in enzyme added samples. The statistical quantification confirms
a dramatic reduction of the cell survival after adding the enzyme for AUT-AuNP samples, while
only little changes in cell survival are found for laminin control samples, Figure 4.27G. The
removal of PSA from NCAM by the specific endo-N enzyme cause a strong effect on the cell
survival for the case of AUT ligand. The complex glycocalyx proteins associated with NCAM
possess a very unusual structure including one or more relative long unbranched homopolymers
of alpha 2, 8-linked PSA residues, which are specifically required for certain molecular
interactions.>® 1319 The highly negative charge of the long PSA chains can not only regulate
the cell-cell interactions, but also mediate cell-substrate adhesion through cationic ligand cues
immobilized on the substarte.!*> The Endo-N specifically cleave alpha 2, 8-linked PSA resulting
in a reduction of the membrane-membrane repulsion between cells.'*® Therefore, the removal
of PSA obviously results in a cell aggregation as can be seen particularly for PA22 and laminin

samples, Figure 4.27D-F.

Moreover, the cell survival is strongly reduced for AUT ligand after enzyme adding due
to the removal of the negatively charged PSA associated to the NCAM on cell membrane. This
confirms that the PSA is crucial for inducing cell adhesion through the electrostatic interactions
on the AUT-AuNPs. This observation also agrees with the cases of charge variations by
controlling particle sizes, densities, and ligand concentrations as discussed in the section 4.2. In
contrast, when the cell adhesion is specifically mediated via the integrin-specific binding
ligands PA22 and laminin, a minimal change in cell survival is observed for enzyme containing
and enzyme-free samples. This indicates an unimportant role of the glycocalyx for specific cell
adhesion. The significant higher cell survival on the PA22 ligand over the AUT ligand (Figure
4.27G) also proves a different cell mediated adhesion mechanism for each type of ligand. The
integrin specific ligand could enhance cell adhesion by inducing stable adhesion complexes

formation that directly links the cell cytoskeleton on the substrate.
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4.8 Control of neuron adhesion by positive ferritin nanoparticle pattern

The spatio-temporal patterns of biochemical ligand cues play a crucial role for neuronal network
guidance. Nano and microfabricated biochemical patterns can regulate the neurite outgrowth to
respond to the topographical features of their environments.”” The combination of top down
lithography and bottom up self-assembly allows to take advantages of both methods for
fabricating nanostructured biochemical patterns, which can be used to study cell adhesion and
development. From our preliminary results, Gilles and Li demonstrated patterns of discrete
gradient lines with different slopes for neuronal guidance by combining nanoimprint

lithography and e-beam lithography with self-assembly AuNPs immobilization.?* 262

Moreover, protein cage architectures such as ferritins are versatile nanoscale platforms for
biological applications. Recently, Beck at al. have shown that the total charge of ferritins can
be engineered to possess net positive or negative surface charge, while the nanocages of ferritins
can be loaded with different inorganic NPs, such as cerium oxide or cobalt oxide.?? This feature
enables fabricating a nanostructure substrate of ferritins loaded metal NPs for controlling cell
adhesion potentially. The positively or negatively charged surface of ferritin NPs (FerNPs) can
act as cell adhesive or repulsive cues, which regulate cell adhesion through electrostatic
interactions. In the line of using metal NPs for controlling neuronal adhesion, in this section,
the positively charged FeNPs are used instead of the AUT-AuNPs for controlling the neuron
adhesion and neurite guidance. Importantly, FerNPs can be loaded by different magnetically
nanoparticles such as cerium oxide, ion, and cobalt NPs inside their cores, which possibly

allows controlling of cell adhesion from externally magnetic fields.
4.8.1 Ferrin nanoparticle pattern fabrication

To perform this work, 6 nm positively charged FerNPs loaded with cerium oxide NPs, are

prepared by Beck et al.*?

, which can be used to immobilize the particles on negatively charged
surfaces such as SiO; or glass. The FerNPs can be decorated on silicon substrates with different
particle densities, Figure 4.28. The FerNPs are straightforwardly immobilized onto the substrate
by electrostatic interactions between the positive charge of FerNPs and the native negative
charge of the SiO> layer. The electrostatic interaction enables a stably particle binding onto the
surface, even thoroughly rinsing steps are performed after the particle immobilization.

Moreover, the binding of the FerNPs to the surface is very straightforward and even no plasma
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Figure 4.28 Positively charged FerNPs attached on SiO/Si substrates with different densities obtained by
incubating the substrates in FerNP solutions of different diluting ratios in milliQ water. Scale bar: 100 nm.

activation step is required for the silicon substrate before particle incubation. In addition, by
diluting the FerNPs solution, different particles densities can be obtained by using the using a
same incubation time. Thus, verifying the FerNP density will directly result in surface charge
density, which can be considered as similar to the case of tuning the surface charge by
controlling the AUT-AuNP density. In order to control the neuron adhesion by the FerNP array,
the background is also essential to be passivated by the cell aversive molecules. The
trichloro(1H,1H,2H,2H-perflueooctyl) silane (FOTCS) (Sigma-Aldrich) is used for passivation.
It can be chemically attached on the silicon surface by gas phase deposition (45mbar, 90 min)

in a desiccator inside the glovebox.

Moreover, by using of the lithography technique, microstructured patterns on silicon
wafers are fabricated in the HNF clean room, which are used as molds for preparing
poly(dimethysiloxane) (PDMS) stamps.'® The silicon mold has repeating stripes with lines of
10 um widths and 20 um spacing. The PDMS is first prepared by mixing the elastomer base
with curing agent with a ration 10:1 (base: curing agent) and stored at 4° overnight to remove
the bubbles. Before making the PDMS stamp, the silicon mold is passivated by the FOTCS to
obtain hydrophobic surface for preventing the adhesion of PDMS. 2 ml of the PDMS solvent is
poured into the silicon mold put in a petri dish and curing at 60° for 6 hours. In the next step,
the PDMS stamp is removed from the silicon mold and cut with open path for liquid inlets. Both
the PDMS stamps and clean silicon substrates are activated by oxygen plasma (20s, 1.4 mBar,
100W) for generating a hydrophilic surface. The PMDS stamp is put on to the silicon substrate.
Then the colloidal FerNP solution is dropped into the inlets. The liquid will flow into the
microstructures of PDMS stamps by capillary force and incubated for 30 min. Finally, FerNPs

can be decorated on the silicon substrates with particles patterns through the PDMS stamp. In
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(B) FerNP patterns

(C) FerNPs pattern area (D) FerNPs pattern free area

200 nm

Figure 4.29 Positively charged FerNPs patterns fabricated by using the silicon mould (A). A
PDMS stamp replicated by the silicon mould is used for fabricating the FerNP patterns as shown
by the SEM image (B). The pattern area is decorated with a high density of FerNPs (C), while
the pattern free area is almost no particles (D).

figure 4.29B-D, the SEM images of FerNP patterns on the silicon substrate is shown prepared
from a silicon mold, which is imaged by an optical microscopy (Figure 4.29A, the layout of
structure is shown in Figure A4.12, Appendix B). The density of FerNPs on the designed
patterns (594 + 69 particles/um?, in Figure 4.29C) obviously overwhelms the undecorated areas

(78 £ 7 particles/um?, Figure 4.29D).
4.8.2 Cell culture on the Ferrin nanoparticle pattern

Neurons with density of 30.000 cells per mL are cultured on FerNP patterns and different
control samples. For the cell culture, the control samples are important to eliminate artifacts
from the sample preparation. Since the PDMS stamp can leave PDMS residues on the silicon
substrate, a control sample which has been in contact only with the PDMS stamp has been
prepared for cell culture experiments. Moreover, a FerNP pattern sample without FOTCS
passivation and the sample with only the FerNPs decorated silicon substrates (with and without
FOTCS passivation) are used as further control samples. The fluorescent images of neurons

labelled with calcein for live cells (green) and ethidium homodimer for dead cells (red) are
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recorder for samples with FerNP pattern and control samples at 3 DIV (Figure 4.30A-F). The
cell survival is statistically quantified for each sample (Figure 4.30G). Obviously, the backfill
shows a strong effect on the cell survival. The cells on only FerNP (Figure 4.30A) or FerNP
pattern (Figure 4.30D) samples with the backfill show a noticeable lower number of live cells
as compared to the case of no backfill applying (Figure 4.30B, E). The bare silicon samples
with backfill (Figure 4.30C) and the bare silicon sample (after removing the stamp) with backfill
(Figure 4.30F) show almost no cell survival. This indicates that the backfill can extremely well

prevent the cell adhesion. Possible residues left from the PDMS stamp does not support the cell
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Figure 4.30 Live/dead fluorescent images of 3 DIV neurons on a FOTCS passivated (backfill) silicon substrate
(A), a FerNPs immobilized silicon substrate without the backfill (B) and with only backfill (C), FerNP patterns
with the bacfill (D) and without the backfill (E)a sample with residue of PDMS after removing the stamp with the
backfill (F). The statistical analysis of live cell number for each sample respectively (G). Scale bar: 100 pm
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adhesion. From the statistical quantification of cell survival (Figure 4.30G), the FerNP pattern
and FerNP decorated samples with backfill show their capability for supporting neuron adhesion
by exhibiting a live cell density of about 40 cells /mm?. This cell survival number seems to be
significantly higher than the cell survival on 5 nm WB AuNPs (see Figure 4.10A), and is
comparable with the cell survival on 5 nm SB AuNPs (See Figure 4.14A). Although the
cytotoxicity of FerNPs and their surface coupling strength are not investigated in this work,
their better cell adhesion supporting capability compared to the AuNPs of the similar size might

be correlated to their biocompatible properties.

Moreover, by statistically quantifying the percentage of cells that possess axons aligning
along the FerNP patterns over total number of cells for each image (Figure 4.30D), a guiding
effectiveness of 88% is obtained indicating a high chemical contrast by between the FerNP
patterns and the FOTCS backfill. This guiding effect is significantly higher than the about 26%
of the FerNP pattern without backfill applying (Figure 4.30E). The optical contrast of FerNP
patterns on the microscope is too poor for calculating the guiding efficiency based on the area
of cells on and beside the patterns. Therefore, in this work, the guiding efficiency is based on
the percentage of cells, which possess axons aligning parallel to the patterns (Figure A4.13,
Appendix B) over total cells in a unit area. The guiding effectiveness quantified for the FerNPs
is different from the method which was reported by S.Gilles® and P.Li.® Nevetherless, the
guiding efficiency of 88% for the FerNP pattern is comparable to a guiding efficiency of 92%
for the AUT-AuNP patterns with FOTCS backfill as reported by P.Li.2* For the first time,
neuron adhesion and neurite outgrowth are controlled by the positive FerNP patterns with metal
nanoparticles loaded inside FerNPs’nanocages. The capability of loading Ferritin magnetic NPs

potentially allows the selective control of the cell adhesion by using an external magnetic field.
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In the scope of this thesis, neuron adhesion and neuritogenesis have been studied by using gold
nanoparticles (AuNPs) in sub-50 nm range with controllable particle sizes, densities, surface
coupling strength and distributions as ligand nanocarriers. Non-specific chemical ligands, 11-
amin-1-undecanthiol (AUT) molecules, are functionalized on AuNPs for cell adhesion, while
background is passivated by cell aversive molecules, 2-[methoxy(polyethylenoxy)6-9 propyl]
trichlorosilane (PEG). For the first time, the influences of all chemical ligand densities, ligand
distributions, and substrate coupling strength on neuron adhesion have been presented and
elucidated. This provides a better understanding of neuron-non-biomaterial interactions for

designing neurobioelectronic devices or long-time in-vitro cell cultures.

For fabrication processes, highly ordered AuNPs with different sizes and densities have
been synthesized by the block copolymer micelle nanolithography using poly(styrene-b-2-vinyl
pyridine) polymers. The particle sizes are controlled by using different molecular weights
(MWs) of the polyvinyl pyridine part or amount of gold precursor loading, while the particle
densities are tuned by using different MWs of the polystyrene part or changing the dip-coating
speed. On the other hand, the disordered AuNPs were produced by either the micelle
nanolithography with adding polystyrene polymers or the particle immobilization using the self-
assemble salanization method. Interestingly, by changing the oxygen plasma treatment, weakly
bound (WB) and strongly bound (SB) AuNPs can be fabricated. A 2 min plasma exposure to
the cit-AuNPs immobilized silicon substrate caused WB particles, while a longer plasma
exposure of 30 mins produced SB AuNPs. The surface coupling strength was characterized and
confirmed by atomic force microscopy (AFM) technique. The AFM and also other advanced
techniques such as scanning electron microscopy (SEM), and X-ray photoelectron spectroscopy

(XPS) have been used to characterize the nanostructures and chemical modifications.

Neuron adhesion and development have been characterized after three days of culture for
samples modified by AuNPs with different sizes, densities, surface coupling strength, and
distributions. It is found that neuron survival and neurite number are strongly regulated by the
ligand density for all cases. In general, cell survival and neurite number increase with the rising
ligand density and reach a plateau for all particle sizes. Although this indicates that cell adhesion

mediated by non-specific AUT ligands can be considered as homogenous electrostatic
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interactions, the local distribution of adhesion spots (particles) plays an important role in cell
adhesion. Neurons cultured on samples decorated by SB 5 nm, 10 nm, and 20 nm AuNPs with
different densities are statistically investigated for both ordered and disordered particles. At the
same ligand density, it is observed that disordered AuNPs provide noticeably better capability
for cell survival as well as neurite number than ordered particles. Better cell survival and neurite
number for disordered AuNPs are explained by the unequal particle distributions between
ordered and disordered AuNPs. Even by a similar particle density (ligand density), disordered
AuNPs can provide locally high ligand densities in sub-areas, while it is not the case for ordered
AuNPs. Although this observation is consistent with findings reported by Spatz et al.'* for
osteoblasts or Pollerbeck et al.! 17 for DRG neurons, non-specific chemical ligands used in this
work mediate cell adhesion in a different mechanism as compared to specific ligands used in
their studies. The investigation of neuron adhesion by non-specific AUT ligands in this work
indicates that local ligand densities contributed by all particle densities (inter-particle distances),
sizes and distributions are critically required for supporting cell adhesion. Moreover, the strong
influence of the ligand density on neuron adhesion via electrostatic interactions is also
confirmed by using different ligand concentrations or removing the PSA molecules from
NCAM with a specific endoneuraminidase (endo-N) enzyme. In both cases, a reduction in either
ligand density (positive charge number) or the negative charge of PSA-NCAM on the cell
surface result in decreasing neuron adhesion. More importantly, it is revealed that the surface
coupling strength of AuNPs in sub-20 nm has strong effect on cell adhesion and neruite
development. A particle uptake and severe cytotoxic effect of loosely bound surface are
observed for WB 5 nm, 10 nm, and in parts for 20 nm AuNPs, while SB AuNPs of the same
size and density remain at the surface and have no decreasing effect on the neuron survival as
well as neurite number. Although the number of particles applied to the system is relatively low,
the effect of these surface confined particles can be more detrimental to the cells than colloidal
particles added to the culture medium in big excess. These observations indicate an alteration
of particle uptake towards higher efficiencies for surface confined AuNP in comparison to
colloidal particles. It can be assumed that similar cytotoxic effects of loosely bound
nanomaterials can occur also for other adherent cells. Presumably, also nanoparticles originally
incorporated and later released from materials of technical devices may have a severe

cytotoxicity due to the confinement of the released particles to the solid/cell interface. An
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evaluation of the cytotoxicity of particles associated to material surfaces seems to be
recommendable especially for long term cultures with small particles and nanomaterial

containing implantable systems.

Axon outgrowth is also thoroughly investigated in this work as function of particle sizes,
densities, surface coupling strength, and distribution. Axon elongation responses to these
particle’s parameters in a different manner as observed for cell survival and neurite number. It
is found that the surface coupling strength of AuNPs strongly affect axon outgrowth. For WB
AuNP samples, an axon elongation increases with the rising ligand density to a peak, and then
decreases before staying at a plateau. In contrast, for SB AuNPs, neurons decrease their axon
lengths with the rising particle density and then saturate. This indicates that
mechanotransduction plays a pivotal role regulating the elongation of axons. When neurons
adhere and elongate their axon by extending the growth cone, adhesion forces (Fadnhesion) are
produced at point contact adhesions between the cell and substratum due to the myosin
contraction activities. Whether or not the adhesion forces can be transferred from cells to the
substrate depends on the surface coupling strength of the AuNPSs (Fcoupling). For WB AuNPs, the
relative weak Feoupling causes the dissipation of Fadhesion Or €ven eliminate the force if the particle
coupling is broken. The rising of particle (or ligand) density increases the total Fadhesion due to
increasing contact adhesion points, which allows force transmission and activates
mechanotransduction for axon growth. However, when the particle density increases to a critical
value, the Fadnesion reaches a threshold. At this value, there is presumably slippage (breaking) of
adhesion at point contacts, which slows the rate of growth protrusion.?® Therefore, the axon
length on WB AuNPs increases to a peak, then decreases and stays at a plateau. On the other
hand, for SB AuNPs, significantly stronger Feoupling allows the transmission of forces between
cell and substratum even at a very low particle densities. This results in much longer axon length
for SB AuNPs as compared to WB AuNPs at low particle densities. Howver, for SB AuNPs,
Fadneison 18 already relative high, which already exceed the threshold for adhesion breaking at
point contacts. Therefore, an increase in the particle density results in a reduction of axon
elongation. Moreover, it is found that the particle distribution does not affect the axon
outgrowth. At the same particle density, ordered and disordered SB AuNPs induce similar axon

outgrowth, which is strongly controlled by the particle densities.

83



CONCLUSIONS AND OUTLOOKS

Last but not least, in the line of using metal nanoparticles for controlling the neuron
adhesion, patterns of ferritin nanoparticles (FerNPs) have been used to control the neuron
adhesion and neurite guidance. The surface net charge density of FerNPs has been engineered
to possess either positive or negative net charge, while the nanocages of the FerNPs are loaded
with metal NPs of cerium oxide. In this work, the positively charged 6 nm FerNP are deposited
at the line patterns with 10 um widths and 20 pm spacing for controlling the cell adhesion by
combining top-down lithography technique together with bottom-up self-assembly. Similar to
the AUT ligands, the positively charged surface of FerNPs acts as cell adhesion cues via
electrostatic interactions, while the background is passivated by the FOTCS molecules. A high
guidance efficiency of the neurite outgrowth of 88 % has been observed due to the chemical
contrast difference between the FerNPs and the FOTCS backfill. Importantly, the possibility of
loading magnetic metal nanoparticles inside the nanocages of FerNPs opens potential
applications for advanced controlling of cell adhesion. The adherent cells on FerNPs can
potentially be locally modulated or lift off by an external magnetic field such as magnetic
tweezers. The control of metal NPs loaded inside the FerNPs under cell attachment can be also

used for drug deliveries or cell mechanical investigations.
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APPENDIX A: ABBREVIATIONS

AC: Adhesion complex

APTES: 3-aminopropyltriethoxysilane

AUT: 11-amino-1-undecanethiol

AUT-AuNPs: amino functionalized gold nanoparticles
AFM: atomic force microscopy

Cit-AuNPs: citrate stabilized gold nanoparticles

DIV: days in vitro

Endo-N: endoneuraminidase

EtOH: Ethanol

FOTCS: trichloro(1H,1H,2H,2H-perflueooctyl) silane
FIB: focused ion beam

FerNPs: ferritin nanoparticles

MAP2: microtubule-associated protein 2

MW: molecular weight

MM: molecular mass

NP: nanoparticle

NCAM: neuronal cell adhesion molecule

PEG: 2-[methoxy(polyethylenoxy)6-9propyl] trichlorosilane
SEM: scanning electron microscopy

WB: weakly bound

RF: retrograde flow

SB: strongly bound

PSA: poliasilic acid

PDL: Poly-d-lysine

PDMS: poly(dimethysiloxane)

P2VP: poly(2-vinylpyridine)

PS: polystyrine

XPS: X-ray photoemission sprectroscopy

99






APPENDIX B: FIGURES AND TABLES

10 nm 5 nm

20 nm

Figure A4.1 AFM images of ordered AuNPs with different sizes and
densities, particles densities (per pm?) are shown in each image. Scale bar:
100 nm.

30 nm 20 nm 10 nm 5nm

50 nm

Increasing particle density

Figure A4.2 Live (green) and dead (red) fluorescence staining of DIV3
neurons on AUT-modified AuNPs of different sizes and densities with PEG
backfill passivation. The particles are weakly bound to the substrate (WB
particles). The particles densities (per pm?) are shown in each image. Scale
bar: 200 nm.

101



APPENDIX B: FIGURES AND TABLES

‘Weakly bound (WB) NPs Strongly bound (WB) NPs

Figure A4.3 SEM images of 20 nm NPs after chemical modifications after applying an additional 1 min
sonication treatment to illustrate the difference in particle binding strength. The left image shows weakly
bound (WB) particles, which strongly aggregate during sonication (at least 8.6% particle aggregated), while
the strongly bound (SB) particles remain separated (about 1.7% particles aggregated) after this treatment,
right image. Noteworthy, during standard sample preparation for cell culture experiments, sonication was

not used. Scale bar: 200 nm.

30 nm 20 nm 10 nm 5 nm

50 nm

Figure A4.4 Live (green) and dead (red) fluorescence staining of DIV3 neurons on AUT-modified
AuNPs of different sizes and densities with PEG backfill passivation. The particles are weakly
bound to the substrate (WB particles). The particles densities (per pm?) are shown in each image.

Scale bar: 100 um.
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Figure A4.5 Dependence of live cell number on the particle size and density corresponding to a
sigmoidal dose-response curve (dash grey curve), the graph is repotted from Figure 4.10C with a
logarithm of ligand density (X-axis).

10 nm 5nm

20 nm

Figure A4.6 Live (green) and dead (red) fluorescence staining of DIV3 neurons on AUT-modified AuNPs
of different sizes and densities with PEG backfill passivation. The particles are weakly bound to the substrate
(WB particles). The particles densities (per um?) are shown in each image. Scale bar: 100 um.
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10 nm

20 nm

Figure A4.7 Live (green) and dead (red) fluorescence images of the DIV3 neurons on AUT-modified
AuNPs of different sizes and densities with PEG backfill passivation. The particles are strongly bound to
the substrate (SB particles). The particles densities (per pm?) are shown in each image. Scale bar: 100 pm
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Figure A4.8 FIB cuts images of cells cultured on the 5 nm, 10 nm, and 20 nm particles for
SB and WB. Scale bar: 2 pm.
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Figure A4.9 A FIB cross-section of a neuron on WB 20nm AuNP indicates the particles could be lift off from the
substrates with the cell membrane
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Figure A4.10 Live (green) and dead (red) fluorescence images of the DIV3 neurons on laminin coated SiO»
(control), and SB NP samples (with and without added dispersed NPs). Laminin is used as coating for the
reference sample to eliminate animal to animal variations and influences from varying culture conditions. It
has been widely used as coating for in vitro studies of cortical cells. Scale bar: 100 pm.
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Figure A4.11 The statistical analysis of the relative live cell number on SB particles (with and without
adding dispersed AuNP) and laminin coated SiO, samples (with added the nanoparticles). The relative
number of live cells are calculated by dividing the live cell number of each sample by the live cell number
of laminin coated SiO, sample (particle-free). The density of each particle size is given per um? for 5 nm,
10 nm, and 20 nm as 234, 268, and 240 respectively. (The cell cultures were repeated at least three times,
N=6; and variation shown by standard error, SE).

Size Amount® Density of as- Particle density in Density of surface tethered
[nm] [mg/1] prepared particles culture medium AuNP in contact with cells®
(W] [mI™] [em?]
5 5966 4.7 x 102 4.7 x 10% 1.05 x 10°
10 1536 1.5x 101 5.1x 101 2.28x10°
20 152 1.9x10° 2.5x10% 3.6x10°

Table A4.1 The concentration of AUT-modified-AuNPs of 5 nm, 10 nm, and 20 nm sizes, the number
of particles (per uL) is calculated from the amount of gold!") measured from the atomic absorption
spectroscopy (AAS) @ The particles in contact with cells are calculated from the surface coverage of
cells on SB AuNPs

Table A4.2: Characterization of AUT-AuNP.

Size Amax (UV-vis) z-average (DLS)

[nm] [nm] [nm]
5 532 85+2
10 532 129+5
20 530 904
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Figure A4.12 Layout of structure for fabricating the silicon (width: 10 pm;
distance 20 pm; length of the individual lines: 1 mm; distance between lines:
100 um).

n Cells on patterns

Cells out of patterns .

>

100 pm

Figure A4.13 Estimating the guiding effectiveness of the FerNP patterns
based on cells with axons on patterns (white arrows) and cells with axons out
of the patterns (red arrows).
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