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Abstract
This present work focuses on the fabrication of various static and dynamic substrate sys-
tems based on the quasi-hexagonally ordered SiO2 nanopillar arrays, for the study of cell-
surface interaction responses of human multipotent mesenchymal stromal cells (hMSC)
and osteoblasts (hOB). Generation of the uniform nanopillar arrays is established by cyclic
combination of block copolymer micellar lithography (BCML), photochemical growth and
reactive ion etching (RIE) techniques. Here the term uniform is defined for the substrate
with identical pillar geometries on the entire surface. With a newly introduced combined
method, the obstacle of achievable pillar heights in RIE due to the mask erosion is over-
come by fixing the Au NP mask position with a short etching step followed by cycles of
re-growing and RIE. As a result, using the Au NPs which are generated by BCML tech-
nique with a starting diameter of 12 ± 1.5 nm, arrays of silica nanopillars with heights up
to 680 nm and aspect ratios of 10:1 are fabricated. Characterizations of the surfaces are
done by high-resolution scanning electron microscopy (HRSEM) and optical contact angle
measurement (OCAM) system .

Proof of principle investigations of adhesion, proliferation, osteogenic differentiation are ac-
complished for all pillar geometries below 150 nm. It is observed that cell adhesion occurs
on top of the pillars through cell membrane extensions even smaller than 10 nm in diame-
ter. In most cases, surfaces with nanotopographies show higher proliferation compared to
smooth reference substrates. Osteogenic differentiation of hMSCs is increased with pillar
height alteration from 20 nm to 50 nm (one donor). Topography induced proliferation en-
hancement of hMSCs is found to be independent of the geometric variations, but observed
to be increased for hOBs on the pillar heights of 20 nm.

Fabrications of well-defined gradient (non-uniform) nanopillar arrays are successfully es-
tablished for pillar diameter, pillar-to-pillar distance and height separately and combined
as multiparametric gradients with all dimensions again below 150 nm. For that purpose
BCML, photochemical growth and RIE techniques are individually modified with additional
shutter and mask systems. In principle, hereby introduced methods can be applied to va-
riety of silica based materials such as silicon, silicon nitride and silicon carbide. In addition
to the hereby shown exemplary substrate systems, the versatility of the combined methods
facilitates the possibilities of various combinations of pillar geometries to generate uniform
and non-uniform substrate systems within the experimental limitations of each individual
technique. Gradient substrate systems are exemplarily studied with respect to adhesion,
migration and gene expression of hOBs using live cell imaging, fluorescence microscopy
and real time-PCR. Good hOB adhesion is detected on various pillar gradient surfaces with
aligned cytoskeleton and focal adhesion points. On the pillar distance gradient substrate
with distances from 50 nm to 120 nm, highest cell number is observed on the distances of
120 nm.

In order to understand the mechanical stimulus which is exerted to hOBs in vivo, a dy-
namic environment which resembles the body conditions in vitro is established by fabrica-
tion of SiO2 nanopillar arrays on ultra-thin Si3N4 membranes and through an in-house built
pressure-deflection setup. Mechanical properties of the composite film layer system are in-
vestigated and deflection profile of the membrane (0.5 x 0.5 mm2) shows bending up to 18
µm with a pressure of 800 mbar. Initial cell-surface interaction studies reveal viable hOBs
before and after mechanical stimulation with changed expression of mechanotransduction
pathway genes.



Kurzfassung
Im Mittelpunkt der vorgelegten Arbeit steht die Herstellung von verschiedenen, statis-
chen und dynamischen Substratsystemen, welche alle an der Oberfläche quasi-hexagonal
geordnete Nanosäulen-Arrays aus SiO2 tragen. Diese Strukturen dienen zur Untersuchung
der Reaktionen menschlicher multipotenter mesenchymaler Stromazellen (hMSC) und Os-
teoblasten (hOB) auf die Wechselwirkung von Zelle und Substratoberfläche. Die Prä-
paration einheitlicher Nanosäulen-Anordnungen geschieht durch zyklische Wiederholung
einer Kombination von Techniken wie Blockcopolymer-Mizell-Lithographie (BCML), photo-
chemischem Wachstumsprozess und reaktivem Ionenätzen (RIE).

Durch die BCML-Technik werden wohlgeordnete Gold-Nanoteilchen auf dem Substrat er-
zeugt, durch photochemisches Wachsen kontrolliert vergrößert und im nachfolgenden RIE-
Prozess als Ätzmaske verwendet. Der Begriff ”einheitlich” wird hier so verstanden dass
Nanosäulen mit identischer Geometrie auf der gesamten Oberfläche eines Substrats erzeu-
gt wurden. Mit einem neu eingeführten mehrstufigen Verfahren wird die, aufgrund der Ero-
sion der Maske im RIE-Prozess begrenzte maximal erreichbare Säulenhöhe überwunden:
die Position der Gold-Nanopartikel (Au NP) wird zuerst durch einen kurzen Ätzschritt fix-
iert, dann folgen Zyklen aus photochemischem Wiederherstellen des Au-Masken-NPs und
erneutem RIE-Ätzen. Als ein exemplarisches Ergebnis, unter Verwendung der Au-NPs, die
durch BCML Technik mit einem Ausgangsdurchmesser von 12 ± 1.5 nm erzeugt wurden,
werden Arrays aus Silizium-Nanosäulen mit einer Höhe bis 680 nm und Aspektverhältnis-
sen von 10:1 gezeigt. Diese Oberflächen werden durch hochauflösende Rasterelektro-
nenmikroskopie und Bestimmung der optischen Kontaktwinkel von Wassertropfen charak-
terisiert.

Gründliche Untersuchungen der Zell-Adhäsion, Proliferation, und osteogene Differenzie-
rung wurden für diverse Säulengeometrien (alle unter 150 nm) durchgeführt. Dabei wurde
beobachtet, dass die Zelladhäsion auf der Oberseite der Säulen, also Verlängerungen mit
Durchmessern von kleiner als 10 nm erfolgt. Oberflächen mit Nanotopographien zeigen
in den meisten Fällen höhere Proliferation und Differenzierung im Vergleich zu glatten
Referenzsubstraten. Die osteogene Differenzierung von hMSCs ist bei Säulenhöhen zwis-
chen 20 und 50 nm erhöht (ein Spender). Es wurde festgestellt, dass die Verbesserung
der Topographie-induzierten Proliferation bei hMSCs unabhängig von den geometrischen
Variationen ist, aber bei hOBs für Säulenhöhen von 20 nm erhöht ist.

Es konnten Techniken zur Präparation inhomogener Nanosäulen-Arrays mit wohldefinier-
ten Gradienten für Säulendurchmesser, Säulenabstand und Höhe, jeweils getrennt oder
unabhängig voneinander kombiniert als Multi-Gradienten, erfolgreich entwickelt werden,
wieder mit allen Dimensionen unter 150 nm. Zu diesem Zweck sind die existierenden
BCML-, photochemische Wachstums- und RIE-Techniken jeweils individuell mit zusät-
zlichen mechanischen Verschlüssen und Maskensystemen erweitert worden. Im Prinzip
kann die hier am Siliziumoxid demonstrierte Methodenkombination auch auf andere Silizi-
um-basierte Materialien wie reines Silizium, Siliziumnitrid und Siliziumkarbid angewendet
werden.

Durch die Vielseitigkeit des Kombi-Verfahrens sind, zusätzlich zu den in der Arbeit gezeig-
ten Gradientenbeispielen, vielfältige Möglichkeiten zur Erzeugung verschiedenster Kom-
binationen von Säulengeometrien gegeben, um homogene und inhomogene Arraybere-
iche, innerhalb der experimentellen Grenzen der einzelnen Verfahren, auf einer Substra-
toberfläche zu realisieren. Proben mit diversen Gradient-Systemen wurden beispeilhaft in
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Zellexperimenten hinsichtlich Adhäsion und Migration untersucht, sowie die Genexpres-
sion von hOBs mit Live Cell Imaging, Fluoreszenzmikroskopie und Real Time-PCR. Eine
gute Haftung mit ausgerichtetem Zytoskelett und fokaler Adhäsion wird auf verschiedenen
Säulen-Gradienten-Oberflächen beobachtet. Auf Substraten, die einen Säulen-Distanz-
Gradienten aufweisen, ist die Zellanzahl bei einer Distanz von 50 nm bis 120 nm bei 120
nm maximal.

Um die mechanische Stimulierung, die auf hOBs in vivo ausgeübt wird, zu verstehen,
wurde ein dynamisches Umfeld, das in vitro den Körper-Bedingungen ähnelt, geschaffen.
Hierzu werden SiO2 Nanosäulen-Arrays auf ultradünnen Si3N4-Membranen erzeugt und
diese, durch ein im Haus gebautes pneumatisches Setup, periodisch ausgelenkt. Die
mechanischen Eigenschaften des Verbundschichtsystems der Membran wurden unter-
sucht; die Auslenkungsprofile der Membranen (0.5 x 0.5 mm2) zeigen eine Auslenkung bis
zu 18 µm bei einem angelegten Druck von 800 mbar. Erste Zell-Oberfläche Interaktions-
studien zeigen vitale OB vor und nach der mechanischen Stimulation mit veränderter Gen-
expressionsregulationen.
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1 Introduction

Adapting synthetic surfaces to the concept of tissue engineering has grown considerable

interest with respect to in vitro studies. Since complications may arise in vivo due to the

inability to control the living organism systematically throughout the experiments, biological

interaction of cells towards the surface topographies has to be mimicked and compensated

outside the body conditions. Especially for orthopedic implant purposes, as the main in-

terest of this thesis work, the implant surface is required to be bio-compatible, be able to

withstand the physical stress arising from the body movement and has to facilitate the self-

healing of damaged tissue. Moreover, it has been shown that the biological functionality of

cells is enhanced on surfaces exhibiting roughness compared to flat surfaces [1, 2]. Thus,

attempts to understand the cellular interaction with various surfaces, both biological and

synthetic, led to construction of different 3-dimensional (3D) surface topographies from

micro- to nanoscale.

Precise topographical alterations of smooth surfaces by uniform structuring (i.e. periodic

or constant geometric arrangements) are proved to be an ideal platform to investigate

cell-surface interactions [3–5]. Effect of hierarchical microscale arrangements such as

micropost arrays [6, 7] or grooves [8, 9] on the cell adhesion has already been reported

by several groups. Cheng et al. published the fabrication of PDMS micropost arrays to

investigate the traction forces in vascular smooth muscle cells [10]. In addition, Dalby et al.

showed that exerting mechanical tensions on the fibroblasts align them along the fabricated

microgrooves which make it possible to apply simultaneous gene expression studies [11].

The function of the cytoskeleton, which is a scaffold for cellular movement, as well as its

shape, is closely related to the interaction with the extracellular matrix (ECM). The synthetic

surface is confined by the ECM prior to cell adhesion. Moreover, the ECM consists of

organic and inorganic components which have features on the nanoscale [12–14]. It is

thus logical to assume that the cell interacts with a synthetic surface through these nano-

cues in the ECM. This idea of a biomimetic approach gives inspiration to further investigate

the cellular response to nanoscaled surfaces.

Advances in the fabrication techniques shifted the interest towards smaller scaled features

(<1 µm): Various cells respond to well-defined nanotopographies such as nanopillars [15],

chemically activated nanoparticles [16, 17] or nanopores [18, 19]. While the fundamental
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1 Introduction

influence of individual geometries is well-documented, due to the diversity of the used cell

types, synthetic material as well as addition of chemical coatings [20, 21] makes it chal-

lenging to compare experimental data. In addition, there is a lack of systematic approach

for multiparametric variation on the nanoscale (i.e. independent variation of different array

geometries). This led to the first concept of the present work which is to investigate the

effect of uniform substrate nanotopography on the behavior of human mesenchymal stem

cells (hMSCs) and human osteoblasts (hOBs) by fabrication of well-defined, multiparamet-

rically variable, quasi-hexagonally ordered SiO2 nanopillar arrays.

In addition to the studies conducted on the effect of uniform structured surfaces on the cell

behavior, there are several studies that focus on the effect of non-uniform (i.e. gradient

in array density or varying array geometries) surfaces. Introducing non-uniformity, either

chemically or topographically, along a defined surface direction can give a further insight

to understand the cell-surface interactions such as adhesion, migration or proliferation.

Assembling a gradual change which generates 3D varieties such as non-linearity in height,

width or even density of the topography, can provide much faster investigations on the

cellular response than analyzing in multiple separate uniform topography environments.

Bhat et al. demonstrated that the tuning of the MC3T3-E1 osteoblastic cell adhesion is

possible by creating surface-grafted polymer-gradient assemblies [22]. Using a fibronectin

(FN) repellent polymer and forming a gradient in density or molecular weight, FN den-

sity as well as protein adsorption can be controlled. For the investigation of same cell

type, a physical approach is also introduced. Production of radial and concentric oriented

nano-grooves with a size gradient between 150-1000 nm can improve the cell adhesion

and migration [23]. Not only 1D gradient geometries, but fabrication of multidimensional

geometries can be realized. Choi et al. showed the fabrication of µPAGS-PS micro-pattern

arrays with a both diameter and distance gradient based on the PDMS mold hot embossing

technique [24]. The diameters varying from 2-150 µm and distances varying from 2-160 µm

on a 4 inch silicon surface have been fabricated for the investigation of cell-surface inter-

action. Attempts to generate anisotropic topographies also give the opportunity to apply

external gradient like deformation of the poly(ε-caprolactone) films by uniaxial stretching

[25].

Underlying mechanisms for topographical sensing and interaction of different cell types

over the gradient surfaces have been already discussed by several groups, however sys-

tematic analysis towards the variation in each individual topographical parameter, separate

and combined, and the influence of each nanoscale gradient to the proliferation and differ-

entiation behavior are not yet fully established. In this thesis work, the systematic study of

cell-surface interaction through well-defined uniform SiO2 nanopillar arrays is carried one
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step further to analyze and compare the effect of non-uniform SiO2 nanopillar arrays with

the possibility to fabricate multiparametric gradients along the desired surface lengths.

For a better understanding of the development of nanostructured orthopedic implants, it

is crucial to carry the static in vitro experiments into a dynamic environment. Once the

implant is placed into the body, the cells not only interact with the surface but are also

exposed to dynamic body conditions, hence mechanical stress is exerted. The cell has

the ability to convert the mechanical stimuli into chemical activity via mechanotransduc-

tion [26]. External mechanical forces which are first realized by ECM induce mechanical

stiffness of the ECM. Through signaling pathways between integrins and ECM proteins,

cytoskeleton of the cells can be stimulated [27]. It has been shown that, with the applica-

tion of an external magnetic field to MSCs confined in tissue culture polystyrene (TCP) well

plate, Sox 9 and ALP genes are expressed [28]. Engler et al. demonstrated that marrow-

derived MSCs induce myogenic phenotype under mechanical stress which is generated

from elastic substrates with modulus of 10 kPa [29].

Several studies investigated the effect of mechanical strain on the osteogenesis of hMSCs

to facilitate the bone cell regeneration over the implant and to avoid possible inflamma-

tion due to the implant material [30–32]. Thorpe et al. showed that 42 days of dynamic

compression of porcine MSCs in a culture with transforming growth factor-β3 enhances

the chondrogenesis of MSCs [33]. Mechanical stimulation of MSCs on a culture dish with

40 days of high frequency vibration (HFV) was also shown to promote osteogenesis with

increasing osteogenic protein content [34]. Research on the mechanical stimulation to

control and facilitate selective differentiation of MSCs into OBs looks promising; however

there is no study yet for the application of mechanical stimulation directly through a struc-

tured surface. The idea to systematically investigate the cell behavior that is adhered on

the dynamic surface system has led to the third concept of the thesis. Here, it is aimed to

investigate the gene expression of hMSCs and hOBs on uniform SiO2 nanopillar arrays on

a bendable membrane surface through application of cyclic loading/unloading pressure.

The thesis consists of seven chapters. Chapter 2 introduces the fundamentals for the

structure of different cells and how they function. Underlying mechanisms of cell-substrate

interaction and importance of mesenchymal stem cells are covered. Chapter 3 explains

the theoretical background and working principle of the devices that are used for charac-

terization, preparation and measurement of the performed experiments.

Chapter 4 discusses the influence of various uniform surface nanotopographies on the

behavior of hMSCs and hOBs. First, step by step fabrication of the quasi-hexagonally

ordered SiO2 nanopillar arrays is explained in detail. Optimizations and experimental limits

for each fabrication step are extracted. Second, the interaction of hMSCs and hOBs with

3



1 Introduction

multiparametric SiO2 nanopillar arrays is analyzed and adhesion, proliferation as well as

osteogenic differentiation are investigated. It is shown that systematic alteration of the

individual pillar geometries, separately and combined, has influence on the expression of

(chosen) cells. Carrying the discussion into the next step, influence of various non-uniform

surface nanotopographies on the behavior of hOBs is inspected in chapter 5. Fabrication

and characterization of well-defined pillar-to-pillar distance as well as diameter and height

gradients of SiO2 nanopillar arrays are introduced. In addition, combination of all three

fabrication techniques reveals for the first time well-defined multiparametric gradients of

SiO2 nanopillar arrays with all geometric values below 150 nm. Moreover, initial findings

related to the cell-surface interaction studies are provided.

Chapter 6 focuses on the mechanical stimulation of hOBs on uniform SiO2 nanopillar arrays

fabricated on ultra-thin freestanding Si3N4 membranes. Fabrication and characterization

of aforementioned membranes and in-house built pressure load/deflection setup are dis-

cussed further. Moreover, effect of the dynamic substrate system for the gene expression

of hOBs is investigated. Finally, chapter 7 summarizes the crucial findings and overall work

presented in this thesis.

4



2 Fundamentals

Significant part of this thesis work is dedicated to fabricate uniform and non-uniform nan-

otopographies in order to understand the cell-surface interaction and migration by analyz-

ing human mesenchymal stem cells (hMSCs) and osteoblasts (OBs). Detailed information

can be found in chapters 4-6. In this chapter, general information on the cell structure,

mechanism of the cell-surface interaction and chosen cell types are provided.

2.1 Introduction to cell structure and function

All living organisms are built up by cells which are the smallest units that have the ability to

replicate and grow [35]. Cells can regulate activities for cell division or respond to the envi-

ronment chemically and mechanically through gene regulation. Eukaryotes such as animal

cells have defined nucleus and organelles like mitochondria, endoplasmic reticulum, Golgi

complex and lysosomes as depicted in Figure 2.1 [35]. Inside the nucleus, the genetic

information is stored in DNA which consists of nucleic acids in a double helix chromosome

structure [36].

Figure 2.1: Figure was removed due to copyright reasons.
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2 Fundamentals

Cells are surrounded by a plasma membrane which functions as a filter of in-out mate-

rial flow. In between the cell membrane and organelles that are inside the cell, there is

cytoplasm which functions as a scaffold, holding the organelles in order and determin-

ing the shape of the cell [35]. Cytoplasm consists of protein networks and filaments like

actin, intermediate filaments and microtubules, which in combined is termed as cytoskele-

ton. Cytoskeleton is not only responsible for the movement and structural framework of

the cells, but it also stabilizes the cells under mechanical stress [37]. The effect of me-

chanical stress on the cell structure due to a dynamic nanotopography surface system is

investigated further in chapter 6.

2.2 Underlying mechanisms of the cell-surface interaction

When cell first interacts with a solid surface, cell adhesion occurs through the protein net-

work between extra-cellular matrix (ECM) and trans-membrane as depicted in Figure 2.2.

ECM consists of proteins and ligands which are generated by cells in order to initiate the

adhesion to a non-cellular surface or inter-cellular interaction [38]. Cell adhesion recep-

tors, known as integrins, are signaling pathways which carry the information between the

cell (through trans-membrane and cytoskeleton) and the ECM. Integrins consist of non-

covalently linked α and β sub-units. These sub-units are built out of several different α

and β sub-units, which result in various combinations of integrins [38]. Once the infor-

mation is carried, integrins start to combine to form focal adhesion points and generate

binding sites with ECM. Via complex interactions of various proteins and integrins, cell is

finally confined on the surface.

Figure 2.2: Schematic showing the steps of the cell adhesion to a surface. a) Initial con-
tact of the cell with the surface. b) Through the interaction between the ECM
ligands and cell receptors (integrins), cell starts to confine on the surface. c)
Cell cytoskeleton is aligned in order to adjust itself to the surface condition and
finally spreads (Image is adopted from [38]).

Once the cell is confined on the surface, several interactions are possible. If the receptor-

ligand signaling states that the surface is not suitable for the cells, then they can contract

and detach from the surface. Another possibility is that, after the adhesion cells can migrate

on the surface either randomly or directed depending on the surface topography. When the

cells are migrating, depending on the direction of the movement two edge end of the cell
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2.2 Underlying mechanisms of the cell-surface interaction

are defined: the leading edge and the rear edge. Actin filaments align as a 3D network

against the cell membrane and generate force for the cell migration. At the leading edge

two types of protrusion can occur: lamellipodia and filopodia [39]. Lamellipodia is a wide

and flat extension with an actin filament network, whereas filopodia is finger-like extensions

with parallel elongated actin filaments (Figure 2.3). Both of the protrusions are tools for

topographical sensing of the cells towards the surface. As shown in Figure 2.3, after the

formation of these protrusions, cell starts to extend towards the direction of movement

and new adhesion sites are generated. Stress fibers due to the elongation, force the cell

nucleus and the body to move forward and re-locate. This results in the retraction of the

cell adhesion sites on the rear edge and the cell moves forward.

Figure 2.3: Schematic showing the steps of the cell migration. Movement of the cell is
initiated via the formation of lamellipodia and filopodia protrusions with actin
filaments. Cell starts to extend towards the direction of the movement and
on the leading edge new adhesion sites are formed. Stress fibers that are
generated due to the movement, force the cell body to re-align. On the rear
edge, retraction forces detach the cell adhesion sites and move the cell forward
[39].
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2 Fundamentals

2.3 Mesenchymal stem cells

Stem cells have remarkable potential in medical research due to their unique character-

istics. They are unspecialized cells with the ability to regenerate through cell division in-

definitely and, under certain conditions, they can differentiate into various specialized cell

lineages. Duration of the self-renewal might take a week or even a life time [40]. There

are two types of stem cells: embryonic and adult stem cells. Embryonic stem cells are

extracted from the embryo in early stages. However, due to ethical controversies, adult

stem cells are preferred for scientific studies. Adult stem cells are derived from the mature

or adult tissues and can be obtained from bone marrow or blood cord of a human [40, 41].

There are several kinds of adult stem cells which can be also categorized with respect

to the number of cell lineages they can differentiate into (potency). Pluripotent stem cells

can differentiate into various specialized cells, whereas multipotent stem cells have limited

number of lineages. And unipotent stem cells basically can differentiate into only one cell

type [42].

Human mesenchymal stem cells (hMSCs), or in another name, multipotent stromal cells

are one type of the adult stem cells which can be obtained from bone marrow. The term

mesenchymal and stromal is to define the morphology and type of the stem cells. hMSCs

consist of loose connective tissues which are derived from mesoderm and a large ECM

[43]. They have a fibroblast morphology and they can form colonies in vitro [44]. hMSCs

can differentiate into specific tissues or organs such as bone, cartilage, muscle, marrow,

ligament and connective tissues [45]. Figure 2.4 shows the specific lineage pathways for

the hMSC differentiation (mesengenic process).

hMSC differentiation starts first with self-renewal and proliferation step which is cell-growth.

Mother hMSCs divide into daughter cells and cell number starts to increase exponentially.

Stem cells are progenitor cells that can be matured in vitro via specific supplements and

they can commit into certain specialized cell lineages. As depicted in Figure 2.4, possible

commitments for hMSCs are through osteogenesis, chondrogenesis, myogenesis, marrow

stroma, tendenogenesis or other processes. Once the cell is committed, the cell fate or

the pathway for the cell is determined and can not be reversed [46]. Since main emphasis

in this thesis work is the osteoblasts (OBs or bone cells), we can focus on the osteogenic

differentiation pathway. It is important to note that, hereby used hOBs are primary os-

teoblasts which are directly extracted from the knee joints spongiosa and cultured in a

dish. Moreover, hMSCs are differentiated into osteoblasts through surface topography.

In this thesis, effect of uniform and non-uniform surface nanotopographies as well as dy-

namic substrates on the behavior of hMSCs and hOBs are investigated. In addition, pre-
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2.3 Mesenchymal stem cells

liminary gene expression studies are conducted in order to observe the effect of various

uniform and non-uniform nanotopographies on hOBs in detail. Further details are provided

in section 5.2 and 6.2.

Figure 2.4: Schematic showing the steps of the mesengenic process. Step-wise transition
from hMSCs into individual lineages of bone, cartilage, muscle, marrow, liga-
ment and connective tissues are shown. The individual cellular transitions are
simplified to eliminate the complexities for each process [45].
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3 Materials and methods

This chapter is a guideline for a better understanding of the experimental methods and

characterization techniques which are used during the thesis work. Experiment-wise,

the work is divided into two main parts: nanofabrication (physic) and cell related exper-

iments (biology). In order to investigate the effect of nanostructured surface on cellular

response, uniform and non-uniform (gradient) SiO2 nanopillar arrays are fabricated using

block copolymer micellar technique (BCML), photochemical growth, reactive ion etching

(RIE) and physical vapor deposition (PVD). For the characterization of the fabricated sur-

faces, optical contact angle measurement system (OCAM) and high resolution scanning

electron microscopy (HRSEM) are used. As will be shown in detail in chapter 4, BCML

technique has several experimental steps including dip-coating and H2-plasma ashing.

Working principles of the equipments that are used for each step and physical background

are provided in this chapter. For the cell related experiments, equipments such as fluo-

rescence microscopy and live cell imaging microscopy are used and detailed information

about the working principles are also presented.

3.1 H2-plasma ashing

For this thesis work, H2-plasma ashing was used during block copolymer micellar tech-

nique (BCML). TePla 100-E Plasma Processor System microwave etcher is commonly pre-

ferred for photo-resist stripping and surface cleaning from the organic residues (ashing).

The main purpose to use the H2-plasma asher was to completely remove the polymers

in the micelle film and nucleate the gold nanoparticles (Au NPs) on the substrate surface

which were further used as Au NPs mask [47]. Details on the formation of the particles are

further described in subsection 4.1.1.

Main advantage of this system is that it generates an isotropic plasma and chemically ac-

tive species and ions with low kinetic energy. Unlike other plasma systems, the generated

plasma is not as aggressive to perform etching. It can remove the polymers or residues

from the surface [48]. Moreover, it has a microwave generator with a typical frequency

of 2.46 GHz. The device offers two gas channels for O2 and H2-plasma. For this thesis

work, only H2-plasma was used for the sample preparation. Gas flow rate was set to 8
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3 Materials and methods

m3/h which could be tuned by the valves provided on the device [47]. First the chamber

was evacuated below 0.05 mbar for the plasma ignition to the chamber. After the chamber

pressure is adjusted, H2 gas was released to the quartz chamber and the overall pressure

was adjusted to 0.25 mbar. Then the time of the exposure was adjusted to 15 min for the

pre-treatment of the chamber prior to the experiment. When the microwave power is set

to 160 W, free electrons in the chamber gain enough energy to ionize the H2 gas [48]. The

similar procedure with ignition pressure of 0.8 mbar with 160 W was used for 90 min during

the experiment.

3.2 Photochemical growth

For this thesis work, enlargement of the Au NP mask diameter was established by a tech-

nique called photochemical growth using a mask aligner (Karl SUSS MJB 3 Mask UV 400)

as a light source (Figure 3.1). The device consists of a mercury short-arc lamp with a

power of 350 W. It provides two wavelength options of 365 and 390 nm. When the lamp is

ignited and radiation is emitted, a surrounding ellipsoidal mirror accumulates the radiation

and focuses it to a second mirror called as cold light mirror. Undesired wavelengths are

transmitted and shorter wavelength radiation is reflected further to the Fly’s eye lens. The

light is then dispersed and with the help of condenser lenses the intensity and uniformity

of the light are adjusted. Filter holder is used to block a certain wavelength. Lens plates

are used to eliminate the diffraction effect during photolithographic applications; however

for the purpose of the photochemical growth experiment it is not crucial. Finally, generated

light beam is deflected in vertical direction by a surface mirror and the front lens increases

the uniformity of the exposure beam illuminating the substrates [49].

Figure 3.1: Schematic representation of the optical system of the mask aligner Karl SUSS
MJB 3 Mask UV 400 (redrawn from [49]).

12



3.2 Photochemical growth

Photochemical growth technique is based on the idea of using already existing Au NPs

decorated on a smooth surface as seeds so they can be enlarged into desired diameters

with a photochemical reaction. It is known that a solution of phthalatester mixture and

hydrogen tetrachloroaurate (HAuCl4) salt with a defined concentration can be chemically

activated under UV irradiation [50, 51] and be selectively deposited on the seed Au NPs on

the substrate surface. In this thesis work, same reported technique was used to control the

size of used Au NPs mask. Experimental details of the photochemical growth technique

and resulting particles are further explained in subsection 4.1.2. Auto-catalytic growth of

the particles takes place with the principles of following equations [52]:

2AuCl−4
−→
hv 2AuCl−3 + Cl2, (3.1)

2AuCl−3 → AuCl−2 +AuCl−4 , (3.2)

2AuCl−2 → Au0 +AuCl−3 + Cl−. (3.3)

Figure 3.2: Measured transmittance of different concentrations of prepared Au solutions for
this thesis using a compact optical spectrometer (OceanOptics, Germany).

As shown in Figure 3.2, energy (or wavelength) of the UV radiation provided by the mask

aligner is sufficient to excite the salt complex (HAuCl4) and initiate the reduction [52]. Here

it can be seen that for different concentrations of the prepared solution, strong absorption

is observed in UV region. Under UV radiation, salt complex in the solution is easily dis-

proportionate into AuCl−3 by direct photolysis reaction [50–52]. Since AuCl−3 is not stable

due to the AuII , it is further disproportioning into AuCl−2 . At this stage, the resulting AuI is

rather stable and it requires a catalyst to further reduce it into zerovalent gold Au0 [53, 54].

Here, SiO2 substrates with Au NPs were used as nucleation centers which were fabricated
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by BCML. As mentioned above, Au NPs act as seeds or catalysts for the formation of Au0

which results in a homogenous deposition on the seed particles [50–52]. It is important

to emphasize that under UV radiation and clean Au NPs as seeds (no contamination or

other coated material), the zerovalent gold was only deposited on the seed Au NPs on

the surface and no particle formation in the solution was observed. The reason is that

the reduction potential of the system consists of AuIII
sln and Au NPs (between -1.5 V and

1.5 V) is less than the one between AuIII
sln and AuIII

sln (1.5 V) [52, 53]. As a result, when

there are seed particles present, it is unlikely that the new particles are formed in the

solution compared to the deposition on the seed particles. The main principle of the pho-

tochemical growth technique is schematically depicted in Figure 3.3. Optimizations of the

photochemical growth technique with respect to the Au NP diameter and exposure time

are established and already reported in the master thesis of the author and corresponding

publication [51, 55].

Figure 3.3: Schematic representation of the main principle of the photochemical particle
growth technique. Due to the selective deposition of gold salt onto the seed
Au NPs, they can be enlarged into desired diameters (Figure is redrawn from
[50]).

3.3 Reactive ion etching

Reactive ion etching (RIE) is a widely used micro- / nanofabrication technique. It com-

bines the advantages of physical and chemical etching mechanisms such as better control

over the etching profile, high etching selectivity, and uniform etching rates with anisotropic

(directional) / isotropic (non-directional) components [48]. For this thesis work, uniform

and non-uniform SiO2 nanopillar arrays were fabricated by BCML including the final RIE

step. Details on the BCML technique as well as RIE procedure are provided in subsections

4.1.1 and 4.1.3. The RIE system (Oxford Instruments Plasmalab 80Plus ICP65) used is

schematically represented in Figure 3.4.
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3.3 Reactive ion etching

The cylindrical aluminum process chamber in principle consists of two asymmetric elec-

trodes in which the lower electrode is also a cryogenic substrate table. Cooling is measured

via thermocouple and can be adjusted using the related PC 2000 software [56]. Moreover,

capacitively coupled radio frequency (RF) and inductively coupled plasma (ICP) gener-

ators, both operating at a frequency of 13.56 MHz, are connected to the electrodes via

matchboxes. Gas is introduced into the process chamber through the ICP source.

Figure 3.4: Schematic representation of the Oxford Instruments Plasmalab 80Plus ICP65
reactive ion etching system (Redrawn from the manual[56]). Details on the
compartments are given in the text.

The pressure inside the process chamber can be monitored by a capacitive manome-

ter gauge and tuned by automatic pressure control (APC) valve. Vacuum of the process

chamber is established by a rotary vane pump and a turbo-molecular pump. In this thesis

work, low pressure range (< 1 mTorr) is measured by a penning gauge, whereas pressure

during etching process is measured by capacitive manometer. The PC 2000 software pro-

vides information about the gas inlets, gas flow rates, RF power, temperature, pressure,

pumping control and so on [56]. Flow rates for the gases (CH4, CHF3, O2, Ar) used in this

thesis were previously optimized for another thesis depending on the flow capacity of the

system, process pressure and resulting etching rate for SiO2 [57].

In this thesis, only RF generator was used for the fabrication of SiO2 nanopillars. In an

asymmetric parallel plate system (Figure 3.4), RF generator is capacitively coupled to the

substrate electrode and the upper electrode is directly grounded. When the low pressure

is reached, the etching gases to be used are released to the parallel plate reactor sys-

tem. With the application of RF field, the oscillation of high energy free electrons results
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Figure 3.5: a) Time dependent potential distribution for the asymmetric parallel plate sys-
tem. The RF generator is capacitively coupled to the lower electrode (cathode).
b) Relation of the plasma potential Vp, self-bias potential VDC and peak-to-peak
RF potential VRF pp. Figure is adopted from [48].

in impact ionization of the reactive etching gases [48]. Moreover, quick dissociation of the

reactive etching gases can also form highly reactive radicals in the plasma. In typical low

pressure system, the degree of ionization in the plasma is around 10−4 ions per atom/-

molecule, so plasma mainly consists of neutrals [58]. Changing the potential difference

between the substrate electrode and generated plasma can accelerate the high mobility

electrons due to their light masses compared to ions [59]. As a result, a negative DC bias

VDC is generated as shown in Figure 3.5a which can be calculated depending on the tem-

peratures Te, Ti and masses me, mi of the electrons and ions as shown in Equation 3.4

[48, 60].

VDC =
kTe
2e

ln
Temi

Time
. (3.4)

Dark sheath (space-charge) regions are formed near the two electrodes and for the time

dependent potential distribution of the capacitively coupled RF system, a potential drop

occurs (Figure 3.5a). Here the plasma potential is labeled as Vp. Moreover, the amplitude

of the applied RF signal (peak-to-peak RF potential VRF pp) can influence the DC bias as

depicted in Equation 3.5 [48]. Resulting potential distribution is shown in Figure 3.5b [48].

2Vp v
VRFpp

2
− |VDC | . (3.5)
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The motivation of having an asymmetrical parallel plate system is to create a larger po-

tential drop on the cathode sheath region which causes the ions to accelerate towards the

substrate electrode for further etching [59]. Maximum energy that can be achieved for the

positive ions is proportional to the sum of the self-bias potential and plasma potential VT

[48]. The relation between the anode Ap and cathode area AT and VT is shown in Equation

3.6 [48].

VT
Vp

= (
Ap

AT
)4. (3.6)

Moreover, depending on the distance between the two electrodes, type of reactive etching

gases, chamber pressure, etching performance and selectivity can be adjusted [61, 62]. It

is important to note that, in addition to the positive ions, other gas molecules in the plasma

can also react with the substrate. For instance, using high pressure and low voltages favors

the chemical etching of the substrate whereas low pressures and high voltages favor phys-

ical etching [63]. Consequently, it is important to optimize the individual parameters in RIE

procedure for different materials and purposes. In addition, RIE processes that were con-

ducted for thesis work produced nanoscale arrays and only conducted for SiO2 substrates,

so the optimizations of the etch rate as well as selectivity were adjusted accordingly based

on the previous works [57, 64].

3.4 Physical vapor deposition

Physical vapor deposition (PVD) techniques are based on the principle that the material to

be deposited is first sublimated into the gas phase and transported to the substrate where

it condenses into a film layer with tunable deposition rate [48, 65]. There are different

evaporation methods for PVD such as pulsed laser deposition, sputtering and electron-

beam assisted evaporation (EBPVD) [66–68]. In the present work, EBPVD reactor is used

(Leybold AG, Germany) to deposit SiO2. Basically, the system consists of a vacuum cham-

ber, thickness monitor, shutter, vacuum system and an evaporation source as depicted in

Figure 3.6.

The source material (SiO2) is placed on a small boat with tapered walls, which is called

as crucible. The crucible is usually placed in a holder with water-cooling surrounding,

where the electron beam is produced from a hot cathode using magnetic pole lenses and

a filament system under high vacuum [48]. Generally for such system, the kinetic energy of

the accelerated electron beam that is focused on the material is around 10 kV and vacuum

conditions are < 10−5 mbar pressure [48]. When the required vapor pressure P ∗ is reached
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Figure 3.6: Schematic of the electron beam physical vapor deposition reactor. It consists
of a vacuum chamber, substrate holder, movable shutter, thickness monitor
sensor, evaporation source boat with a magnetic pole and filament system to
generate electron beam.

to evaporate SiO2, phase transfer occurs [69]. The gas material reaches the substrate

surface, which are located on the holder above and solidifies into a thin film of SiO2. Due to

the chamber conditions, collisions of evaporated atoms with the surrounding residual gases

are prevented and the atoms travel directly to the substrate surface or the surrounding

walls. Since SiO2 is a compound and an insulating material, instability of the evaporation

rate may occur from local charging effects [70]. In order to prevent high evaporation flux,

the movable shutter blocks the substrates from exposure until desired deposition rate is

reached for slow and stable film deposition. It is important to precisely tune the electron

beam power, which is focused on the source material because slow evaporation flux will

allow increasing the quality of the deposited film thicknesses as well as controlling the

deposition rate [48, 70]. Evaporation rate Γ is proportional to the difference between the

equilibrium vapor pressure P ∗ and ambient pressure P of the condensed phase as defined

by the Hertz-Knudsen equation (Equation 3.7) [71].

Γ = αv(P ∗ − P )

√
m

2πkBT
. (3.7)

Here αv is the sticking coefficient for vapor molecules onto the substrate surface, m is

molecular weight of the source material, T is the temperature and kB is the Boltzmann

constant [71]. The chamber is calibrated for the SiO2 source material and equilibrium

vapor pressure P ∗ is optimized to < 10−6 mbar. Next step is to monitor the thickness in situ
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3.4 Physical vapor deposition

with the help of a quartz crystal microbalance (QCM) sensor inside the vacuum chamber.

Working principle of QCM sensor is to track the changes of the oscillation frequency with

respect to the mass increase of the deposited material [72]. The Sauerbrey’s equation for

the thickness of the deposited film is given below (Equation 3.8):

df =
Nqρq
πρfZfL

arctan

[
Z tan

(
π
fu − fL
fu

)]
(3.8)

Here df is the film thickness, ρf is the bulk density of the source material,Nq, ρq, fL and fu

are the frequency constant, density of the quartz crystal and frequencies of the loaded / un-

loaded crystals, respectively. Z is the Z-factor of the source material, which is proportional

to the acoustic impedance [72]. However, it is important to calibrate the possible deviation

of the real thickness and measured thickness for the QCM monitor, which is known as

tooling factor. For better accuracy the relative distance between the evaporation source

and the thickness monitor with respect to the substrate distance was previously calibrated

in another thesis work to establish a tooling factor of 1 [70].

There is still the consideration for the uniformity of the deposited film thickness. Uniformity

or thickness distribution (d / d0) of the evaporated film along the substrate strongly depends

on the type of the evaporation source, normal distance between the evaporation source

and the substrate h, the distance of the substrate/source r and the angle θ of the substrate

relative to the source and if available axis of rotation of the substrate holder. Here d0 is

the maximum thickness and d is the general thickness of the deposited film along the

substrate [73]. Since the system used here is a static operation with fixed substrate holder,

the relation can be deduced from the plots shown in Figure 3.7 which are calculated using

the Equations 3.9 and 3.10 [73, 74].

Point source :
d

d0
=

[
1 +

(
l

h

)2
]−3/2

, (3.9)

Surface source (small) :
d

d0
=

[
1 +

(
l

h

)2
]−2

. (3.10)

For the EBPVD reactor used for this thesis, the ratio of the substrate size with respect to the

distance to surface evaporation source l/h was adjusted to < 0.02; hence the uniformity of

the film thickness is at the close proximity to 1 as plotted above. Moreover, knowing all the

material specific values for the quartz crystal in thickness monitor and SiO2, the deposition

rate was adjusted to 1 Å/s to maintain the consistency and to establish controlled uniform

thicknesses.
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Figure 3.7: Relation of the thickness distribution d
d0

with respect to the substrate size and
source distance ratio l

h . Schematic of the wafer located on top of the evapora-
tion source is depicted.

3.5 Optical contact angle measurement system

The contact angle measurements, which are presented in this thesis work, were all per-

formed using an optical contact angle measuring instrument (OCA15 plus DataPhysics,

Germany) as depicted in Figure 3.8.

Figure 3.8: Schematic representation of the optical contact angle measuring instrument.
Device contains a tilting table where the adjustable sample holder, optic system
with a CCD camera, dosing unit with syringe and a light source are connected.

20



3.5 Optical contact angle measurement system

As can be seen in Figure 3.8, the commercial system consists of a tilting table, which is

controlled by SCA 20 software (DataPhysics). It is possible to tilt the table up to an angle of

90◦ with controlled tilting velocity. On one side of the table, a high-resolution CCD camera

and camera optics are mounted. Frame rate can be adjusted up to 1 kHz. Exposure time (>

0.5 ms) and focus can be tuned using the software and additional LED lamp. In the middle,

a sample holder table is located and the position can be changed using the sliding screws

for all directions. Above the sample holder, a dosing unit with a syringe is situated. The

needle that is connected to the syringe has a fixed diameter of 0.5 mm. The velocity as well

as the drop volume of the deionized water inside the syringe is controlled by the software

and the dosing rate is fixed to 1 µL/s for the consistency of the conducted experiments

in the course of the thesis work. The motivation behind the contact angle measurements

is to establish an understanding of the wetting of different surfaces. In the present work,

the relation between wetting behavior of the fabricated SiO2 nanopillar arrays with varied

geometries and the resulting cellular response was investigated.

Due to Young’s-equation (Equation 3.11), as the water is dropped on a plane surface,

different surface tensions acting on the contact line result in an equilibrium condition of the

drop. Related liquid-air surface energy and Young’s contact angle are labeled as γLA and

θ, and the solid-air surface tension γSA equals to the sum of the solid-liquid surface tension

γSL and liquid/air surface tension γLA cosθ [75]. The relation is schematically shown in

Figure 3.9.

γSA = γSL + γLA cos θ. (3.11)

Figure 3.9: Schematic representation of the relation between solid-air surface tension γSA,
solid-liquid surface tension γSL, liquid-air surface tension γLA and Young’s con-
tact angle θ on a plane surface (left). When the roughness of the surface is
introduced, Wenzel relation is defined with respect to the dimensions of the
roughness (right).

For contact angles between 0◦ and 90◦, the substrate is defined as hydrophilic [75]. In

case of a hydrophilic surface, the hysteresis (∆θ = θa - θr) between the maximum observed

angle (advancing, θa) and the minimum observed angle (receding, θr) is usually small.

However, due to the Wenzel model, roughness of the solid surface affects the apparent

contact angle, hence the hydrophilicity. According to the Wenzel relation (Equation 3.12),

the cosine of the apparent contact angle (θ∗) differs from the cosine of the Young’s contact
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angle θ by a roughness factor r, which is the ratio between the actual surface area and

the apparent surface area on a rough surface [75, 76].

cos θ∗ = r cos θ. (3.12)

When the roughness factor is larger than 1, a hydrophilic surface (θ < 90◦) becomes more

hydrophilic, and vice versa [75]. In case of a nanopillar array pattern, the roughness factor

r is dependent on the pillar density Φs, diameter of the pillars d and height of the pillars h

(Equation 3.13).

r = 1 + Φs ∗ h ∗ d ∗Π. (3.13)

Figure 3.10: Snapshots taken during the recording of contact angle measurements on the
substrates. On the left, as the drop volume is increased on the substrate
surface by a constant dosing rate, advancing contact angles are visible on the
contact lines. When a certain drop volume is reached, the needle is removed
to obtain the static contact angle as depicted in the middle. Finally the drop
volume is constantly removed from the surface for the recording of receding
contact angle.

Figure 3.10 depicts an example of how the advancing, static and receding contact angles

are formed and calculated with the SCA 20 software. As water is released from the syringe

with a certain dose rate, the drop volume is gradually increased and with respect to run

time, the software records the advancing contact angles from left and right side of the

drop. After drop volume is reached to the limit, the water is withdrawn from the needle

with the same dose rate and receding contact angle is measured in the similar manner.

For measuring the static angle, the droplet should fall on the substrate. There are two

horizontal lines where the first line is placed on the contact line of the water and surface

and the second line is positioned on the droplet. The drop is detected by the contrast

gradient in the picture and smoothed. The polynomial is only fitted to the vicinity of the

base-line. The corresponding calculations of the roughness factor of fabricated surfaces

and resulting contact angle measurements are further shown in the subsections 4.1.4,

5.1.1-5.1.4.
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3.6 High resolution scanning electron microscopy

3.6 High resolution scanning electron microscopy

For this thesis work, the primary topographical characterization of the fabrication steps

for SiO2 nanopillar arrays and cell-surface interaction was conducted by high resolution

scanning electron microscopy (Hitachi S5200, Krefeld, Germany) in the Institute of Solid

State Physics (University Ulm). HRSEM is a powerful imaging technique, which generates

a focused beam of high-energy electrons to scan the substrate under investigation [77].

The interaction of the focused beam of electrons with the substrate atoms produces char-

acteristic signals and information about the substrate topography or composition can be

visualized as image. A schematic drawing, which shows the components of a HRSEM, is

depicted in Figure 3.11.

Figure 3.11: Schematic showing the components of HRSEM (Figure is redrawn from the
instruction manual [78]).

The field emission electron gun consists of cathode and anode components. The elec-

tron beam is emitted from the cathode and accelerated towards anode with electrical field

in between in a vacuum environment. The beam is then accumulated with the help of

electromagnetic condenser lenses, deflected by scanning coils to enable a x-y directional

movement along the substrate. Finally the beam is focused onto the substrate by special

low-aberration objective lens. With the lowest to highest acceleration voltage (1 kV-30 kV),

HRSEM resolution can be increased from 1.8 nm down to 0.5 nm, respectively. Moreover,

the whole column is mechanically decoupled from the surrounding [78, 79].
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When the electron beam is focused on the substrate surface, different types of electrons

such as Secondary electrons (SE), Back-scattered electrons (BSE), X-rays and Auger

electrons (AE) are emitted as shown in Figure 3.12. They are collected by appropriate

detectors and converted into signals, which are used to form images of the scanned area

on the substrate. Low energy electrons such as SE (ESE < 50 eV) provide topographic in-

formation, whereas BSE provides information on composition of the substrate with respect

to the changes in the atomic number (Z) [79].

Figure 3.12: Schematic of the interaction of focused beam of electrons with the substrate
[79].

For the imaging in HRSEM, the substrates must be from a conductive material in order

to avoid accumulation of electrostatic charges, which can severely disturb the scanning

process. In the present work, SiO2 nanopillar arrays were monitored in HRSEM while the

Au NP masks were still intact. High atomic number (Z) of Au increases the signal/noise

ratio and creates better contrast in the resulting image. Non-conductive materials such

as proteins and cells were coated with a thin layer of gold/palladium (Au/Pd-3 nm) in this

thesis.

When the cells were analyzed in situ, they were placed in a liquid medium which provided

the vital nutrition. In order to observe the cell-surface interaction, cells should be fixed and

dried on the surface. Details will be provided in section 4.2. It is crucial that the cells that

are attached on the surface stay intact during drying procedure, thus the well established

critical point drying was used [80] in the Central Facility of Electron Microscopy, University

of Ulm under the supervision of Prof. Walther. Basic idea in this technique was to avoid

the irreversible effects of high surface tension forces of the used liquid on the cells during

any conventional drying [80]. The underlying mechanism is to change the environmental

conditions such as temperature and pressure, in a way that the liquid/vapor interface can

be avoided. In a typical phase diagram, the liquid/vapor interface has a critical point in
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3.7 Fluorescence microscopy

which above critical temperature TC , the system retains in vapor phase independent of

the increase in critical pressure PC and vice versa. In critical point drying method, liquid

CO2 is commonly used instead of water because water requires very high temperature

and pressure conditions (374.4 ◦C, 217.7 atm) [80]. Furthermore, it has to be noted that

the substrates which were analyzed contained water since they were placed in a culture

medium, so the water was removed by washing them with acetone. After the substrate

with cells was placed in the closed chamber, acetone was easily washed away by liquid

CO2. Then, the chamber was brought to the critical point for CO2 as the gas and liquid

phase basically having the same density, and distortions caused by surface tension were

avoided. For this experiment TC and PC were approximately 31.1 ◦C and 72.9 atm [80].

After a slight increase in temperature, the CO2 went into the gas phase and the sample

was dried. As final step, dried substrates were sputter coated with 3 nm Pt or Au/Pd.

3.7 Fluorescence microscopy

One of the main characterization methods to investigate the cellular response on vari-

ous nanotopographic surfaces presented in this thesis was established by fluorescence

microscopy (Axioskop 2 mot plus, Zeiss) in the Division for Biochemistry of Joint and Con-

nective Tissue Diseases, Department of Orthopedic Surgery in Ulm University by Jochen

Bartholomä and Vennila Maheswaran. A schematic of the device is depicted in Figure 3.13

[81].

Fluorescence microscopy is an imaging technique using the principle of fluorescence in

an optical microscope setting. Special fluorescent dyes or fluorophores are added to the

specimen to be analyzed, which can absorb the light with certain wavelength range and

re-emit with a lower energy resulting a shift to longer wavelengths [82, 83]. The main ad-

vantage of the fluorophores is to give high selectivity of specific proteins with high contrast

and to allow a thorough investigation for immunohistochemistry study.

Analysis of hMSCs and hOBs adhesion and proliferation on various SiO2 nanopillar ar-

ray surfaces were employed by Fluorescein Isothiocyanate labeled Phalloidin (Phalloidin-

FITC) and 4’,6-diamidino-2-phenylindole (DAPI, both Sigma-Aldrich, Germany) fluorophores.

For the former, filters with excitation wavelength of 495 nm and emission wavelength of 517

nm were used, whereas for the latter corresponding wavelengths were 358 nm and 463

nm, respectively [81]. DAPI staining is to stain the nucleus and Phalloidin-FITC staining

specifically targets the actin filament or F-actin binding protein which plays a significant

role in cell adhesion through ECM as well as inter-cellular interaction. One limitation of the

fluorescence microscope is the lifetime of the fluorescence properties of used stains. The
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Figure 3.13: Schematic of the Axioskop 2 mot plus fluorescence microscope (Redrawn
from the manual [81]).

same light that is absorbed by the fluorophores to be excited and fluoresce destroys them

over time. In order to reduce the loss of fluorescence, hereby used microscope has a mo-

torized shutter which prevents unnecessary bleaching of the dyes and allows time-lapse

experiments to be performed [81].

Fluorescence microscope has two light sources as depicted in Figure 3.13. One of them is

100 W halogen lamp, which is used in transmitted light mode. Second light source is high

energy mercury vapor short-arc lamp (HBO) which is used for the excitation of the fluo-

rophores [81]. The range of emission spectrum for HBO lamp is between ultraviolet (UV)

and infrared (IR) [82]. The specific range of the wavelength can be tuned by excitation fil-

ters. The device provides automatic control over the filters which can be varied for different

fluorophores with different excitation and emission characteristics. For the optimization of

illumination for specific wavelengths, several collector lenses and optical glass filters are

located on the beam path. Usually when the excited light beam hits the specimen to be

analyzed, some parts passes through and some parts are scattered or reflected by the

structures. The selected wavelengths that pass through goes to the light detector, where

the reflected parts are transferred back to the light source by dichroic mirrors [82, 83]. As

a result, what observed in the end is a dark background and excited flurophore parts of the

cell with different colors.

The device has the properties of a regular optical microscope providing contrast methods

such as dark field (DF), bright field (BF), phase contrast, polarization contrast and differ-
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3.8 Live cell imaging microscopy

ential interference contrast (DIC) with the possibility to use both transmitted and incident

light. BF is advantageous when imaging tissue sections, whereas phase contrast and DIC

can be used to investigate thin and thick unstained tissues, respectively. Reflector turret

and mechanical stages are motor controlled which allow changing the reflected light into

transmitted light and optimize the focus [81].

3.8 Live cell imaging microscopy

Live cell imaging is based on monitoring the dynamic cellular activities such as migration,

adhesion or proliferation along a defined surface [84, 85]. In conventional optical micro-

scopes, it is necessary to use certain staining and fixing of the cells to identify the cell

membrane and to detect desired functional parts such as nucleus or cytoskeleton [86].

The basic principle of the live cell imaging technique is that it provides a possibility to

track and record the cells in a time-lapse without the need of fluorescent staining which

is toxic to the cells after a certain amount of time. Moreover, depending on the illumina-

tion wavelength used in a microscope, it can cause photo-toxicity or photo-bleaching of

the cells [87, 88]. In case of time-lapse analysis of the cells, it is essential to keep the

cells alive and to maintain their cellular functions during the imaging. In order to prevent

cell death over long recordings, focus, exposure and the light intensity should be adjusted

accordingly and incubation system should be provided. Imaging is performed as several

snapshots in optimized time intervals instead of under continuous exposure. In addition,

phase and amplitude of the incoming light is shifted which results in the phase contrast of

the cells. In Figure 3.14, the schematic of live cell imaging microscopy system is depicted.

The aforementioned device (Leica MicrosystemsCMS GmbH) can also be used as fluo-

rescence microscope however; it was only used as a live cell imaging microscopy by the

project partner Vennila Maheswaran.

Live cell imaging microscopy system comprises a CO2 controller, where the nominal con-

centration of CO2 is adjusted to 5.02 % for the incubation condition [89]. It is connected to

a humidifier inside the incubation box with an air-CO2 mixture flow into the closed system.

Samples were positioned in a well plate and covered with culture medium. Then, well plate

was placed in a mechanical stage and sealed with a cover that provides constant CO2

flow. Mechanical stage is connected to a temperature controller which regularly adjusts

the temperature inside the incubation box. Temperature inside the incubator is fixed at

37.2 ◦C to maintain the body temperature setting for the continuity of the cell activity. Af-

ter the environmental conditions are established for the sealed system, microscope optics

was focused on the cells in various positions over the substrate to be analyzed. Mechan-
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3 Materials and methods

Figure 3.14: Schematic of the live cell imaging microscopy system. The system consists of
CO2 controller, humidifier, and mechanical stage with a cover plate providing
constant CO2 flow, incubator, microscope, heating unit and a temperature
controller.

ical stage with the well plate provides a movement with respect to the x-y coordinates

which can facilitate the multiple time-lapse analysis of different locations for better statis-

tics. Once the proper image acquisition parameters were adjusted including the intensity

of the illumination, exposure, gain and duration of the caption time intervals, cell activities

were recorded for several days [89]. It is important to note that, the whole setup is placed

on a vibration free table in order to avoid external influences to the system. In summary,

live cell imaging microscopy is a versatile tool to track the migration or polarization of the

cells, visualizing the dynamic morphology changes during adhesion or detachment and

even investigate the changes in the fluorescence labeled specific protein activities [90, 91].
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4 Effect of uniform substrate nanotopography on

the behavior of hMSCs and hOBs

In this chapter, the fabrication of well-defined uniform SiO2 nanopillar arrays and response

of hMSCs and hOBs to the surface with respect to adhesion, proliferation and differentiation

are exhibited in detail. Hereby presented experimental materials and methods as well as

cell-surface interaction studies led to the publications [55] and [92] with the permission

of the corresponding publishers and authors. Moreover, some passages here have been

adopted verbatim or reformulated from the aforementioned publications.

In section 4.1, fabrication of quasi-hexagonally ordered uniform nanopillar arrays by means

of combined block copolymer micellar technique, photochemical growth and reactive ion

etching are explained. It will be shown that these combined techniques allow autonomous

control over the pillar diameter, pillar-to-pillar distance, as well as pillar height by fine-tuning

individual experimental steps. Further characterization of the nanopillar arrays by means of

high resolution scanning electron microscopy (HRSEM) imaging and hydrophilicity studies

with contact angle measurement device are discussed.

In section 4.2, conducted cell-surface interaction studies of hMSCs and hOBs are pre-

sented within the agreement of the ongoing collaboration with the study group of Prof.

Brenner from Division for Biochemistry of Joint and Connective Tissue Diseases, Depart-

ment of Orthopedic Surgery in Ulm University. Keeping in mind that no additional chemical

surface coating or functionalization are applied to the pillar arrays, direct influence of the

systematic variations of the pillar topography towards the analysis on cell adhesion, prolif-

eration and differentiation is investigated by the project partners.

4.1 Fabrication of well-defined uniform nanopillar arrays

Nanostructuring smooth surfaces by decoration of size-controlled metal nanoparticles has

been a versatile method to achieve precise control over the topography [93–95]. Size

and shape dependence of the metal nanoparticles (NPs) exhibits attractive optical [96],

magnetic [97] and catalytic [98] properties. In addition, tailoring the periodic particle ar-

rangement on surfaces with respect to diameter and interparticle distance facilitates the
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4 Effect of uniform substrate nanotopography on the behavior of hMSCs and hOBs

formation of desired two-dimensional nanopillar arrays. These nanoparticles can be used

as a mask for further anisotropic etching process like reactive ion etching (RIE). Since

order or symmetry in topography is crucial for the systematic analysis on the cell-surface

interaction, randomly positioned geometries are no longer suitable. Thus, maintaining the

order is highly crucial in this thesis work.

Apart from using metallic NPs as a mask for subsequent etching, there are several meth-

ods that have been used for functionalization of the surfaces by nano-patterning, summa-

rized as top-down and bottom-up approaches. Prominent examples of the first approach

are the conventional lithographic techniques such as electron beam lithography (EBL) [99],

photolithography [100] and X-ray nanolithography [101] or, in a further development, He-

ion beam lithography [102]. These methods are advantageous in terms of fabricating elec-

tronic devices in which the size, shape and the spacing between the elements of arrays

have to be precisely defined. Apart from the high throughput of techniques, top-down ap-

proaches are highly time-consuming. The crucial requirement for nanofabrication below

100 nm scale is the reproducibility and cost efficiency.

Bottom-up or unconventional approaches such as colloidal mask lithography [103], nanoim-

print lithography [104] or self-assembled monolayers [105] are nowadays well established

nanofabrication methods. By means of physical or chemical forces, selected molecules or

NPs can be patterned on preferred surfaces in a self-organization process. Block copoly-

mer micellar nanolithography (BCML) is a substantial self-assembly technique, in which the

narrow NP-size distribution is possible [106, 107]. BCML presents precise control over the

metal NP size as well as the interparticle distance. NPs (or nanodots) with diameters below

15 nm can thus be prepared in well-ordered periodic arrangements. However, for the gen-

eration of larger particle sizes, as well as high aspect ratio pillar arrays (> 5:1), BCML is no

longer a viable technique by itself. The same holds true for NPs from precursor-loaded col-

loids [93]. But combining these methods with subsequent seed-mediated particle growth,

allows manipulating further the particle size beyond previous limits. The usefulness of NPs

fabricated by methods of self-assembly can be expanded strongly and, for example, ap-

plied as variable, stable etching masks for RIE of pillar or pore arrays on the nanoscale.

Various seed-mediated growth methods have been proposed where the metal nanoparti-

cles or seeds on the substrate surface show catalytic behavior [108–112].

Particle seeding is based on the preferred accumulation of the metal ions in the solution

onto the seed particles since it is energetically more favorable. Hydroxylamine seeding (or

electroless deposition) is the most widely used particle growth technique which the existing

gold nanoparticles on the substrate are enlarged by interplay of a gold salt (HAuCl4) and

reducing agent (NH2OH) [113, 114]. Recent development on the seed-mediated growth
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4.1 Fabrication of well-defined uniform nanopillar arrays

is direct photochemical particle growth since it does not require any additional reducing

agents, hence less time consuming [50]. Photochemical deposition of Au is provided by

photolysis of AuCl−4 into Au0 by UV-irradiation [53]. Combination of BCML and photo-

chemical particle growth exhibits the narrow particle size distribution with desired particle

diameter up to 30 nm which can be used as nano-masks in a subsequent anisotropic RIE.

In addition, the final particle size is determined by the concentration of the solution and the

reaction time. For larger particle sizes, the existing two-dimensional order is lost, which

broadens the particle size distribution. In order to precisely control the particle sizes larger

than 30 nm while maintaining the periodic arrangement, an additional stabilizing layer with

short and iterative seeding cycles can be introduced. Modification of the pre-patterned

surface with a stabilizing layer can be achieved by different alkyltrimethoxysilanes such as

octadecyltrimethoxysilane (OTMS) or hexamethyldisilazane (HMDS) [114].

Self-assembled monolayers (SAM) of alkyltrimethoxysilanes by immersion of the samples

in a solution provide a controlled seed growth over desired substrate surfaces. However,

the reaction in the solution is not time-efficient which can take place up to 24 h. In order

to avoid the time deficiency, chemical vapor deposition (CVD) technique to form a SAM

of OTMS with combination of cyclic photochemical particle growth is introduced [51, 55].

However; since it is already discussed in my master thesis work [51] as well as in re-

lated publication [55], the details of the combination of BCML, cyclic photochemical particle

growth on OTMS-functionalized surfaces and RIE will not be further explained in this thesis.

Instead, an improved alternative method which is based on the fabrication of well-defined

columnar pillar arrays with high aspect ratios (10:1) without any chemical functionalization

for the stabilization is introduced. During anisotropic RIE, stability of the NPs that are used

as etching masks decreases with respect to the reaction time. Depending on the size of

the nano-masks, the etching time is limited. In order to sustain the nano-mask erosion and

fabricate long and narrow nanopillars, cyclic combination of the photochemical growth with

prior and subsequent RIE is introduced. A short RIE step promotes the periodic arrange-

ment for subsequent particle growth on top of the pillars. With this technique, well-defined

and stable nanopillar arrays with heights up to 680 nm and high aspect ratio (10:1) are

fabricated. Details are provided in subsection 4.1.3.

4.1.1 Block copolymer micellar technique

It is essential here to declare that all the nanofabrication procedures were performed in

a class 100 clean room facility at University Ulm in order to prevent any contamination of

the fabricated surface nanotopographies. Moreover, keeping in mind the sensitivity of the

experimental conditions, relative humidity and temperature were maintained (50 % RH,
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25 ◦C). To ensure consistency of the substrate surface, 3” n-doped Si wafers with 1 µm

thick thermally grown SiO2 layer (CrysTec, Germany) were prepared which were further

used in cell-surface interaction studies.

In first step, wafers were spin coated with polymethyl methacrylate (PMMA) resist to avoid

damage on the surface during subsequent cutting procedure. By means of a diamond tip,

wafers were cut into dimensions of 5 mm x 10 mm. The main reason for those specific

dimensions was to fit into HRSEM sample holder which was an important tool to analyze

the prepared surfaces. After the cutting procedure, the resist was removed from the surface

with an ultrasonic cleaning in acetone and isopropanol baths for a total of 6 min. To avoid

the rapid drying and hence film coating of acetone or isopropanol, cleaned substrates

were immediately blow-dried with nitrogen. BCML technique is based on the formation

of spherical inverse micelles in a solution and subsequent coating the prepared surfaces

by self-assembly principle [115]. In this thesis, the polymer of choice was polystyrene-

b-poly(2-vinylpyridine) diblock (PS-b-P2VP) copolymers with monomer numbers of 1850

and 900, respectively (Polymer Source Inc., Canada). These numbers are a measure of

each block length. Amphiphilic nature of the chosen diblock copolymer enables formation

of micelles in a specific solution after a critical micelle concentration is reached. Here VLSI

grade toluene was used as a solvent since it is apolar and polystyrene has the tendency to

dissolve in it [115]. The P2VP part of the diblock copolymer accumulates as a core since

the polystyrene parts are polarized forming a shell towards the toluene solution and hence

the reverse micelles are formed (Figure 4.1).

Figure 4.1: Schematic of the micellar formation and salt loading [115].

Stirring the solution for a week and subsequent addition of metal salt precursor (Gold

(III) chloride hydrate-HAuCl4.H2O) resulted in homogeneously loaded inverse micelles. It

requires another week for homogenous HAuCl4 salt diffusion into the P2VP corona and

protonation through the interaction with the nitrogen in pyridine [116]. It has to be noted

that for this present work, polymer concentration and loading factor of HAuCl4 salt were

fixed to 5 gL−1 and 0.5, respectively. However, depending on the polymer length as well

as the loading of the metal salt, it is possible to tune the final diameter of the obtained

nanoparticle in the range of 2 - 12 nm [117]. In the next step, the substrates were dip-

coated into the prepared solution and pulled-out with defined velocities. Via dip-coating,
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4.1 Fabrication of well-defined uniform nanopillar arrays

the micelles that were dispensed in the solution were transferred onto the surfaces by

self-assembly.

Subsequent exposure of the micelles coated surfaces to a H2-plasma for 90 min and 160 W

under 0.8 mbar (TePla 100-E Plasma Processor, Germany), led to a complete removal

of the polymers and the reduction of Au-precursor into metallic Au nanoparticles (NP).

As a result, the substrate was decorated with quasi-hexagonally Au NPs [115]. Details

about the principle of H2-plasma ashing is provided in section 3.1. The main advantage

of the dip-coating process is to tune the interparticle distance by simply varying the motor

controlled pulling-out velocity [51, 55, 107]. In Figure 4.2a, a typical relation of average

interparticle distance with respect to different pulling-out velocities is depicted. With the

used polymer, it was possible to vary the interparticle distances between 50 nm and 120 nm

with an optimum range of quasi-hexagonal order. The relation is already explained by

Landau & Levich [118, 119]. The pulling-out velocity from the solution (U ) and the absorbed

film thickness (h) has the relation of h ≈ U2/3 [120]. From the film thickness, estimation

of the interparticle distance d reveals the relation of d ≈ U−1/3. The deduction from the

relation indicates for faster pulling-out velocities shorter interparticle distances (and vice

versa). Further explanation is not shown here since it was already elucidated in my master

thesis [51].

Figure 4.2: a) Average interparticle distance of the Au NPs with respect to varying pulling-
out velocity using polymer concentration of 5 mg/mL (Image adopted from [55]).
As the velocity increases, resulting interparticle distance decreases. b) Ef-
fect of the polymer concentration on final interparticle distance with a pulling-
out velocity of 9 mm/min. For exemplary purposes PS-b-P2VP with different
monomer numbers is shown. As the polymer concentration increases, average
interparticle distance is observed to decrease.

Another possibility to control the interparticle distance is to change the polymer concentra-

tion (Figure 4.2b). For demonstration, a different diblock copolymer was analyzed. As the

polymer concentration in the solution decreases, it is expected that amount of the reverse
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micelles that are formed in the solution also decreases accordingly. This results in forma-

tion of self assembly on the surface with larger micelle-to-micelle spacing after dip-coating

[121]. Since there are less micelles to assemble on the surface, longer interparticle dis-

tances are measured after subsequent H2-plasma. Since micelles have soft polystyrene

shells, certain polymer concentration and pulling-out velocity range provides suitable con-

finement of the micelles which results in quasi-hexagonal arrangement. However, larger

separations of micelles results in higher deviation of measured interparticle distance due

to lack of hexagonal arrangement (Figure 4.2b). Throughout this thesis, the variation in

interparticle distance was manipulated only by changing the pulling-out velocity.

One of the main goals for the sample preparation in this thesis is the fine-tuning of the

geometrical parameters and preservation of the quasi-hexagonal order for the cell-surface

interaction studies. Systematic analysis on this approach led to an optimum interparticle

distance region (50 - 120 nm) where the order was still maintained and could be further

controlled. The fundamental advantage of this technique is to control the final Au NP size

and interparticle distance with narrow size distributions (12 ± 1.5 nm). It is also possible to

reach much larger interparticle distances by combination of BCML and standard electron

beam lithography or optical lithography and to obtain even square arrangements of the

nanoparticles [122]. However these techniques were not followed in this thesis work since

it was time deficient for mass production. In Figure 4.3, an exemplary calculation of the

interparticle distance of Au NPs was done by using auto-correlation function.

Figure 4.3: a) HRSEM image of Au NPs that are decorated on a SiO2 surface. The inset
shows the auto-correlated image with a scale bar of 250 nm. b) Profile analysis
on the auto-correlated image gives the order of the particles. Details are given
in the text.

First of all, HRSEM image was taken from the substrate and corresponding pixel to nm

conversion was calculated by ImageJ 1.40g software [123]. Then the image was further

processed in WSxM data acquisition and processing software [124]. The image is con-

verted as plane so auto correlation can be applied. Image is defined as a matrix f(x, y)
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and another matrix is defined where the coordinates are shifted by a distance a1 and a2,

respectively (f(x + a1, y + a2)). The final auto-correlated image is the comparison of the

difference between these two image matrices. Highest value is expected at the center of

the image with a1 and a2 are being 0, which can be seen as a bright dot [124]. Similarity

in between these two images results in higher value of self correlation which can be seen

as periodic pattern (brighter contrast) in the image (Figure 4.3a). Auto-correlated image in

the inset indicates that the substrate is lack of long range order, only short range hexag-

onal order is observable. As shown in Figure 4.3b, a profile plot over the auto-correlated

image in which the periodic pattern is detected revealed the short range order with peaks

of first neighbor to the center particle (highest central peak), nearest neighbors and next

nearest neighbors which were Gaussian fitted by red, blue and green, respectively. Center

to center positions of the central and 1st order peaks indicate the interparticle distance of

87 nm in this demonstration.

4.1.2 Photochemical particle growth

After dip-coating and subsequent H2-plasma treatment, smooth SiO2 surfaces were dec-

orated with quasi-hexagonally ordered Au NPs (12 ± 1.5 nm) with interparticle distances

ranging from 50 nm up to 120 nm. As next step, these NPs were used as etching masks

for the formation of nanopillar arrays. However, for the desired pillar heights (> 60 nm), the

size or diameter of the etching mask had to be adjusted accordingly to prevent the mask

erosion. Due to that aspect, controlled enlargement of the Au NPs with the preservation

of the order was further studied. Details on the etching rates of different sizes of Au NPs

masks as well as the limitations will be provided in the upcoming subsection 4.1.3.

Figure 4.4: a) HRSEM images of photochemically grown Au NPs with various diameters.
a) Initial Au NP diameter of 12 nm is increased gradually to b) 30 nm, c) 40 nm
and d) 50 nm, respectively. Images are taken after the annealing step and
adopted from [51, 55].

Further improvement on the photochemical growth technique (see [50]) was established by

means of cyclic photochemical growth and additional OTMS functionalization of the surface

to prevent particle disorder. As shown in Figure 4.4, Au NPs with initial diameter of 12 nm

were successfully grown up to 50 nm [51, 55]. Details on the CVD of OTMS and cyclic
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photochemical growth was already discussed in my master thesis work as well as led to

the publication [51, 55], hence it will not be repeated here. However, SAM of OTMS, even

after removal might have a residual which can chemically affect the cell adhesion, as a

result a new and different approach is promoted throughout the thesis work. Two methods

use the same principle of photochemical growth with one difference: In the former, the

surface is chemically functionalized, and in the latter, it is not.

For the photochemical growth of Au NPs, a solution of phthalatester mixture and HAuCl4

salt with a concentration of 5 mM was prepared in ambient conditions. Phthalatester mix-

ture was used since it does not evaporate under UV exposure and has low absorption in

that spectral range [50]. Au NP decorated substrates were placed in a chuck and 20 µL

of the solution was pipetted on each substrate. The controlled growth of Au NPs was initi-

ated by UV exposure with wavelengths of 365 and 390 nm which was provided by a mask

aligner (Karl SUSS MJB 3 Mask UV 400). Details on the working principle of the mask

aligner and chosen wavelengths were discussed in section 3.2.

After the exposure, substrates were gently cleaned in acetone and isopropanol bath for

12 min and dried under nitrogen flow. Optimum time frame for each photochemical growth

procedure without particle dislocation on the surface was 3 min. In this new method, the

experiment time was fixed to 2 min intervals in order to facilitate the re-growth process

which will be explained further in the next subsection. During photochemical growth of Au

NPs, it was expected to observe preferential growth with respect to the surface energy of

crystallographic orientation [125]. Photochemically grown Au NPs were further annealed

for 4 h at 720◦C (Linn High Therm GmbH tube furnace, type FRH-40/220/1250) which

resulted in more spherical-like Au NPs on the substrate surface.

Calculations of the particle diameters were performed with the help of aforementioned

ImageJ 1.40g software [123]. The first step hereby consists of a HRSEM image with a

gray-scale (Figure 4.5a) and with the help of software; it is converted to binary by tuning

the threshold (Figure 4.5b). Threshold here is defined as a gray-scale cutoff point in which

the values above become black and below become white [123]. From the binary image,

each particle is assigned with numbers for the area calculation (Figure 4.5b inset). Under

the assumption of the circular particle shape, diameter of the particles can be calculated

from the area measurement. After each measurement, particle diameter distribution was

Gaussian fitted and the mean value was calculated (Figure 4.5c).
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Figure 4.5: Calculation of the particle size distributions. a) A gray-scale HRSEM image
is converted into binary image b) and each particle is assigned for further
area calculation (inset). c) Histograms for various cyclic steps (3 min each)
for the first photochemical growth method. Experimental observations are well-
described by a Gaussian normal distribution.

4.1.3 Reactive ion etching

The main idea for the systematic analysis of cell-surface interaction was to fabricate quasi-

hexagonally ordered nanopillar array topographies. As already explained in [55], longer

reaction times of photochemical growth result in particle dislocations and even coagulation

which disturbs the particle order. Instead of functionalization of the surface with an OTMS

layer to stabilize the particles in their positions during growth process, a short etching step

was introduced to create small pillars or bumps which would define the positions for the Au

NPs. Instructions on this new method are as follows:

Right after the dip-coating and subsequent H2-plasma treatment, the substrates were ex-

posed to anisotropic RIE. The selectivity of the used gas mixture etches only SiO2 away

to form the nanopillar arrays. As optimized CHF3/CF4 plasma mixture was applied to form

uniform columnar arrays on the substrates [51]. The reaction was carried out in an Oxford

PlasmaLab 80 Plus RIE device to enhance anisotropy [93, 126]. Details on the device are

provided in section 3.3.
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By adjusting the reaction time, respective pillar heights varied accordingly. It was possible

to manipulate the shape of the pillars as well as the desired height by varying the DC bias

and size of the etching mask (Figure 4.6). To make an analogy, as the applied voltage

increases, the ion bombardment towards the surface causes etching process to be much

faster and aggressive. This also results in faster mask erosion, shorter heights and hence

more conical shape of the final pillar structure as shown in Figure 4.6a. As the voltage

was reduced, longer reaction times could be used to obtain higher pillars and to form

more columnar structures. However, in order to etch SiO2, certain voltage was required to

dissociate the ions in the plasma and give enough energy to sputter away the atoms.

As can be seen in the plot, adjusting only the voltage did not improve the desired pillar

height since maximum height here was observed around 64 nm (96 V) and for much less

voltages the etching did not take place as expected with increasing time. So, for this

present work, the DC Bias was optimized to 96 V. Moreover, it has to be noted that the

columnar shape of the structure as well as height also depends on the size of the etching

mask. By using optimized DC Bias of 96 V, different sizes of Au NP masks were analyzed

(Figure 4.6b).

Figure 4.6: a) Influence of the DC Bias (V) on the etching time (min) as well as resulting
average pillar height (nm). As the voltage increases, more rapid etching occurs,
which results in mask erosion and shorter etching time possibilities. Related
etching rates (nm/min) are given in the plot. b) Influence of the size of etching
mask on the etching time and hence average pillar height. By using optimized
DC Bias (96 V), different etching rates (nm/min) are calculated (Figure adopted
from [55]).

Enlargement of the Au NPs by aforementioned process [55], indicated similar etching rates

of SiO2 approximately 5.5 nm/min for Au NP mask sizes between 12-50 nm (Figure 4.6b).

For the initial Au NP mask diameter of 12 nm, the maximum height was calculated as

64 nm whereas the pillar height was increased up to 270 nm with Au NP diameter of 50 nm.

Keeping in mind that the apart from the selectivity of the optimized etching recipe for SiO2
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which defined the etching rate, Au NP mask was still eroded due to the sputtering of Au

atoms. As a result, the selectivity was defined by the ratio of etching rates of two materials

rSiO2/rAu, which experimentally was found to be around 5.3. In this respect, even though

the etching rates were found similar for different mask diameter, it indirectly affects the

shape of the resulting nanopillars due to the mask erosion speed with respect to size.

Hence, smaller mask diameter resulted in more conical pillar arrays (sidewall angle < 70◦)

with pillar aspect ratio of 3:1 whereas larger mask diameter generated rather cylindrical

shapes (sidewall angle > 80◦) with aspect ratio of 5:1. Here aspect ratio of a pillar is

defined as the height over the mean diameter. Same RIE procedure can also directly be

applied on silicon with more improved shapes (sidewall angle > 85◦).

Figure 4.7: Schematics of nanopillar fabrication procedure where Au NP masks are dec-
orated on SiO2 surface by BCML technique. After a short RIE step to create
bumps to maintain the mask positions, Au NP masks are repeatedly re-grown
by an UV light activated photochemical growth to overcome the mask erosion
due to previous etchings (Figure is taken from [55]).

In case, the production of high aspect ratio nanopillar arrays was preferred, cyclic re-

growing of the Au NP prior to RIE process was no longer viable technique. Hereby newly

introduced method aims to overcome the mask-erosion limit where no OTMS functional-

ization is required (Figure 4.7). During RIE, the adhesion and the stability of the Au NPs

on the substrate were prominently high; so it was possible to stop the etching process and

renew the eroded mask particles by photochemical growing up to the original starting di-

ameter. In the following, the cyclic combination of the photochemical growth with prior and
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subsequent RIE is demonstrated for the fabrication of unusually long, narrow neighbored

SiO2 nanopillars. These nanopillars are with small diameter distributions in well-defined

columnar pillar arrays and with high aspect ratios (e.g. 10:1). In this technique, arrays of

metal NPs with controlled size according to schematics shown in Figure 4.7 were used in a

first short anisotropic RIE step. Thereby, strong erosion of the mask-particles was avoided.

After application of short isotropic H2-plasma for cleaning, the NPs were enlarged again

to their original size, preserving precisely their location on top of the pillars. Subsequently

the RIE-process could be repeated. As long as the evident decrease in the mask-particle

diameter is avoided, outstandingly long, cylindrical shaped pillars can be generated on the

nanoscale: By this cyclic series of etching and re-growing, the common limit of the aspect

ratio with RIE will be overcome.

In Figure 4.8, the method can be visually followed through series of HRSEM images in

every experimental step. Au decorated SiO2-substrates were produced by aforementioned

BCML technique with an initial diameter of 12 nm. Apart from functionalization of the sur-

face to preserve the quasi-hexagonal order with the help of an OTMS layer, photochemical

growth was introduced after a short, first anisotropic RIE step. Au NPs were further used

as nanomasks to form a pillar structure in addition to the first height of 25 nm (Figure 4.8a).

In this case, pillar structure itself was used to maintain the periodic arrangement perfectly.

Subsequent photochemical growth and annealing promoted enlargement of the particles

positioned on top of the pillar with defined shapes (Figure 4.8b-c). Cyclic application of RIE

etching, photochemical particle growth and annealing ensures a reliable and reproducible

fabrication of pillar structure, here with desired heights up to 680 nm (Figure 4.8d-e). Corre-

sponding etching rate for SiO2 substrates was measured as 5.28 nm/min (Figure 4.8f). As

supplementary data; Table 4.1 shows the related mean diameter and height of the pillars

for each cyclic step.

Table 4.1: Pattern geometry fabricated on the SiO2 substrates measured after each cycle
of experimental procedure shown in Figure 4.7 and Figure 4.9 [55].

Initial/Final Au NP mask diameter (nm) Pillar height (nm) Pillar diameter (nm)

Initial 12.0 ± 1.5 / 9.2 ± 1.9 25.9 ± 1.9 14.6 ± 1.9
1st cycle 24.3 ± 4.2 / 14.9 ± 3.7 109.4 ± 4.9 23.4 ± 2.4
2nd cycle 24.2 ± 4.6 / 16.3 ± 2.6 204.9 ± 3.8 27.5 ± 2.7
3rd cycle 23.4 ± 3.9 / 18.5 ± 3.6 320.7 ± 4.9 37.0 ± 3.6
4th cycle 24.4 ± 3.8 / 16.2 ± 3.7 461.1 ± 6.3 56.9 ± 5.6
5th cycle 23.5 ± 4.4 / 14.5 ± 4.8 569.2 ± 4.9 61.9 ± 5.1
6th cycle 22.8 ± 4.1 / 12.2 ± 5.3 680.3 ± 8.7 66.6 ± 4.7

With the optimization of reaction times of photochemical growth and long RIE steps to

2 min and 20 min, respectively, the consistency of the mask diameter and expected uniform

shape of the pillar was maintained. As can be seen in Figure 4.9, after each cycle, Au NPs

40



4.1 Fabrication of well-defined uniform nanopillar arrays

Figure 4.8: HRSEM images of nanopillar arrays with different heights following the method
shown in Figure 4.7 (a), b), e) substrates tilted by 30◦, c), d) substrates tilted by
80◦). a) Pillar array formed on the SiO2 substrates after short RIE step [pillar
height = 25 nm, initial NP-φ = 12 nm, final NP-φ = 9 nm (average values)]. b)
Au NP masks are grown subsequently on the same pillar array in a) [final NP-φ
= 24 nm (average)]. c) After 1st etching cycle Au NP masks are re-grown and
d) residual Au masks after 2nd etching cycle [pillar height 205 nm (average)].
e) 3rd etching cycle corresponds pillar height of 320 nm and aspect ratio 8:1
(average). f) Average pillar height measured as a function of total RIE time.
Detailed list of measurements are shown in Table 4.1 (Figure taken from [55]).
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4 Effect of uniform substrate nanotopography on the behavior of hMSCs and hOBs

were still intact and columnar like shape of the pillar arrays were nicely preserved with

smooth sidewalls. Each cycle, clearly indicates that the procedure is repeatable and in

practice can be applied for several cycles. However, as can be seen in 6th cycle, the

limiting factor for further etching of SiO2 is due to the bottom diameter of the pillars. As

long as pillars are not perfectly columnar, at some point due to the starting interparticle

distance and sidewall angle, bottom part of the nanopillar arrays will merge. Here for this

course of the experiments, interparticle distance was fixed to 100 nm. In order to avoid this

limitation and to improve the aspect ratio, interparticle distance can be increased further.

Figure 4.9: Cross-section HRSEM images of nanopillar arrays fabricated according to the
schematics given in Figure 4.7 showing each cycle. After 6th cyclic step, pil-
lar height is increased up to 680 nm after a total RIE etching time of 120 min.
Highest aspect ratio for well-defined columnar pillars is 10:1. Measurements
on the pattern geometry are shown in Table 4.1 (Figure taken from [55]).

In summary, to overcome the classical RIE-limit and to produce well-defined columnar

like nanopillar patterns with high aspect ratio (10:1), simple and reproducible technique

has been developed where photochemical growth of Au NPs (produced by BCML tech-

nique) were conducted after short RIE step. Short cyclic steps of the technique facilitated

narrow columnar pillars up to 680 nm due to the controlled re-growth of the nanomasks

which were located on top of the pillars. It provided reproducible nanofabrication tech-

niques with the possibility to manipulate the nanomask diameter and corresponding pillar

heights. Moreover, the method demonstrated here with SiO2 substrates, can also be ap-

plied to different surfaces such as silicon, silicon nitride or silicon carbide. It has to be

noted that even though the fabrication of high aspect ratio nanopillars was successfully

demonstrated, for the cell-surface interaction studies, initial experiments were conducted

on very short nanopillar arrays. It is important not only to demonstrate how the cellular
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4.1 Fabrication of well-defined uniform nanopillar arrays

response changes with respect to large topographical differences but to establish a better

understanding towards the topographical sensing even within small variations in geometry.

In that respect, section 4.2 focuses on the cell-surface interaction through the systematic

tuning of the geometrical parameters of the nanopillar arrays all dimensions below 150 nm.

Since the interaction studies will be carried out only on SiO2 surfaces, after the final RIE

step, residual Au NP masks on top of the pillars were removed by a Lugol’s solution which

is a commonly used gold etchant [127], followed by cleaning the substrates with deionized

water and subsequent drying with nitrogen flow.

4.1.4 Characterizations of the geometry and hydrophilicity of the uniform

nanopillar arrays

Inspection of the Au NPs or nanopillar decorated SiO2 surfaces as well as fabricated

nanopillar arrays were done by HRSEM with an acceleration voltage of 30 kV. Details of

the working principle of HRSEM are provided in section 3.6. Due to the metallic nature of

the Au NPs, no additional conductive coating was necessary for contrast imaging. Au NP

diameter and packing densities were analyzed by using ImageJ 1.40 software [123]. With

the standard holder, tilting angles up to 30◦ can be achieved, however for the cross-section

view (> 70◦) a special holder was used.

Another important aspect on the surface characterization of the nanopillar arrays was to

ensure that the hydrophilicity of the fabricated pattern was suitable for the cell-surface in-

teraction experiments. Prior to cell differentiation as well as cell spreading, cell adhesion to

a material surface was highly crucial for tissue engineering. There are several parameters

that can influence the cell adhesion to an artificial surface such as the geometry and shape

of the pattern on the substrate and wettability [75, 76]. Hydrophilic surfaces allow the cell

interaction and increase protein adsorption. In this present collaborative project, hMSCs

and hOBs were used for analysis of cell adhesion and cell spreading. Thus, the relation

between the wettability of produced surfaces and resulting proliferation studies were inves-

tigated. Wetting experiments were conducted using optical contact angle measurement

device which is aforementioned in section 3.5. As presented in Table 4.2, static contact

angles as well as roughness of 11 different surface geometries including the smooth control

SiO2 surface were investigated. Here the pillar geometries are defined as pillar "diameter-

distance-height" all in nm. Pillar-to-pillar distance was measured from center-to-center of

two pillars. It was expected that the more hydrophilic the surface, the more cellular adhe-

sion was observed. However, the highest roughness (most hydrophilic) surface geometry

of 10-50-50 nm, results in no proliferation, i.e. cell death was observed (section 4.2). On

the other hand, highest proliferation observed in surface geometry of 10-100-50 nm which
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corresponds to a contact angle only 6◦ more than the condition where no proliferation is

observed (10-50-50 nm). Similarity can be seen for different geometries in Table 4.2. This

suggests that the average hydrophilicity of the overall fabricated surfaces was suitable for

investigated hMSCs. Thus, introducing an average contact angle (31◦) for all geometries

is more pragmatic approach since no significant correlation between different pillar ge-

ometries and corresponding adhesion, proliferation and differentiation behavior of hMSCs

was found. As a result, the fluctuation on the hydrophilicity of fabricated geometries was

shown to have no influence on the examined cellular response. Prior to the cell related

experiments, all substrates were sterilized. Details are provided in the publication [92].

Table 4.2: Measured static contact angles for water on various SiO2 nanopillar array ge-
ometries. Pillar geometries are defined as "diameter-pillar-to-pillar distance-
height" all in nm, respectively [55].

Calculated Roughness Type of the Substrate Static Contact Angle (◦)

1 Smooth SiO2 50.3 ± 0.9
1.279 30-100-20 44.4 ± 2.1
1.093 10-100-20 38.9 ± 1.1
1.299 10-50-20 34.7 ± 1.1
1.106 30-120-20 32.5 ± 0.9
1.163 10-100-35 32.4 ± 1.7
1.232 10-100-50 29.8 ± 1.9
1.035 10-120-20 29.1 ± 1.6
1.106 10-120-50 25.5 ± 1.2
1.747 10-50-50 23.6 ± 1.2
1.697 30-100-50 24.3 ± 1.3

4.2 Topographical sensing of hMSCs and hOBs on uniform

nanopillar arrays

In this section biological studies on the fabricated surface nanotopographies were fur-

ther conducted by Jochen Bartholomä under the agreement of the scientific collaboration.

A general overview on the experimental methods and related results are presented ac-

cordingly. The presented results further led to the publication which can be found under

reference [92]. Some passages here have been adopted verbatim or reformulated from

aforementioned publication with the permission of authors and publishers following the

copyright agreement. In agreement with the ethic committee of Ulm University, the cells

were obtained from human bone marrow during surgical operations under the consent of

several patients (donors). hMSCs and hOBs were isolated under standard procedures

[128]. Details on the protocol was provided in the thesis of the project partner [129]. In

Figure 4.10, a schematic representation of the protocol is described. In brief, by means

of density gradient centrifugation (upper left), separation of less dense cells was achieved.
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Afterwards, they were further plated and cells were expanded (upper middle) and colo-

nized (upper right). Duration of the cell cultivation with prepared medium can influence

the variation in cell lineage: while after 2 weeks the hMSCs were the dominating cells,

after one month osteoblastic differentiated cells were mostly observed. Usually, the pre-

pared cell colonies have packing densities around 3000 cell/cm2 and the cells have spatial

dimensions of around 12 - 20 microns. Detailed information on the cultivation protocol is

provided in the related publication [92]. At least five different donors of primary cells were

used per experiment for better statistics.

Figure 4.10: Schematic representation of the protocol used for cell studies and related
HRSEM characterization. Preparation of the cell adhesion is as follows: Cell
separation, preparation of the culture medium, cell colonization, cultivation
and seeding of the substrates, fixation of the cells and final critical point drying
with CO2.

One reference substrate from each batch was further processed for characterization of the

hMSCs and hOBs on the fabricated nanotopographies by HRSEM. For that reason, the

cells should be fixed on the surface, dried carefully, and coated with conducting material

in order to have a visible contrast under electron microscopy and to withstand the vacuum

conditions (below middle). In brief, substrates were rinsed several times with phosphate

buffered saline (PBS) solution since it is an isotonic solution and does not cause any water

concentration gradient within the cells. As a result, cells do not change in shape. De-

tails are given in related publication [92]. Afterwards, the cells were fixed by critical point

drying method (see section 3.6) and coated with Au/Pd (below left). This procedure was
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4 Effect of uniform substrate nanotopography on the behavior of hMSCs and hOBs

conducted by the technical staff in the Central Facility of Electron Microscopy, University of

Ulm under the supervision of Prof. Walther. After the fixing step, all further investigations

with HRSEM were conducted by the author. It was important to understand the adhesion

behavior of the hMSCs and hOBs on substrates with various geometries. For this purpose,

lower acceleration voltage (10 kV) was applied to prevent damaging of the cells in HRSEM.

Tilt angles of 0◦, 30◦ and 85◦ were chosen in order to make the interaction between cell ex-

tensions and nanopillars clearly visible. In addition, immunostaining of the cells was further

conducted to better visualize the activity of the proteins related to the cell adhesion (done

by Jochen Bartholomä). Following discussions on different characterization methods and

statistical analysis will enlighten how hMSCs and hOBs interact and respond to different

SiO2 nanopillar array geometries in detail.

Figure 4.11: Schematic representation of the cell adhesion on the nanopillar arrays. The
two possible cases are shown on the HRSEM images on the right: On the
upper image, the cell is contracted and close to detachment on the substrate
with dimensions of 10-50-50 nm, while in the lower image the cell is well-
spread along the surface forming lamellipodia extensions on the substrate
with dimensions of 10-100-50 nm.

As previously discussed in section 2.2, two possible cell-surface interactions are shown as

schematic and related HRSEM images are shown in Figure 4.11. Here the comparison be-

tween two different substrate topography and behavior of the hMSC adhesion are shown.

On the upper right HRSEM image, the cell was contracted and close to detachment due to

the undesired substrate dimension of 10-50-50 nm which corresponds to pillar diameter-

distance-height, respectively. On the contrary, in the lower right HRSEM image, the cell

nicely confines on the surface and spreads well forming lamellipodia. Here the substrate

dimension was chosen as 10-100-50 nm which results in good adhesion and proliferation
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4.2 Topographical sensing of hMSCs and hOBs on uniform nanopillar arrays

after the extensive examinations which will be discussed in next pages. This comparison

reveals that the stiffness of the ECM depends on the substrate topography and any differ-

ence even on the nanoscale can be felt through integrins which can influence the adhesion

behavior.

Figure 4.12: HRSEM images of hMSCs on various substrate geometries. Pillar geometries
are given as pillar "diameter-distance-height" all measures are given in nm
(black arrows). a) hMSC nicely spread over the surface forming lamellipodia
and filopodia (blue arrow). b-c) Zooming into the interface, excrescences (red
arrows) attaching to the top of the pillars are detected (10-100-35 and 30-100-
50 nm, respectively). In both images the tilting angle is 30◦. d) Increasing
the tilt angle to 85◦, it can be seen that the cell membrane attaches only to
the top of the pillars (30-100-50 nm) (Images are adopted from [92] with the
permission from Elsevier).

For the evaluation of the cell adhesion on various nanotopographies, aforementioned pro-

tocol was applied by Jochen Bartholomä for 12 different geometries including smooth SiO2

substrates. Afterwards, they were examined by HRSEM which was done by the author. As

shown in Figure 4.12a, a well spread hMSC with specific morphology, detectable lamel-

lipodia and filopodia (blue arrow) after 1 day of adhesion was observed. This indicates a

successful attachment of the cells on the surface. When zoomed in further to the nanopil-

lars (Figure 4.12b), nanoscale extensions (red arrow) could be clearly observed, preferen-

tially having contact to the top of the pillars (Figure 4.12c, black arrow). Adjusting the tilt

angle to 85◦, it was observed that the cell did not span over the whole topography, but only

parts of the cell membrane were attached to the top of the pillars (Figure 4.12b-d). Also it

is interesting to note that, despite the large size of the cells (30-50 µm); these extensions
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4 Effect of uniform substrate nanotopography on the behavior of hMSCs and hOBs

can go below 10 nm in diameter which gives a clue about the topographical sensing of the

cells. These findings were further reported in [92] with additional HRSEM images.

Figure 4.13: Immunofluorescence images of hMSCs and hOBs on different substrate ge-
ometries. Pillar geometries are given as "pillar diameter-distance-height" all
in nm. Phalloidin-FITC (green), Vinculin-Alex Fluor 568 (red), and DAPI (blue)
staining of hMSC a) 30-100-20, b) 10-100-20 and hOB c) 30-100-20 cultivated
on substrates for 7 days. d) Focusing on a single MSC shows that focal ad-
hesion complexes are polarized on 10-120-20 nm (Images are adopted from
[92] with the permission from Elsevier).

In addition, supplementary immunofluorescent staining was applied to the substrates. The

protocol for the preparation of the substrates for immunofluorescent staining was already

discussed in the thesis of Jochen Bartholomä [129]. Details on the working principle of

the used fluorescence microscopy as well as information on the used dyes are provided in

section 3.7. In Figure 4.13, images taken from hMSCs and hOBs are represented [92]. As

also discussed in the related paper, it can be seen that both cell types showed a similar

actin filament network on all nanotopographies. In addition, Vinculin staining suggests that

cell adhesion occurred through focal adhesion complexes.

The course of this thesis work was to recognize the underlying mechanism towards cell-

surface interactions including not only adhesion but cell growth (proliferation) by investigat-

ing the influence of the nanopillar arrays by means of systematic geometrical alterations in

distance, diameter or height. As mentioned before, induction of osteogenic differentiation

of hMSCs due to nanostructuring was motivated, thus further studies were conducted in

the context of this collaborated work. It is essential to note that uniform nanopillar arrays

were neither chemically functionalized nor the cell culture medium was altered to facilitate
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the osteogenic differentiation. So, only the well-defined geometrical parameters for the

nanopillar arrays were the fundamental nature of the cell activity in these experiments.

For the proliferation and osteogenic differentiation analysis, substrates with hMSCs and

hOBs were statistically compared for day 1 and 7. Since the related graphs are already

published and discussed in another dissertation, they are not provided here. Only the most

important findings related to hMSC and hOB proliferation /differentiation are summarized in

order to emphasize the success of the systematically tuned various uniform nanotopogra-

phies. Details can be found in the related thesis [129] and Figure 5 in the publication [92].

Hereby 12 different substrates were investigated with varied pillar geometries as follows:

Pillar diameters of 10 and 30 nm, pillar-to-pillar distances of 50, 100 and 120 nm, and pillar

heights of 20, 35, and 50 nm. First quantitative analysis of the cell adhesion in day 1 re-

vealed the adhesion behavior of hOBs and hMSCs as indifferent. However for hOB, a pillar

height of 20 nm in different systems (e.g. 30-100-20 nm or 10-100-20 nm) showed higher

proliferation than other heights at day 7. In addition, no proliferation was detected after 7

days on the surface topography with geometries of 10-50-50 nm. On the contrary, hMSCs

did not show height dependent behavior. Surface topographies of 10-100-20 nm and 10-

100-50 nm showed significantly higher proliferation than other substrate geometries. Also

it is important to note that most of the nanostructured surfaces showed better adhesion

and proliferation than the control smooth SiO2 substrates. This is in agreement with the

argument that the cells prefer more rough surfaces than the smooth surfaces [130].

As next step, hMSC differentiation due to topography alteration was inspected for one

donor. In brief, highest activity was observed on the nanopillar geometries of 10-100-50

and 30-100-50 nm. Quantitative differentiation analysis showed that osteogenic differen-

tiation of hMSCs was more favored in higher nanopillars with moderate distances. Based

on the findings thorough discussion and literature comparison was established but it will

not be represented in this thesis. For the detailed discussion please refer to [129] and [92].

4.3 Summary

In this chapter, the effect of uniform substrate topography on the behavior of hMSCs and

hOBs were discussed. After a brief overview of the literature, the advantages of using

nanoscale ordered topographies to mimic the cellular interaction were pointed out. This

idea led to the main motivation of the work presented in this chapter, which was to fabri-

cate quasi-hexagonally arranged uniform nanopillar arrays by means of combined BCML

technique, photochemical growth and RIE. These techniques were elucidated by means

of thorough optimizations and visual explanations by schematics and HRSEM images. In
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section 4.1, a new versatile technique was introduced which allows autonomous control-

ling of the pillar diameter, pillar-to-pillar distance, as well as pillar height by simply tuning

individual experimental steps. Further characterizations of the nanopillar arrays were dis-

cussed. In summary, photochemical growth of Au NPs (produced by BCML technique) was

conducted after a short RIE step. This short RIE step allowed Au NPs to preserve their

original position without the need of additional chemical coating for particle stabilization.

Subsequent short cyclic steps facilitated narrow columnar pillars up to 680 nm with high as-

pect ratio (10:1) due to the controlled re-growth of the nanomasks which were located on

top of the pillars. As a result, the RIE-limit due to the mask erosion was overcome with this

simple and reproducible nanofabrication technique. Moreover, the method demonstrated

here with SiO2 substrates can also be applied to different surfaces such as silicon, silicon

nitride or diamond.

In addition, the influence of the roughness of the nanopillar arrays with geometric alter-

ations on the adhesion and proliferation of hMSCs and hOBs was investigated by the

project partners. Characterization of different surface nanotopographies was conducted

by the author with HRSEM images and contact angle measurements. Comparison with

the cell-surface interaction studies shown in section 4.2, it was found out that no signif-

icant correlation between hydrophilicity of different pillar geometries and corresponding

adhesion, proliferation and differentiation behavior of hMSCs was detected. In conclusion,

variation on the hydrophilicity of fabricated nanotopographies showed no influence on the

examined cellular response.

In section 4.2, cell surface interaction studies of hMSCs and hOBs over uniform nanopillar

array surfaces were shown as part of the scientific collaboration. An overview of exper-

imental methods including preparation and seeding of the cell culture, protocol for the

immunofluorescent staining, and investigation of cell adhesion by means of HRSEM and

Fluorescence microscopy was provided. Keeping in mind that no additional chemical sur-

face coating or functionalization was applied to the pillar arrays or the culture medium,

direct influence of the systematic variations in pillar geometries towards the analysis on

cell adhesion, proliferation and osteogenic differentiation was successfully depicted.
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on the behavior of hOBs

Geometrical or periodical uniformity in topographical nanocues has shown to be versatile

tool to investigate the biological activity and possibility to track and manipulate the cellular

response (see chapter 4). Since the dynamics of the cells depend on the extracellular

matrix (ECM), any physical or chemical change in the environment can trigger the cell-

surface protein activities such as integrins or actins, hence the cell adhesion. However, it

is still difficult to assign fixed morphological geometrical values for specific cell types. In

order to investigate the desired cellular response on a single substrate and to established

time-efficient experiment times, non-uniform (or gradient) nanotopography are introduced.

In this chapter, simple and yet effective combined nanofabrication techniques based on the

previous chapter and related publication are presented [55]. It will be shown that it is pos-

sible to precisely manipulate the three independently-controlled gradients of topographical

parameters on well-ordered nanopillar arrays with respect to height, distance and diameter

gradients with all geometrical values being smaller than 150 nm. Hereby presented experi-

mental materials and methods (cell-surface interaction studies not included) led to the pub-

lication with the permission of the corresponding publishers and authors [131]. Moreover,

some passages here have been adopted verbatim or reformulated from the publication.

Section 5.1 consists of four subsections which describe the fabrication of four different well-

defined pillar gradients with respect to multiparametric arrangements in detail. Subsection

5.1.1 presents the gradual variation of pillar-to-pillar distances along a defined substrate. A

supplementary analysis on the hydrophilicity of the surfaces is also provided. Subsection

5.1.2 focuses on the production of pillar diameter gradient. Subsection 5.1.3 introduces the

non-uniform topography or gradient with respect to pillar heights. Fabrication procedure

and analysis on the hydrophilicity of the surface are elucidated. Subsection 5.1.4 demon-

strates the combination of these fabrication techniques in order to produce multiparametric

gradient geometries. Section 5.2 focuses on the cellular response of hOBs with gradient

topographies of nanopillar arrays. Analysis of cell-migration, gene expression as well as

adhesion for gradient surfaces is further discussed in following subsections.
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5.1 Fabrication of well-defined gradient nanopillar arrays

Since 15 years, there has been a significant interest towards generation of non-uniform or

gradient structures for chemical [132], physical [133] or biological [134] applications. The

gradient structuring of the surfaces by means of micro/nanofabrication or self-assembly

techniques has shown to have remarkable potential [135] and several methods have been

reported. For the fabrication category, a new method is introduced by Kim et al. to pro-

duce uniform or gradient high-aspect ratio conductive microscale polymer arrays using a

technique called structural transformation by electro-deposition on patterned substrates

(STEPS) [135]. Cao et al. establish non-uniform biomolecular micro/nano-fluidic devices

using diffraction gradient lithography [136] as a fabrication method. Moreover, exposure of

the photo-active proteins under dynamic mask lithography system are used to fabricate 2D

concentration gradients or 3D gradient topography micro environments [137].

On the other hand, in nanoparticle-based methods such as by decoration of smooth sur-

faces with improved self-assembly methods, one or multi-dimensional gradient surfaces

can be constructed. For instance, there is a study that focuses on the formation of particle

density gradients along the substrate surface which can track the initial adhesion and cell

polarization [138]. Thus, the diversity in the production of nanoparticles can provide vari-

ous possibilities [139–141]. Bhat et al. use a technique to alter the number density of gold

nanoparticles and length of the surface gradient by vapor deposition of Amine terminated

silane molecules. This results in a concentration gradient of –NH2 functional groups on the

flat silica surfaces after dipping the gradient surface on a colloidal gold solution [142, 143].

Iqbal et al. demonstrate the nanoparticle density gradients by thermochemical manipula-

tion of an ester functionalized self-assembly monolayer (SAM) with a temperature and pH

gradient [144] which enable attachment of nanoparticles non-uniformly along the surface.

Despite the diverse studies conducted on the surface gradient with respect to individual

geometries, so far systematic analysis and optimizations towards the generation of well-

controlled multiple gradients in which each topographical parameter can be tuned, sepa-

rately or combined, are not yet fully developed. In addition, formation of complex gradient

topographies using nanoparticles as an etching mask has not been reported. Here in this

work, we introduce new methods that combine different fabrication techniques such as

modified BCML, customized photochemical growth and RIE. In these methods, Au NPs

are used as etching masks to fabricate nanopillar arrays with gradients with respect to the

topographical parameters of pillar distance, diameter and height both individually and com-

bined. Hereby introduced methods can be further used as multiparametric platform for the

investigations on wettability [145, 146] and cell-surface interaction [23, 24].
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5.1.1 Fabrication of well-defined pillar-to-pillar distance gradient surfaces

As previously presented in chapter 4, Si wafers with 1 µm thick SiO2 layer with dimen-

sions of 5 mm x 10 mm were chosen as a suitable candidate for the fabrication of gradient

nanostructured surfaces. In addition, transparent cover slips (20 mm x 20 mm) that were

coated with SiO2 layer by PVD were also fabricated in identical manner for cell related ex-

periments. It is important to note that for all the gradient structuring that will be explained

in this chapter in principle can be applied on much larger scales (> 5 cm). However, size

limitations of the substrates are caused by the characterization devices such as HRSEM,

fluorescence microscopy and live cell imaging microscopy. Overall schematic outlining the

step by step fabrication procedure of pillar-to-pillar distance gradient is shown in Figure

5.1. Here the gradient is defined as distance gradient rather than density gradient because

nanopillars are quasi-hexagonally arranged along the surface and distance between two

pillars is well-defined.

Figure 5.1: Schematic of the process flow demonstrating production steps for well-defined
pillar-to-pillar distance gradient. The template of choice is first decorated with
a non-uniform quasi-hexagonal ordered Au NP array by modified BCML tech-
nique (see subsection 4.1.1). Varying the pulling-out velocity during the dip
coating procedure provides control over distances starting from 50 nm up to
120 nm along the substrate surface. If desired, initial Au NP mask diame-
ter can be increased by photochemical growth to influence the resulting pillar
width. Subsequent RIE with the possibility of different etching times facilitate
the desired heights for further experiments. Finally Au NP mask is removed by
Lugol’s solution.

Hereby two ways of fabricating a pillar-to-pillar distance gradient will be introduced in this

thesis work. In the first distance gradient, it was designed to generate a surface consisting

of three uniform pillar array areas (each 3 mm in length) with different pillar-to-pillar dis-

tances. In between those three uniform surfaces, two gradient regions were generated on
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a smaller scale (length < 1 mm) such that the pillar-to-pillar distances were non-uniform

and gradually changing. First fabrication method here is defined as step-wise distance

gradient following the previous master study which was supervised by the author [147].

In the second distance gradient, instead of smaller scale and discrete gradient regions,

a continuous quasi-linear gradient which covers the whole substrate (length > 10 mm)

was aimed. This means that the pillar-to-pillar distances were non-uniform and gradually

changing along the whole substrate length. Second fabrication method here is defined as

continuous distance gradient.

In step-wise distance gradient, firstly a modified BMCL technique was applied to gener-

ate a quasi-hexagonal ordered Au NPs mask on the plain surface with varying distances.

Modification was on the dip-coating process, where instead of a constant pulling-out ve-

locity step-wise changing of the pulling-out velocity was applied. Alteration of the velocity

(step-wise) was causing gradual change in the dynamic meniscus of the coated micellar

film [148]. This resulted in a non-uniform thickness of the micellar film. Luckily, due to the

gradual change in the dynamic meniscus, changes in the resulting interparticle distances

along the pulling-out direction of the substrate was not discrete which enabled to gener-

ate an interparticle distance gradient [118, 119]. Since the pulling-out of the substrate

from the solution was unidirectional, 1D gradient parallel to the pulling-out direction was

achieved. Consequently after a RIE step, pillar-to-pillar distance gradient was generated.

Corresponding velocity values were taken from the previously exhibited plot (Figure 4.2a).

Next step, optional photochemical growth could be applied to increase the Au NPs mask

diameter. Subsequent RIE with chosen reaction times resulted in the desired pillar heights

on the substrate surface. Finally, Au NP mask was removed by means of Lugol’s solu-

tion to conduct further cell-surface interaction experiments. Aforementioned combination

of modified BCML, photochemical growth and RIE enabled variety in the topography of the

resulting pillar arrays. However for the cell related experiments, size of the pillars were

fixed between 12 and 30 nm in mean diameter, 50-120 nm in pillar-to-pillar distance and

20 nm in height, respectively.

Figure 5.2 exhibits the corresponding interparticle distances with respect to the positions in

x-direction of the substrate with a total length of 10 mm and Au NP diameter of 12 nm. Data

points were calculated from HRSEM images taken within 100 µm intervals. The template

surface consists of 5 compartments as plotted in the graph: Three parts named A1, A2 and

A3 stand for the areas with interparticle distances of 120, 100 and 50 nm, respectively, and

two parts named G1 and G2 stand for the actual gradient areas with gradually changing

interparticle distances. Transition from A1 to A2 and A2 to A3 were observed to occur

within a linear gradient along 600 µm and 800 µm lengths, respectively. Zooming into those
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5.1 Fabrication of well-defined gradient nanopillar arrays

Figure 5.2: Step-wise interparticle distance gradient with respect to the sample position
in x-direction. Three uniform Au NP array regions are defined as A1, A2 and
A3 indicating the interparticle distances of 120, 100 and 50 nm, respectively.
Gradual transitions in between these regions are defined as G1 and G2. Data
points were calculated from analysis of HRSEM images taken within 100 µm
intervals. Positions that are marked with colors are imaged by HRSEM which
also depicted with same colors. Scale bar for all HRSEM images are 300 nm.
Figure was adopted from [131].

transition regions (G1, G2) in the graph revealed that the gradual decrease in interparticle

distance was around 10 µm intervals. Arnold et al. introduced a term to define the gradient

area as "gradient strength" which is simply the slope of the transition regions [121]. For the

areas G1 and G2, gradient strengths were calculated as 25 ± 1.7 nm/mm and 59.5 ± 2.3

nm/mm, respectively.

As explained above, after the modified BCML procedure, Au NPs exhibiting distance gradi-

ent were further enlarged and etched in order to generate step-wise pillar-to-pillar distance

gradient. Color-marked HRSEM images correspond to the final stage of fabricated uniform

pillar array areas (A1-A3) are provided in Figure 5.3. Achieved pillar diameter was 30 nm

and pillar height was 20 nm. Here, it can be clearly seen that the substrate has different

pillar-to-pillar distances along the x-direction (120, 100 and 50 nm). For better visualization
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5 Effect of non-uniform substrate nanotopography on the behavior of hOBs

of the pillar arrays and to create a contrast, HRSEM images were taken with Au NPs still

intact.

Figure 5.3: HRSEM images exhibiting different regions of the step-wise pillar-to-pillar dis-
tance gradient as supplementary information to the uniform areas A1, A2 and
A3 in Figure 5.2 which are marked by red, blue and green, respectively. All
images are tilted with an angle of 30◦ and taken in same magnification for bet-
ter comparison. This substrate has dimensions of 30-(120-100-50)-20 nm with
pillar "diameter-distance-height", respectively.

In principle, the slope of the transition regions can be adjusted following the limits arising

from dip-coating technique which is discussed in subsection 4.1.1. Interparticle distances

in Figure 5.2 are shown as an example of how the step-wise distance gradient works. By

tuning the software of the dip-coating, it is possible to increase the amount of uniform Au

NP array areas and generate more steps in the substrate system. Increasing the num-

ber of uniform areas also increases the number of gradient transition regions in between.

However, if the difference between two distance values for two uniform regions is reduced

due to more steps, this will result in the smaller gradient strength values. In conclusion,

in order to increase the gradient strength value, difference between interparticle distances

of two uniform Au NP array regions must be chosen as high as possible. In fact, highest

gradient strength value for the step-wise distance gradient system was calculated as 89.7

± 3.2 nm/mm which came from using interparticle distances of 73 and 110 nm [131, 147].

By re-programming the software of dip-coating procedure, a continuous quasi-linear dis-

tance gradient along large areas (length > 10 mm) was established. Details on the re-

programming was previously shown in [147, 149]. In short, knowing the relation between

the pulling-out velocity and the interparticle distance (see subsection 4.1.1 Figure 4.2a)

and the length of the transitions regions that can be generated in step-wise distance gra-

dient method, it is possible to establish infinitesimal steps of velocity change along the

substrate length. For that purpose, once the substrate of choice was dipped into the mi-

celle solution, at every 0.5 mm the pulling-out velocity has been increased in defined in-

tervals. Due to the non-linear relation between the velocity and distance (Figure 4.2a with

d ≈ U−1/3), the velocity change had to be optimized accordingly.
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Figure 5.4: Continuous pillar-to-pillar distance gradient with respect to the sample posi-
tion in x-direction. Dip-coating procedure was re-defined in order to establish
a gradient along the whole substrate with a length of 20 mm. For compari-
son to the step-wise distance gradient shown in Figure 5.2, areas which corre-
spond to the same distances are marked as red, blue and green, respectively.
Supplementary HRSEM images of marked points are tilted with an angle of
30◦. This exemplary substrate has dimensions of 12-(120-50)-20 nm with pillar
"diameter-distance-height", respectively.

An example on the continuous distance gradient of Au NP arrays on the substrate with

a length of 20 mm is depicted in Figure 5.4. In this specific example, for the substrate

positions with interparticle distances between 120 - 85 nm, the pulling-out velocity was in-

creased by 0.6 mm/min intervals at every 0.5 mm. For the substrate positions with interpar-

ticle distances between 85 - 50 nm, the pulling-out velocity was increased by 1.2 mm/min

intervals at every 0.5 mm. Gradient strength value for the continuous distance gradient

system was calculated from the measurement points as 3.9 ± 1.9 nm/mm. Although the

resulting gradient strength value is much less compared to the step-wise distance gradient

system, it can be highly advantageous to investigate the influence of a continuous distance

gradient on the cell migration.
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Figure 5.5: Snapshot images of the substrates taken from the optical contact angle mea-
surement system. Corresponding advancing and receding contact angle val-
ues for the smooth SiO2, and two substrates with varied step-wise pillar-to-pillar
distance gradient are tabulated in Table 5.1.

In order to estimate the hydrophilic nature of the gradient nanostructured SiO2 surfaces,

contact angle measurements were conducted for different geometries. For all samples, Au

NPs were further removed by Lugol’s solution. Details on the optical contact angle mea-

surement technique are explained in section 3.5. Apart from the substrates with gradient

nanostructures, a smooth SiO2 was also measured as a reference. With the help of the

software, dynamic contact angles (advancing and receding) were measured. As depicted

in Figure 5.5, exemplary snapshot images from the video records are exhibited in which

the spreading of the water droplet differs for each. Due to the non-uniform nature of the

surface topographies on the gradient substrates, the contact angles of the drop measured

from left and right side fluctuated. For that reason, average of the contact angle values was

taken into consideration for the investigation of hydrophilicity on each substrate. Numerical

average values that are shown in Table 5.1 indicate that all surfaces that were analyzed

(with gradient and reference) showed hydrophilic behavior however the hysteresis between

advancing and receding angle decreased with the introduction of surface roughness in

agreement with [75, 76]. The results indicate that the fabricated nanotopographies with

step-wise and continuous pillar-to-pillar distance gradient were sufficiently hydrophilic for

further cell-substrate interaction experiments.

Table 5.1: Measured dynamic contact angles of water on various pillar-to-pillar distance
gradient surfaces. Pillar geometries are defined as “diameter-distance-height”,
respectively. All dimensions of the substrate are in nm.

Pillar geometry (nm) Advancing Contact Angle (◦) Receding Contact Angle (◦)

Smooth SiO2 29.56 ± 0.44 18.51 ± 0.89
12-(120-100-50)-20 25.72 ± 0.34 14.26 ± 1.07
30-(120-100-50)-20 17.28 ± 0.34 10.55 ± 2.15

12-(120-50)-20 19.83 ± 0.65 13.47 ± 1.18
30-(120-50)-20 18.21 ± 1.04 11.65 ± 0.93
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5.1.2 Fabrication of well-defined pillar diameter gradient surfaces

For the fabrication of well-defined pillar diameter gradient (continuous and step-wise),

aforementioned substrate properties were used (subsection 5.1.1). Schematic of the pro-

duction flow is shown in Figure 5.6 displaying the combination of BCML, modified photo-

chemical growth and RIE techniques with slight alteration from the fabrication procedure

depicted in subsection 5.1.1.

Figure 5.6: Schematic of the preparation of pillar diameter gradient. The substrate is dec-
orated with uniform quasi-hexagonal ordered Au NP array by BCML. Using
an additional shutter on the photochemical growth step, Au NP array is non-
uniformly exposed to UV generating a gradient in Au NP mask diameter along
the substrate. Shutter movement is adjusted only in x-direction. Rest of the
procedure follows the same steps as depicted in Figure 5.1.

First of all, unlike the procedure shown in Figure 5.1, BCML technique was performed to

generate uniform Au NP array on the entire surface. As an addition to the procedure, an

in-house made shutter was connected to the mask aligner system and the photochemical

growth of Au NPs was carried out. The shutter has a opening with dimension of 30 mm x

30 mm. The velocity and positioning of the shutter above the substrate was controlled by

software during UV-exposure and generated particle diameter gradient along the surface.

This is the step where non-uniformity or gradient was introduced. It gives the possibility

to manipulate the gradient in x-direction by simply re-programming the shutter movement.

In principle, the shutter can be designed in different geometries to introduce a gradient in

y-direction too, however for this thesis work initial design was limited with 1D gradient. Rest

of the procedure follows the similar steps as described in subsection 5.1.1.

As exhibited in Figure 5.7, gradual increase of the Au NP diameter along the substrate with

a length of 10 mm was achieved during a modified photochemical growth step. It is crucial

to declare that the substrate length here is exemplary and in principle length of the gradi-
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Figure 5.7: Step-wise particle diameter gradient with respect to the sample position in x-
direction. Uniform regions are defined here as A1 and A2 with the Au NP
diameters of 12 nm and 30 nm, respectively. In all cases the interparticle dis-
tance here is fixed to 120 nm. Data points were calculated from analysis of
HRSEM images taken in 250 µm intervals. Color-marked HRSEM images with
same magnification represent the pillar diameter of the color-marked positions.
Gradual transition in between the two uniform regions is defined here as G with
a gradient strength of 2.9 ± 0.1 nm/mm (Figure adopted from [131]).

ent area can be increased up to 30 mm and continuous particle diameter gradient without

any uniform diameter regions can be produced. It was only chosen since the holder for

the HRSEM is limited to 10 mm and represented data points were extracted from HRSEM

images taken within 250 µm intervals. For each measurement point, particle diameter dis-

tribution was Gaussian fitted and the mean value with standard deviation was extracted

(error bars). Similarly to the graph shown in Figure 5.2, there are three regions named as

A1, A2 and G. The first two represent regions with uniform Au NP diameters and measured

as 12 nm and 30 nm, respectively. In transition region G particle diameter is quasi-linearly

changing. In principle, lengths of all regions are tunable and only represented here as an

example. So, the maximum length of the particle diameter gradient region can be adjusted

to the entire length of the substrate. However due to the limitation of the photochemical

growth technique with respect to particle dislocation (see subsection 4.1.2), UV-exposure

time was limited to 4 min. In order to avoid any problem, movement of the shutter (velocity)

was programmed to run within the limitation for the given substrate length. HRSEM figures
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marked with red, blue and green were taken from three regions and the corresponding

diameters are 12 nm, 25 nm and 30 nm, respectively. Moreover, for this substrate, inter-

particle distance was fixed to 120 nm and gradient strength was calculated as 2.9 ± 0.1

nm/mm.

After the BCML procedure and modified photochemical growth, the substrate was further

etched in order to establish a step-wise pillar diameter gradient. HRSEM images of the fab-

ricated pillar array areas are shown in Figure 5.8. In agreement with the positions marked

with colors in Figure 5.7, same areas are shown for A1, G and A2, respectively. Fabricated

pillar diameters for these areas are 12 nm, 25 nm and 30 nm along the entire substrate

length. For all images pillar heights were fixed to 20 nm to emphasize the difference in

pillar diameters. Again for better visualization of the pillar arrays and to create a contrast,

HRSEM images were taken when the Au NPs are still intact.

Figure 5.8: HRSEM images taken from the areas A1, G and A2 of the step-wise pillar
diameter gradient which is shown in Figure 5.7. The pillar diameters are 12 nm,
25 nm and 30 nm, respectively. All images are tilted with an angle of 30◦ and
scale bar is 300 nm. Pillar height and pillar-to-pillar distances are fixed to 20 nm
and 120 nm, respectively.

Table 5.2: Measured dynamic contact angles of water on step-wise and continuous pil-
lar diameter gradient surfaces. Pillar topographies are defined as “diameter-
distance-height” (all in nm, respectively.

Pillar geometry (nm) Advancing Contact Angle (◦) Receding Contact Angle (◦)

Smooth SiO2 29.56 ± 0.44 18.51 ± 0.89
(12-G-30)-50-20 22.65 ± 0.44 12.93 ± 0.45

(12-G-30)-120-20 20.19 ± 0.61 14.13 ± 0.55
(12-30)-50-20 23.28 ± 0.53 13.61 ± 0.87

(12-30)-120-20 19.23 ± 0.42 12.15 ± 0.82

As mentioned in previous subsection, transparent cover slips (20 mm x 20 mm) that were

coated with SiO2 layer were processed with continuous pillar diameter gradient accord-

ingly for further cell experiments. Data for the advancing and receding contact angles for

the related substrates are tabulated in Table 5.2. Results indicated no significant relation

between the substrate topography and hydrophilicity in agreement with the previous ob-
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servation in subsection 5.1.1. However all of the substrates depicted in Table 5.2 were

suitably hydrophilic for further cell analysis.

5.1.3 Fabrication of well-defined pillar height gradient surfaces

In this subsection, fabrication of another gradient nanostructure is introduced in which the

pillar heights are non-uniform along the substrate. Preparation of the substrates were done

in accordance with the subsections 5.1.1 and 5.1.2. Overall schematic diagram outlining

the fabrication procedure of pillar height gradient is shown in Figure 5.9.

Figure 5.9: Schematic outlining the step by step preparation of step-wise pillar height gra-
dient. First, the substrate is decorated with uniform Au NP array by BCML fol-
lowed by an optional photochemical growth step. Second, a specially shaped
wafer is used as a mask two times on different positions of the substrate to
construct a pillar height gradient. Finally Au NP mask is removed by Lugol’s
solution.

After the application of BCML and photochemical growth techniques, Au NP arrays were

produced with desired distances and diameters. Next step, another specially shaped wafer

was used as a mask covering 1/3 of the surface for subsequent RIE. Si wafer was preferred

to prevent any contamination due to another material. Etching times were chosen due to

the optimization study conducted for RIE (see Figure 4.6b). First pillar height gradient

on the surface was generated. Here, it is important to note that the top of the nanopillar

array layer consisting of Au NP mask is linear whereas the non-linearity of the bottom layer
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causes the difference in height. Next step, the wafer mask position was changed over

the substrate covering 2/3 of the substrate for generation of a second gradient area. With

application of third RIE step, wafer mask was removed and the entire substrate surface was

etched. Finally, Au NP mask was abolished by means of Lugol’s solution to conduct further

cell-surface interaction experiments. Hereby introduced production method is tunable in all

three geometries (pillar diameter-distance-height) and applicable to large scale surfaces

(e.g. 4 inch SiO2 wafer). Keeping in mind the limitations for each production step which

are discussed in section 4.1, pillar array geometries which are presented here are fixed

to 30 nm in diameter, 120 or 50 nm in pillar-to-pillar distances and 20, 50 and 100 nm in

heights, respectively.

Figure 5.10: Step-wise pillar height gradient with respect to the sample position in x-
direction. Uniform pillar arrays with different height regions are labeled as
A1, A2 and A3 indicating the heights of 20, 50 and 100 nm, respectively.
Here in this example, the pillar diameter and pillar-to-pillar distance are cho-
sen as 30 nm and 120 nm, respectively. HRSEM images marked with colors
are 30◦ tilted and same magnification is used for better comparison. Grad-
ual transitions in between uniform regions are labeled as G1 and G2. Inset
graph shows the zoomed area for G2 with a transition length of 10 µm (Figure
adopted from [131]).
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Figure 5.10 shows the measured pillar heights with respect to the positions in x-direction

of the substrate with a length of 10 mm. Represented data points were extracted from

HRSEM images taken with 10 µm intervals. The resulting gradient nanostructure on the

surface consists of 5 components, as plotted in the graph: Three parts labeled A1, A2 and

A3 stand for the areas with uniform pillar heights of 20, 50 and 100 nm, respectively and

two parts labeled as G1 and G2 are the non-uniform regions with linearly changing heights.

In principle, these regions can be tuned and chosen lengths here are exemplary. For this

exemplary substrate the pillar diameter and pillar-to-pillar distance were chosen as 30 nm

and 120 nm, respectively. It was observed that in between those uniform regions, transi-

tion from one pillar height to another changed almost linear. Zooming into the transition

region G2 as shown in the inset revealed the length of the non-uniform pillar height area

as 10 µm. Gradient strengths for G1 and G2 were calculated from the measurement points

as 4741.1 ± 224.1 nm/mm and 4838.3 ± 163.3 nm/mm, respectively. Gradient strength

for the pillar height gradient was determined by the chosen RIE etching times in between

each step. Depending on the used Au NP mask size, corresponding maximum achievable

pillar heights are previously shown in subsection 4.1.3. Using the minimum and maximum

reaction times in one step, highest gradient strength of 6233 ± 303 nm/mm was achieved

however for the cell-substrate interaction experiments, investigated pillar heights were re-

stricted to 20, 50 and 100 nm for the consistency with previous cell related experiments.

Figure 5.11: HRSEM images taken from the substrate exhibiting different regions of the
step-wise pillar height gradient as supplementary information to the uniform
areas A1, A2 and A3 in Figure 5.10 which are marked by colors red, blue and
green, respectively. All images are tilted with an angle of 30◦ and taken in
same magnification for better comparison. Pillar diameter and pillar-to-pillar
distances are chosen as 30 nm and 50 nm. Pillar heights are fixed to 20, 50
and 100 nm, respectively.

As supplementary information, HRSEM images from another substrate are shown in Fig-

ure 5.11. For all images, alterations of the pillar heights in different areas are clearly shown

(A1-A3). For this substrate the pillar geometries are 30-50-(20-50-100) all in nm following

the code pillar "diameter-distance-height". Additionally, final Au NP masks that were still

on top of the pillars were further removed by dipping into Lugol’s solution for contact angle
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measurements and determination of cellular response to the SiO2 pillar arrays. Data for

the dynamic contact angle measurements are tabulated in Table 5.3. In agreement with

the other gradient systems discussed in subsections 5.1.1 and 5.1.2, no significant rela-

tion between the substrate topography and hydrophilicity was observed. The substrates

with step-wise pillar height gradients were shown to be more hydrophilic compared to the

smooth SiO2 substrate and were suitably hydrophilic for further cell analysis.

Table 5.3: Measured dynamic contact angles for water on various step-wise pillar height
gradient surfaces. Pillar topographies are defined as “diameter-distance-height”,
respectively. All geometries of the substrates are in nm.

Pillar geometry (nm) Advancing Contact Angle (◦) Receding Contact Angle (◦)

Smooth SiO2 29.56 ± 0.44 18.51 ± 0.89
30-120-(20-50-100) 24.82 ± 0.68 14.07 ± 1.07
30-50-(20-50-100) 19.96 ± 0.13 15.28 ± 0.99

5.1.4 Fabrication of well-defined multiparametric gradient surfaces

In addition to the presented fabrication techniques of various gradient nanostructures (see

subsections 5.1.1-5.1.3), it is also possible to combine all the procedures and generate

well-defined multiparametric gradient surfaces. Overall combined experimental procedures

are schematically depicted in Figure 5.12. In summary, fabrication of multiparametric gra-

dient of pillar arrays is the optimized combination of three individual gradients that are

explained in previous subsections 5.1.1-5.1.3. As can be seen in Figure 5.12, firstly BCML

with step-wise pulling-out velocity was applied and interparticle distance gradient of Au

NPs was generated. Subsequent photochemical growth by means of movable shutter, Au

NP diameter gradient was formed on the same substrate surface. Next step, specially

shaped wafer was used as a mask covering parts of the surface for subsequent RIE steps

and pillar height gradient was generated. Finally, Au NP mask was removed by means of

Lugol’s solution.

In Figure 5.13, individual experimental parameters with respect to the sample position in

x-direction with a length of 10 mm are shown. For better interpretation of the multiparamet-

ric pillar gradient system, three points along the substrate was chosen and tracked after

each gradient production. In Figure 5.13a, red mark indicates the interparticle distance

of 120 nm, whereas blue and green indicates the distances of 100 and 50 nm from the

regions A1, A2 and A3, respectively. At this point average diameter of Au NPs is 12 nm.

Details for the regions G1 and G2 are already discussed in subsection 5.1.1. Substrate

was further processed to generate particle diameter gradient with uniform diameter re-

gions labeled as B1 and B2 and non-uniform transition region labeled as G (Figure 5.13b).
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Figure 5.12: Schematic of the process flow for the preparation of multiparametric pillar gra-
dients. First, the substrate is decorated with non-uniform Au NP array by
modified BCML to generate a 1D interparticle distance gradient. Followed by
a modified photochemical growth step a particle diameter gradient is formed.
A wafer is used as a mask two times on different positions of the substrate to
construct a pillar height gradient. Finally Au NP mask is removed by Lugol’s
solution for cell experiments (Image is taken from [131]).

Now, corresponding Au NP diameters are 30 nm, 25 nm and 12 nm for red, blue and green

marks, respectively. After the subsequent stepwise RIE steps on the substrate, final pil-

lar height gradient was formed. As depicted in Figure 5.13c, uniform pillar arrays with

different height regions are labeled as C1, C2 and C3 indicating heights of 100, 50 and

20 nm. Finally, multiparametric pillar gradient with combined three individual diameter-

distance-height gradients was fabricated. Resulting geometries for color-marked positions

are 30-120-100 nm for red, 25-100-50 nm for blue and 12-50-20 nm for green, respectively

(Figure is adopted from [131]). As supplementary information to the graphs in Figure 5.13,

HRSEM images taken from the color-marked positions after each gradient fabrication step

are shown in Figure 5.14. To be consistent with the previous images provided in subsec-

tions 5.1.1-5.1.3, all images were taken in same magnification. Afterwards, the substrate

was subjected to contact angle measurements as previously described in subsection 5.1.1

and it was found hydrophilic (Average Advancing Contact Angle (◦) = 21.63 ± 0.57, Aver-

age Receding Contact Angle (◦) = 18.92 ± 0.61).

In this part of the work, the fine-tuning of the gradient strength was successfully achieved

for each fabrication method by simply manipulating experimental parameters. There are
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Figure 5.13: Combined graphs of distance, diameter and height gradients for the genera-
tion of multiparametric pillar gradients with respect to the sample position in
x-direction. a) First interparticle distance gradient is applied. b) Particle di-
ameter gradient is generated on the same substrate. c) With the subsequent
RIE steps on the substrate, pillar height gradient is formed. For color-marked
positions, final pillar geometries are 30-120-100 nm for red, 25-100-50 nm for
blue and 12-50-20 nm for green, respectively (Figures adopted from [131] with
the permission from IOP Publishing).
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Figure 5.14: HRSEM images taken from the substrate with multiparametric pillar gradients.
Each color corresponds to the marked positions shown in Figure 5.13. Scale
bar for all images is 300 nm. Three images on the top represent the formation
of first interparticle distance gradient, where diameter of the Au NPs is 12 nm
and corresponding interparticle distances are 120, 100 and 50 nm for the po-
sitions red, blue and green, respectively. Introducing the additional particle
diameter gradient, same regions are transformed into gradients of “diameter-
distance” where for red (B1): 30-120, blue (G): 25-100, and green (B2): 12-50
nm. After the application of the final height gradient, multiparametric pillar
gradient with "diameter-distance-height" are generated for red (C1): 30-120-
100 nm, blue (G): 25-100-50 nm, and green (B2): 12-50-20 nm.

few studies conducted to investigate the slope of the gradient area along the substrate

surface. Goreham et al. show that by changing the concentration of the Au NP solution

during deposition, the gradient strength along the substrate can be tuned and a NP density
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gradient is generated [150]. Highest particle density gradient achieved with this method is

determined as 2.1*10−6 nm−2/mm. For better comparison to the results in the literature,

the gradient strength which is calculated for the interparticle distance gradient in subsec-

tion 5.1.1 is converted into particle density gradient strength. As a result, highest value

achieved in this work is 8.8*10−4 nm−2/mm, which is more than 2 orders of magnitude

higher. Another study is conducted by Arnold et al., which is also based on BCML tech-

nique [121]. They report that highest interparticle distance gradient strength is measured

as 50 ± 7 nm/mm whereas our measurement revealed a gradient strength of 89.7 ± 3.2

nm/mm [131]. So far, gradient strength measurements in the literature with respect to

height or diameter of the substrate topography are either not reported yet or not conclusive

to make a quantitative comparison.

In conclusion, further development of the previously introduced experimental methods (see

section 4.1 and [55]), led to the successful manipulation of the dimensions of non-uniform

SiO2 nanopillar arrays. Simple and yet effective combined nanofabrication techniques us-

ing modified BCML, customized photochemical growth and RIE can generate multipara-

metric gradients of the quasi-hexagonally ordered nanopillar arrays, both individually and

combined. Hereby introduced combination of methods can be applied on different mate-

rials such as silicon, silicon nitride or diamond. More importantly, the development of the

various gradient fabrication methods facilitates the time efficiency of cell related experi-

ments which has to be conducted separately for each different uniform pillar geometries.

5.2 Topographical sensing of hOBs on well-defined gradient

nanopillar arrays

In this section, cell related experiments were conducted by Vennila Maheswaran from Divi-

sion for Biochemistry of Joint and Connective Tissue Diseases, Department of Orthopedic

Surgery in Ulm University. Hereby presented initial data evaluation for cell adhesion and

migration was done by the author. Detailed interpretation of the initial results will be pro-

vided in the thesis work of the project partner in accordance with an agreement between

the partners of the common scientific project. For the cell-substrate interaction studies,

transparent cover slips (20 mm x 20 mm) that were coated with SiO2 layer (≈ 125 nm)

by PVD were used. For control substrates, smooth surface was treated with a short RIE

(CHF3/CF4) step (40 s) to generate minor roughness (< 5 nm). The surface roughness was

determined by a contact stylus profilometer over a range of 500 µm (Dektak150 Veeco,

Germany). The reason of the additional RIE step is to increase the amount of cell number
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on the reference substrates. Here, preliminary results from cell adhesion, gene expression

and migration are presented accordingly.

5.2.1 Cell adhesion study on various gradient nanopillar arrays

For the analysis on the hOBs adhesion, immunofluorescent staining was used at day 2

to identify the cell number per mm2 in different gradients of nanopillar arrays. Aforemen-

tioned Phalloidin-FITC + DAPI and Vinculin staining were applied for the identification of

the cells and focal adhesion, respectively (see sections 3.7 and 4.2). For the substrates

with continuous diameter and distance gradients, chosen regions were inspected at 3 dif-

ferent locations to obtain more representative numbers. In case of the substrates with

pillar height gradients, data were collected from 3 different uniform nanopillar array re-

gions. Transition regions as depicted in Figure 5.10, were further investigated for the focal

adhesion contacts and compared with uniform regions.

The substrate that was fabricated by step-wise height gradient method was further ana-

lyzed in three different uniform pillar height regions (Figure 5.15) for 3 donors. Immunoflu-

orescent staining image which was taken from the region with pillar heights of 50 nm (Fig-

ure 5.15a) showed that focal adhesion points were observed especially on the edges of

the cells which are pointed by white arrows. Moreover, the observations on the transition

region in between the heights of 50 nm and 100 nm also showed focal adhesion points as

well as highly aligned, stretched cytoskeleton (Figure 5.15b). The investigation was con-

ducted on the other pillar height regions too, however detailed discussion will be provided

in the thesis of Vennila Maheswaran.

Figure 5.15: Investigation of the substrate with step-wise pillar height gradient with respect
to the hOB attachment. The pillar geometries are 30-120-(20,50,100) all in
nm, respectively. Immunofluorescent staining for the uniform pillar height re-
gion of a) 50 nm and b) the transition region in between 50 nm and 100 nm.
Focal adhesion points are emphasized by white arrows in related images.
Fluorescent images were taken by Vennila Maheswaran.
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Next step, continuous pillar-to-pillar distance gradient and pillar diameter gradient sub-

strates were also subjected to immunofluorescent staining. Both surfaces revealed well

hOB adhesion and varying cell numbers, however as part of the collaboration, the thorough

results will be provided in the related thesis of the project partner. Hereby as proof of prin-

ciple, exemplary hOB cell number per mm2 on pillar-to-pillar distance gradient nanopillar

arrays for 1 donor is shown. For the continuous pillar-to-pillar distance gradient substrate

with distances ranging between 50 nm and 120 nm along the length of 20 mm, 5 different

distance region were investigated (Figure 5.16). Here the bar chart is plotted. Each bar

represents the average of the technical replicates (3 different locations) from one distance

region. Within the technical replicates, standard deviation is calculated and the positive

deviation values are shown. Highest cell number was detected at the distance region of

120 nm. The cell numbers on the other distance regions were detected to be lower than

on the control substrate. The most suitable pillar geometries for hOBs adhesion on the

inspected substrate were found to be 30-120-20 nm.

Figure 5.16: hOB cell number per mm2 on the substrate with pillar-to-pillar distance gra-
dient nanopillar arrays. Pillar geometries are 30-(50-120)-20 nm following
the code "diameter-distance-height", respectively. Numbers in brackets rep-
resents the gradient regions with changing related pillar parameters. Bar chart
with average of technical replicates (n=3) with a standard deviation (positive)
is plotted.

5.2.2 Gene expression study on various gradient nanopillar arrays

For a better understanding the observations in subsection 5.2.1, effect of the various gra-

dient nanotopographies on the associated gene expression was exemplarily investigated

by Vennila Maheswaran. First typical biochemical markers for bone formation such as

collagen, type 1, alpha 1 (COL1A1), osteocalcin (OC) and alkaline phosphatase tissue-

nonspecific isozyme (ALPL) were analyzed for the pillar diameter and pillar-to-pillar dis-
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5 Effect of non-uniform substrate nanotopography on the behavior of hOBs

tance gradient substrates and compared with the smooth control substrates in Figure 5.17.

COL1A1 and ALPL genes are osteogenic markers for the osteogenic differentiation and

bone mineralization, respectively [151, 152]. Expression of the OC gene is specific to

osteoblasts only, so it is commonly used to identify related transcription factors [153].

Figure 5.17: Relative gene expression of COL1A1, ALPL and OC on pillar diameter and
pillar-to-pillar distance gradient substrates in comparison to the control sub-
strates without nanotopography.

Relative gene expression was calculated for the pillar diameter and pillar-to-pillar distance

gradient substrates in which the expression from the planar control substrate was taken

as 1. On a logarithmic plot this value became 0 (Figure 5.17). For the quantitative investi-

gation in real-time PCR assay, logarithmic values for the relative quantification were used.

As shown in Figure 5.17, COL1A1 expression was changed by 0.38 fold on continuous

distance gradient substrate with pillar geometries of 30-(50-120)-20 nm whereas for the

continuous diameter gradient substrate with pillar geometries of (10-30)-120-20 nm it was

changed by 0.05 fold. Low values of relative gene expression show that the osteogenic

markers were not influenced by the gradient topographies relative to the planar control

substrates. Similar conclusion can be also made for ALPL and OC genes since the slight

increase in the relative expression for the gradient substrates in comparison to the control

substrates is not significant. As a result, further analysis is required to draw a conclusion

for the effect of gradient surfaces on the gene expression which will be conducted by the

project partner in the scope of the ongoing collaboration.

5.2.3 Cell migration study on various gradient nanopillar arrays

Tracking the movement of the hOBs along the substrate was established by live cell imag-

ing microscopy. Details of the working principle and the idea is provided in section 3.8.

72



5.2 Topographical sensing of hOBs on well-defined gradient nanopillar arrays

Live cell microscopy is located at the Center for Musculoskeletal Research Ulm. Related

experiments were conducted by Vennila Maheswaran and hereby shown data evaluation

was conducted by the author.

In order to establish a reference point to the cell migration study on various continuous

gradient nanopillar arrays, first the uniform nanotopography regions from a step-wise height

gradient substrate is investigated. Every live cell imaging was tracked starting from the first

day of the adhesion and monitored as a snapshot at every 30 min for a total of 48 hours.

In Figure 5.18, exemplary frame by frame migration of hOBs on the chosen substrate is

shown. Here the uniform topography is 30-120-50 nm and movement of the two hOBs are

demonstrated by white and red arrows.

Figure 5.18: Frame by frame migration of the hOBs on the substrate with uniform topogra-
phy region of 30-120-50 nm. Each frame (from left to right) represents inter-
vals of 1 hour. White and red arrows are guiding the movement of the chosen
cells in time. The scale bar for all the images is 100 µm.

After the migration was recorded, every video was further processed by ImageJ 1.40g

software [123]. Using a manual tracking plug-in, frame by frame movement of each cells

can be tracked in x−y coordination system. With the help of ChemotaxisAndMigrationTool

2.0 software, a trajectory of the migration for each cell can be plotted together [154]. Figure

5.19 shows the trajectory of 10 hOBs (from 1 donor) on the substrate with topographies of

30-120-50 nm in different time periods. Both axes define the displacements of the tracked

cells in µm. Calculations were further conducted for 3 donors with a total cell number n of

30 (n=10 from each donor).

Cell trajectory calculations were applied to different uniform topography regions with differ-

ent heights; however for the proof of principle only 2 uniform height region will be shown

here and compared. In Figure 5.20a, average velocity of the 30 hOBs calculated from 3

donors (n=10 each) on substrate with geometries of 30-120-50 nm and 30-120-100 nm
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5 Effect of non-uniform substrate nanotopography on the behavior of hOBs

Figure 5.19: Time dependent cell trajectory of the 10 hOBs from 1 donor on the substrate
with topographies of 30-120-50 nm. Both axes show the displacements of the
tracked cells in µm.

are shown. In 48 hours time span, it was observed that the average velocity of hOBs on

50 nm heights was lower than on the 100 nm. It is important to note that for all plots in Fig-

ure 5.20, average values for 30 cells from 3 donors are plotted as columns with standard

deviation (positive) as error bars. In Figure 5.20b, comparison of the average accumulated

distance of hOBs reveals no significance between two inspected pillar heights. Since the

fastest average velocity of the hOBs was measured for pillar heights of 100 nm, average

Euclidean distance was measured to be slightly higher than for pillar heights of 50 nm

(Figure 5.20c). However, in order to make reliable conclusions, the experiments have to

be repeated for several donors. Here accumulated distance is defined as the total path

taken by each tracked cell. If the origin or starting point of the cell path is defined where

(x, y) = (0, 0), then the length of a straight line between starting point and end point is

defined as Euclidean distance (Figure 5.20d) [154].

In order to find out how direct the migration of the tracked cells is, ratio of the Euclidean

and accumulated distances were calculated which is defined as directness D (Equation

5.1).
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5.2 Topographical sensing of hOBs on well-defined gradient nanopillar arrays

Figure 5.20: Measured experimental parameters for the detailed investigation of hOB mi-
gration on uniform nanopillar arrays with pillar heights of 50 nm and 100 nm.
All plots contain the average data obtained from 30 cells taken from 3
donors with a standard deviation (positive) as error bars. a) Average velocity
(µm/min), b) average accumulated distance (µm) and c) average Euclidean
distance (µm) of the tracked cells. d) A schematic showing the 2D trajectory
plot for interpretation of the related parameters (Schematic is adopted from
[154]).

D =
1

n

n∑
i=1

Di =
1

n

n∑
i=1

di,euclidean
di,accumulated

. (5.1)

Directness can provide insight on whether there is a preferred direction of migration for

the cells and how the cells feel the surface. If D ≥ 1 then it means that the migration

is a straight line [154]. For statistics, average directness of all cells was calculated and

compared for different surface topographies. Another quantitative analysis was to calculate

the center of mass (COM) for all migrated cells in a given time period (Equation 5.2).

Mend =
1

n

n∑
i=1

(xi,end, yi,end) , where Mstart = (x = 0, y = 0) . (5.2)

Average COM is a measure for the final cell positions [154] and the distance between the

starting Mstart and end point Mend of the average COM is defined as COM displacement. If

COM is significantly away from the starting point for the cells, then migration has preferred

direction which can further lead on the preferred migration angle of the investigated cells.
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Final analysis of the cell migration is defined as Rayleigh test p which is a statistical test

showing how uniform the cells are distributed at their end points [154]. If the tracked

cells are uniformly distributed and form a circular expansion over the starting point, this

means that the migration does not have a preferred direction. For the values of p ≤ 0.05,

the migration is considered as inhomogeneous. All experimental measurements for the

hOB migration on different uniform surface nanotopographies are tabulated in Table 5.4.

These data evaluation of different parameters can be extracted automatically from the used

software (ChemotaxisAndMigrationTool 2.0 [154]).

Table 5.4: Average measured parameters of hOB migration on different uniform surface
nanotopographies.

Rayleigh test (p) Directness COM displacement (µm)

30-120-50 0.33 0.14 56.73
30-120-100 0.20 0.28 58.46

It was observed that for the investigated nanotopographies, Rayleigh test results were

above p > 0.05 which indicate that the distribution of cell end points were uniform, hence

migration was random. Additionally, low values of the directness and non-significant COM

displacement values compared to the size of hOBs (≈ 20-30 µm) also showed that for uni-

form surfaces there was no preferred directionality in cell migration. Also COM strongly

depends on the time-span of the observed migration: The longer the duration larger the

displacement. As expected, hOB migration on the uniform nanotopographies were ob-

served to be random. In the light of these findings, one step further is to investigate the

hOB migration on different gradient nanopillar arrays and compare with the results from

the uniform nanopillar arrays. Due to the ongoing scientific collaboration, results from cell

migration studies on various gradient nanopillar arrays will not be shown in this thesis work.

Detailed interpretation will be provided in the thesis of the project partner.

5.3 Summary

In this chapter, effect of non-uniform (gradient) substrate nanotopography on the behavior

of hOBs was investigated. In order to emphasize the advantages of the hereby newly in-

troduced techniques for the fabrication of well-defined gradient SiO2 nanopillar arrays, first

a literature overview on various methods was provided prior to the cell-surface interaction

studies (section 5.1). It was shown that there were several chemical, physical and biologi-

cal techniques for the generation of non-uniform or gradient structures. However, the main

advantage of the combined fabrication methods that were presented in this chapter was
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the ability to systematically control and optimize the generation of well-defined multipara-

metric gradients in nanoscale (< 150 nm). Moreover, the combined techniques (BCML,

photochemical growth and RIE) facilitate the possibility to tune each topographical param-

eter such as pillar diameter, distance and height, separately or combined. Introducing such

non-uniformity, gives a further insight to understand the cell-surface interactions in much

faster way than analyzing multiple separate uniform nanotopographies. In addition, using

non-uniform arrangement and size of the Au NPs as an etching mask to generate gradient

nanotopographies is hereby reported for the first time.

In subsection 5.1.1, fabrication of well-defined pillar-to-pillar distance gradient surfaces

was shown. Here two ways of fabricating distance gradient were introduced: step-wise

and continuous gradients. The former was designed to build discrete gradient regions in

between uniform regions, whereas the latter was designed to build a continuous quasi-

linear gradient along the entire substrate length. Generation of both distance gradients

was established by modifying the dip-coating procedure in BCML technique. Details on

the experimental limits and parameters were shown and highest gradient strengths (the

slope of the gradient region) were calculated as 59.5 ± 2.3 nm/mm and 3.9 ± 1.9 nm/mm

for both gradient systems, respectively. The pillar-to-pillar distances were ranging in be-

tween 50 and 120 nm. Characterizations of the surfaces were conducted by HRSEM and

OCAM system. Contact angle measurements indicated that all substrates were sufficiently

hydrophilic for cell-surface interaction experiments.

Next subsection (5.1.2) introduced two methods for the fabrication of well-defined pillar

diameter gradient surfaces. The non-uniformity in pillar diameter was established by mod-

ified photochemical growth with an addition of in-house built shutter system. The velocity

and positioning of the shutter could be controlled by software during UV-exposure which

results in particle diameter gradients along the chosen substrate lengths. Using Au NPs

with non-uniform diameters as an etching mask in RIE, pillar diameter gradient was gener-

ated. Exemplary substrate that was shown in this subsection revealed a gradient strength

of 2.9 ± 0.1 nm/mm for the diameters ranging between 12 and 30 nm.

Fabrication of well-defined step-wise pillar height gradient surfaces was shown in subsec-

tion 5.1.3. Here the gradient was generated by repeatedly using a specially shaped wafer

mask to cover different positions on chosen substrates during RIE step. The rest of the

experimental steps were similar to the ones in subsections 5.1.1 and 5.1.2. In the exem-

plary substrate, highest gradient strength in between pillar heights of 50 and 100 nm was

calculated as 4838.3 ± 163.3 nm/mm. In the next subsection, three individual gradient fab-

rication methods were combined as multiparametric gradient surfaces. Related HRSEM

images from various surface points were depicted to emphasize the topographical changes
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along one substrate. All the gradient strength values were compared with the literature and

only few examples for particle density gradients were found. The results presented in this

thesis work reveal higher gradient strengths and in many aspects are shown to be the first

examples in the literature.

After successful establishment of the individual and combined fabrication techniques for

well-defined gradient nanopillar arrays, topographical sensing of hOBs were further ana-

lyzed (section 5.2). It is important to note that, the exemplary results given in this section

are not conclusive and thorough investigations are not covered with respect to the on-

going scientific collaboration. Only partial results are provided to give an insight on the

successful interaction of the hereby fabricated surfaces with hOBs. First as a proof of prin-

ciple, the cell adhesion was investigated for pillar height gradients with pillar geometries

of 30-120-(50,100) nm following the code pillar "diameter-distance-height", respectively

(subsection 5.2.1). Immunofluorescent staining images showed that for both uniform and

gradient regions, good hOB adhesion was observed through highly aligned and stretched

cytoskeleton. For the pillar-to-pillar distance gradient substrates with distances ranging

from 50 nm to 120 nm, highest cell number per mm2 was observed at 120 nm distance.

Subsequent preliminary gene expression study on osteogenic markers such as COL1A1,

ALPL and OC revealed no significant change between control (planar) and gradient sur-

faces (subsection 5.2.2). For a better understanding how hOBs interact with the related

surfaces, cell migration study was initiated (subsection 5.2.3). First, uniform pillar height re-

gions with geometries of 30-120-50 nm, and 30-120-100 nm were separately investigated

for the comparison to gradient surfaces. After 48 hours of cell tracking over 3 donors and

30 cells, it was found out that fastest average velocity of hOBs measured on the substrates

with pillar heights of 100 nm. Moreover, several experimental parameters such as Rayleigh

test, Directness and COM displacement were measured and values indicated that no di-

rectionality for cell migration was observed. As expected, for uniform pillar geometries,

movement of the hOBs was random. However, it was an initial clue which showed that

the cells could feel and migrate in different manner for the nanoscale changes on the pillar

heights.
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the behavior of hOBs

During the course of this thesis, fabrication of the -uniform/non-uniform- SiO2 nanopillar

arrays on bulk substrates with thickness above 400 µm is shown (see chapters 4 and 5).

The driving idea behind these experiments was to systematically investigate the cellular

response towards the changes in the topographical values of nanopillar arrays in a static

environment. After showing the effect of the pillar dimensions on the cellular response in

static conditions without external mechanical stimulation applied to the cells or the sub-

strate, one step further with the idea is to create a dynamic environment which resembles

the body conditions in vitro.

There are several attempts in literature to understand the effect of the mechanical stimulus

which is exerted to different cells in vivo [34, 155, 156] and in vitro [31, 33, 157]. Holmes et

al. introduced controllable magnetoelastic bio-implants which can be vibrated remotely and

investigated in situ. With this method, application of the mechanical loading is shown to

influence the selective cell adhesion and gene expression [155]. Moreover, a recent study

on young and wild female mice reveals the therapeutic effect of the whole body vibration

treatment (45 Hz) on the brittle bone disease (osteogenesis imperfecta) [156]. Although

the results from in vivo studies are quite promising, limitations due to clinical trials and

animal testing make in vitro experiments more suitable for thorough research.

Various mechanical stimulation techniques to the cell cultures in vitro have been reported

such as compressive or dynamic loading [33, 158], mechanical strain [159, 160], vibration

[161, 162] and fluid shear systems [163, 164]. An interesting research is conducted to in-

vestigate the underlying reasons of a special tendon disorder (calcifying tendinopahty) via

cyclic mechanical loading to the tendon-derived stem cells (TDSCs) [157]. Trying to mimic

the overuse of tendons which can lead to the disorder, uniaxial stretching of the specially

designed silicone cell dish at 0.5 Hz with 4% and 8% elongations is applied. Results show

that increased BMP-2 expression due to mechanical loading lead to the osteogenic differ-

entiation of TDSCs [157]. In addition, effect of continuous cyclic mechanical tension with

different elongation percentages on the osteogenesis of MSCs is also tested by Shi et al.
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[165]. The results indicate an inhibition of osteogenic differentiation whereas a discrete

cyclic mechanical loading is shown to promote the osteogenic differentiation [166, 167].

Apart from aforementioned studies in which the mechanical loading is applied directly to

the cell culture dish, there are only few studies conducted to observe the influence of me-

chanical loading through a dynamic substrate system. The research on this direction can

be very useful in the case of patterned implants, since they can be subjected to body

movements in vivo. A preliminary study to fabricate a free-standing, ultra thin PDMS mem-

branes for investigation of mechanical properties of epithelial cells is reported by Kang

et al. [168]. Large scale (> 2 cm) thin membranes with thicknesses down to 70 nm are

subjected to several mechanical tests such as longitudinal and vertical stretching (up to

3.5 cm) which facilitate further mechanical experiments with epithelial cells. In addition,

mechano-electric stimulation (50 Hz, 96 hours) of rat spinal cord neurons via piezoelectric

substrates (thicknesses between 17-22 µm) is shown to influence the neurons of the cen-

tral nervous system [169]. So far, there is a lack of research which analyzes the influence

of a dynamic well-defined nanostructured substrate system on cellular response. Keeping

that in mind, a new idea has been developed in this chapter. Hereby for the first time me-

chanical stimulation or bending of nanostructured ultra-thin membranes by pressure and

influence on the osteoblastic response are investigated.

Wolff’s law states that the regular mechanical load to the bones will improve the bone in-

tegrity and even in some cases it is shown that lack of physical movement (lack of mechan-

ical load) leads to osteoporosis [170, 171]. Based on these findings, the main objective

in this chapter is to understand the effect of the mechanical stimulation on the behavior of

osteoblasts through uniform substrate nanotopography in vitro. Adapting the nanopillar ar-

ray production method which was introduced in chapter 4 onto a nano-membrane surface,

it is possible to construct a controllable dynamic system for a mechanical loading of the

ultra-thin membrane (< 150 nm). This gives an opportunity to explore the effect of dynamic

substrate surface on the cellular response in a more systematic approach. Prior to the

fabrication of nanoscale structures on such thin film systems, it is important to investigate

the mechanical properties of the supporting membrane itself to understand the boundary

conditions of the system too.

Section 6.1 explains the fabrication and characterization of SiO2 nanopillar arrays on ultra-

thin Si3N4 membranes. Construction of the dynamic system as well as investigation of the

mechanical properties of the substrates are depicted. In section 6.2, cell-surface interac-

tion studies such as cell adhesion as well as gene expression of hOBs on such dynamic

system are presented. In section 6.3, experimental findings are summarized.
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6.1 Fabrication and characterization of the mechanical

stimulation system

For more than a decade, the development on micro electromechanical systems (MEMS)

raised an interest towards the mechanical characterization of thin films on the nanoscale

[172–176]. It is known that the thin films exert different material properties compared to the

bulk [177], for example they can endure failure stresses higher than the bulk material [178].

Consequently, existing characterization methods are either adapted from the micro-scale

techniques or recently introduced in order to analyze the mechanical stability of thin films

and even ultra thin membranes such as commercial Si3N4 membranes with thicknesses

around 100 nm.

There are several techniques known to exemplify the stability of a thin film/membrane

such as indentation [179], mechanical profilometer [180], atomic force microscopy (AFM)

point deflection [181], or pressure bulge test [181, 182] under load. With these methods,

it is possible to determine the material specific parameters such as Young’s modulus E,

Poisson’s ratio ν and residual stress σ0 which already exist without deflection of the Si3N4

membrane as well as Si3N4/SiO2 composite layer systems [181, 183–189]. In this present

work, pressure bulge test is used for the calculations on the deflection of the membrane

with applied external pressure. Apart from the rest of the work presented in this thesis,

commercially available ultra-thin freestanding Si3N4 membranes are chosen (Silson Ltd,

England) to provide a dynamic substrate system for the cell-surface interaction studies.

These substrates are as thick as the regular wafers used in previous chapters, however

they have windows and the film is ultra-thin with thicknesses down to 50 nm (Figure 6.1).

In order to be consistent with the previous introduced systems, thin films of SiO2 were

deposited on the membrane substrates by physical vapor deposition (PVD) technique.

Details on the PVD technique are provided in section 3.4. After coating of the SiO2 film

layer, combination of BCML and RIE techniques were applied for the generation of quasi-

hexagonally ordered SiO2 nanopillar arrays with “diameter-distance-height” of 10-100-70

nm, respectively. Step by step production of nanopillar arrays is already explained in detail

(see section 4.1).

Figure 6.1: Schematic of the SiO2 film evaporated on Si3N4 membrane from the front side,
back side and cross-section.
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For the mechanical characterization of the composite layered membrane systems, differ-

ent thicknesses of SiO2 films ranging from 50 nm up to 125 nm were evaporated on the

commercial Si3N4 membranes. The schematic of the substrate from different sides is de-

picted in Figure 6.1 for clarity. Geometrical parameters for the membrane substrates are

as follows: ultra-thin Si3N4 membrane window size of 0.5 mm x 0.5 mm, and thickness of

100 nm, substrate size of 10 mm x 10 mm and nominal substrate thickness (Si) of 381 µm.

Due to the vulnerability of the thin membrane, a new setup was designed with the help of

Dipl.-Ing. Volker Besserer to measure the mechanical response of the ultra-thin membrane

under precisely controlled pressure ranges between ± 100 mbar up to ± 2 bar.

Figure 6.2: Schematic of the mechanical stimulation setup with vacuum and pressure bot-
tles and connection to the main substrate chamber. Pressure is regulated by
the valves and controlled by means of oscilloscope. Figure is adopted from the
sketches made by Dipl.-Ing. Volker Besserer.

An oil free compressor and a vacuum pump are connected to the pressure and vacuum

reservoirs (2 L) in order to create a gas circulation for the system. Initial gas from the

compressor pressure is regulated by a pressure control valve and for vacuum it is controlled

by a vacuum control valve. For both valves maximum pressure that can be reached is

2 bar. A basic circuit is built to switch on/off the system and precisely manipulate the flow

control of the gas. The duration between switching from pressure to vacuum conditions

can be tuned from 0.1 s up to 1 s. When the gas is released to the system, first it goes

to the pressure chamber and secondary valves are used in order to stage-manage the
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acceleration and duration of the applied pressure in given time. After pressure is loaded

to the closed and sealed chamber which contains the membrane substrates, the given

pressure is vacuumed with the same amount and goes back to the vacuum chamber and

this loop can continue until the desired experiment time. Figure 6.2 shows the setup for

the gas flow system as well as connections to the chamber. The development of the

pressure/vacuum was tracked by an oscilloscope (Tektronix-TPS 201) where the frequency

was tuned by means of secondary valve.

Figure 6.3: Schematic of the sample holder system from top-view (top left) and cross-
section (bottom left). Si3N4/SiO2 composite membrane substrate with square
window size of 0.5 mm is indicated as orange (top right), and silicon rubber pro-
tection layer with small openings is indicated as red (top right). On top of the
silicon rubber, a container for the cell culture medium was fabricated specif-
ically for each membrane window opening (bottom right). Figure is adopted
from the sketches made by Dipl. -Ing. Volker Besserer.

For the main component of the setup, a chamber system was fabricated in order to analyze

12 membrane substrates simultaneously and with uniform pressures. As can be seen in

Figure 6.3, the chamber system consists of several compartments. The bottom section

(A) has 12 stages specifically fabricated to insert the samples which have aforementioned

dimensions. The round structures on the edges of sample holder facilitate the sample

handling since the membrane substrates are quite fragile. Each stage has a small opening

on the bottom which is connected to the gas flow. The opening for the gas flow was

chosen due to the membrane window size of the substrates used. 25 screw holes were

used to fix the sample position during pressure load. For the second component, a silicon

rubber seal with holes was produced for the screw parts and openings for the membrane

window size. Since the aim of this work is to analyze the effect of stimulation of the ultra-

thin membranes on osteoblastic response, the experiment should only take place on the
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membrane windows and no cell should feel or sense the rest of the substrates. The silicon

rubber with small openings (<0.8 mm) for the membrane windows was used to seal the

whole system and to avoid reduction in pressure yield. Third component (B) is the upper

section of the chamber system in which each membrane window has a certain container

above in order to deliver cell culture. The fourth section (C) is to close the whole system

for sterilization and to avoid spill of the culture medium during pressure load/unload.

6.1.1 Characterization of the pressure-deflection relation for SiO2/Si3N4

composite thin film systems

The analysis on the deflection of the Si3N4/SiO2 composite thin film layers were conducted

by a simple setup. A green laser with a wavelength λ of 532 nm (Conrad Electronics) was

pointed at the membrane with an incident angle less than 5◦ during pressure loading/un-

loading. The reflected beam from the surface was projected to the screen. Depending on

the bending profile of the membrane, several positions on the screen exhibited constructive

and destructive interference lines with varying intensities and wideness.

In the literature, similar pressure-deflection experiment on the thin films was conducted

based on the working principle of a Michelson interferometer [190] with another setup. It

was shown that using the interferometer, interference lines were recorded with respect to

the varying pressures where each interference line corresponds to a λ/2 of the displace-

ment during deflection [190]. Afterwards, the maximum deflection was calculated by count-

ing the interference lines from center to one edge and multiplying by the half wavelength

of the light source [190]. It is common to use a Michelson interferometer in order to calcu-

late the deflection profile of the thin films, however hereby established system aims for a

simpler setup to achieve the same results. Based on these findings, the initial approach is

to investigate only the reflected pattern of the membrane surface without using the compo-

nents of an Michelson interferometer (e.g. beam splitter, mirror). In the upcoming section,

the modeling of the projected pattern was established in order to understand and verify

whether the similar deductions could be used from Michelson interferometer setup.

Figure 6.4 shows an example of the projected interference lines during bending of the

membrane film under 200 mbar, 500 mbar and 800 mbar pressures, respectively. Orien-

tation of the pattern is marked with respect to the membrane window (Figure 6.4). It is

essential to check the stability of the membrane for cell-surface interaction studies. The

membrane as well as the cell culture dropped on the membrane has to withstand the dy-

namic bending for several days in a cyclic manner without any damage on the substrate.

Prior to any cell-substrate interaction studies, the new setup was tested for several sub-

strates at various pressures and frequencies.
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Figure 6.4: Projected interference patterns of commercial Si3N4 square membrane window
with size of 0.5 mm x 0.5 mm and thickness of 100 nm due to the positive deflec-
tion at 200 mbar, 500 mbar and 800 mbar pressures (left to right). Orientation
of the pattern with respect to the membrane window is also depicted.

Initially, a commercial Si3N4 membrane with a window size of 0.5 mm x 0.5 mm was tested

with no additional deposited SiO2 thin films. Starting pressure was chosen as 100 mbar

with a pressure load/unload frequency of 1 Hz. After each hour, the pressure was in-

creased by 100 mbar up to 800 mbar and resulting images correspond to different pres-

sures were recorded with a HD camera for the calculation of the maximum deflection h.

Afterwards, when the final pressure was reached and recorded, the pressure was gradu-

ally increased in order to find out the maximum pressure until the membrane film breaks.

For all the membranes which were investigated, the maximum pressure was found out as

2 bar.

Figure 6.5: Projected interference patterns of Si3N4/SiO2 composite film system with a
total thickness of 225 nm due to the positive deflection at 200 mbar, 500 mbar
and 800 mbar pressures (left to right).

For the Si3N4/SiO2 composite systems, SiO2 was deposited by physical vapor deposition

(PVD) with thicknesses varying from 50 nm up to 125 nm. In Figure 6.5, projected interfer-

ence patterns of composite layer system with a total thickness of 225 nm is shown. The

orientation is same as shown in Figure 6.4. Experimental results for the number of inter-

ference lines and maximum deflection h with respect to various pressures p are depicted

in Figure 6.6. For positive and negative deflection of each membrane, a symmetry was

observed with the calculations of h values related to the number of interference lines. With

respect to the resolution limit of interference lines, any deviation smaller than λ/2 can not

be distinguished on the projected image. As a result, for the composite layers with various

thicknesses, only the calculated deflection h values for positive pressures are tabulated in

Table 6.1.
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6 Effect of mechanically stimulated substrates on the behavior of hOBs

Figure 6.6: Number of interference lines and maximum deflection h values calculated at
different positive / negative pressures for Si3N4 and Si3N4/SiO2 composite film
systems.

Table 6.1: Calculated maximum deflection h (all in µm) values under varying pressures for
Si3N4 and Si3N4/SiO2 composite film systems with different thicknesses.

Pressure p (mbar) Si3N4 Si3N4/SiO2 150 (nm) Si3N4/SiO2 175 (nm) Si3N4/SiO2 225 (nm)

100 5.05 µm 5.05 µm 5.32 µm 6.12 µm
200 7.71 µm 7.98 µm 8.25 µm 9.31 µm
300 9.57 µm 9.84 µm 10.11 µm 11.44 µm
400 11.17 µm 11.44 µm 11.70 µm 13.30 µm
500 12.50 µm 12.77 µm 13.03 µm 14.63 µm
600 13.57 µm 13.83 µm 14.10 µm 15.96 µm
700 14.63 µm 14.90 µm 15.16 µm 17.02 µm
800 15.43 µm 15.70 µm 15.96 µm 17.82 µm

After the deflection measurements were collected for various pressures on Si3N4 and

Si3N4/SiO2 composite film systems, theoretical bending for the membrane was calculated

for each following the Equation 6.1 [187, 191]. As an example, theoretical bending of the

Si3N4 membrane with SiO2 film (75 nm) was modeled in MATLAB R2013b [192] at different

pressures (Figure 6.7).

f(x, y) = h(1 + 0.401(
x2 + y2

(w/2)2
) + 1.1611(

x2y2

(w/2)4
)) cos(

πx

w
) cos(

πy

w
). (6.1)

Where;

h is maximum deflection of the membrane,

f(x, y) is the deflection shape function of the membrane surface in the x− y plane,

w is edge length of the membrane.
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6.1 Fabrication and characterization of the mechanical stimulation system

Figure 6.7: Theoretical bending of the Si3N4/SiO2 composite system with a total thickness
of 175 nm under a) 200 mbar, b) 400 mbar, c) 600 mbar and d) 800 mbar pres-
sures. Representative MATLAB figures are color-coded with respect to the
highest measured deflection h in µm. For better visualization, the units for the
deflection h and egde lengths w are kept different.

In order to verify the calculated data obtained for the highest deflection h for each applied

pressure and to understand what was actually projected as an image, a 3D surface plot

with intensity profile was modeled using MATLAB. Figure 6.8 shows how the calculations

for the projected image under defined pressure were established.

Based on the resulting image on the screen, a hypothesis was developed: «Hereby ob-

served or projected pattern (Figure 6.4 & 6.5) results from self-interference of the light

which is reflected on the membrane surface». In order to check the hypothesis, this situa-

tion was modeled with help of a MATLAB program. Details on the program is provided in

the Appendix A. This program is based on following assumptions:

1) The entire membrane is homogeneously illuminated by coherent and parallel laser light.

2) For the simplification of the analytical calculations, incident angle of the laser light is set

to 0◦ (normal incidence).

3) The light is completely reflected on the top air-membrane interface and no light transmits

into the membrane material.
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6 Effect of mechanically stimulated substrates on the behavior of hOBs

Figure 6.8: Schematic showing the formation of the projected image on the screen when
the laser beam is reflected from the surface of the membrane. In order to verify
the data obtained from the measurements, a MATLAB modeling was estab-
lished based on the bending profile of the membrane surface (f = f(x, y)),
initial wave vector k1 with an incident angle of α1, every wave vector which con-
nects the membrane with the screen k2 with related angles α2. Center of the
screen (0,0) shows the highest deflection of the membrane surface.

4) According to the Huygens-Fresnel principle [193], each position on the membrane sur-

face can be regarded as the origin of a spherical wave (Figure 6.8). In reality, there are

of course an infinite amount of such points. However, for the numerical approach, the

calculations are carried out with a discrete number of such origins. This approach should

yield a good description of reality as long as the inter-point distance is kept smaller than

the wavelength of the laser (< 532 nm). For the calculations shown in the Appendix A

and resulting images in Figure 6.9, an inter-point distance shorter than λ/2 is chosen (e.g.

optical resolution [194]).

5) The surface is described by an analytical formula as given in Equation 6.1. As already

shown in Figure 6.7, depending on the applied pressure, resulting maximum deflection h

is changing, so is the deflection shape function of the surface f(x, y).

6) The screen on which the pattern is projected is placed far away from the membrane, as

compared to the dimensions of the membrane itself. With this assumption, all light which

is reflected towards a certain direction and described by the wave vector k2, will merge and
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6.1 Fabrication and characterization of the mechanical stimulation system

interfere on the screen (e.g. as in single / double-slit experiments [195]). Each vector k2

corresponds to a point on the screen (Figure 6.8), and for each such vector the resulting

light intensity is calculated, giving rise to the pattern.

7) Amplitude A for a given set of incidence and reflected wave vectors k1 and k2 are

calculated as shown in Equation 6.2-6.4. (e.g. general optical systems [196, 197]):

A( ~k1, ~k2) ≈
∑
m,n

ei{lm,n| ~k2|} ≈
∑
m,n

ei∆~r(m,n)·∆~k, (6.2)

∆~r(m,n) = ~r(m,n)− ~r(0, 0), (6.3)

∆~k = ~k1 − ~k2. (6.4)

Where;

A is the amplitude for a given set of incidence and reflected wave vectors k1 and k2 ,

m,n are all surface points,

lmn is the length of light path which is reflected at coordinate point (m,n, f(m,n)).

Once the amplitude was calculated for a given k2, the intensity I could be estimated using

the formula in Equation 6.5 (e.g. general optical systems [196, 197]):

I ∝ A ·A∗ ∝ |A|2 . (6.5)

8) Due to the symmetry of the interference pattern on the projected image and for the ease

of calculations in MATLAB, the interference pattern was generated only for one quadrant of

the screen. The point with the highest deflection h was defined as the center of the screen

with (0,0) coordinates.

Figure 6.9 shows resulting MATLAB modeling of the various intensity profiles of the partial

projected pattern under different pressures. For that purpose, calculated highest deflection

values which are shown in Figure 6.6 and Table 6.1 are used. Top view of the calculated

images for positive deflections under 100 mbar (Figure 6.9a) and 400 mbar pressures (Fig-

ure 6.9b), clearly indicates the interference pattern with varying intensities. Hereby the

calculated intensities have arbitrary units. In addition, the number of interference lines

which are pointed by arrows can be depicted in supplementary cross-section image for

100 mbar pressure (Figure 6.9c).

For better observation of the interference lines, zoomed in intensity profile for the negative

deflection under -100 mbar pressure is shown in Figure 6.9d. MATLAB modeling for differ-

ent positive and negative deflections reveal that with respect to the number of interference

lines it is in excellent agreement with the experimental findings. Unlike the curvature which
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Figure 6.9: MATLAB modeling of the various intensity profiles of the projected interference
lines for Si3N4/SiO2 composite system with a total thickness of 175 nm. a)
Top view of the positive deflection by 100 mbar and b) 400 mbar pressures. c)
Cross-section of the positive deflection by 100 mbar pressure and each line
of constructive interference is marked by arrows. d) Zoomed intensity profile
of the negative deflection by 100 mbar pressure for better observation of the
interference lines.

is observed on the outside of the projected pattern (Figure 6.4 and 6.5), on the modeled

images the interference lines are straight (Figure 6.9). The possible reason is the simpli-

fied assumptions of the model such as the incident angle α1 of the laser is taken as 0◦

whereas in the experiment it is around 5◦. In order to verify that the argument is valid,

MATLAB modeling was adjusted for an incident angle of 5◦ and replotted for the positive

deflection under 100 mbar pressure (Figure 6.10).

It can be clearly seen that once the incident angle was changed from 0◦, the calculated

interference lines were curved as observed on the projected patterns (Figure 6.4 and 6.5).

Moreover, since each modeling is highly time consuming (≈ 1 week), screen size and res-

olution which were generated for visualization is kept limited. However, with these results it

can be concluded that aforementioned assumptions are fulfilled in the experiment as well.

Most critically for this work, it appears valid to deduce the height of the displacement from

the amount of the interference lines.
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6.1 Fabrication and characterization of the mechanical stimulation system

Figure 6.10: MATLAB modeling of the projected interference lines for Si3N4/SiO2 compos-
ite system with a total thickness of 175 nm with an incident angle of 5◦. Top
view of the positive deflection by 100 mbar with a a) smaller and b) larger
screen size. Interference lines are observed to be curved in agreement with
the projected images in Figure 6.4 and 6.5.

After the pressure-deflection system was successfully established and supported by mod-

eling, next step was to quantitatively determine the mechanical properties of the Si3N4

and Si3N4/SiO2 composite film layer systems. These measurements serve to verify the

plausibility of the obtained results by comparison with literature [185, 190]. For that pur-

pose, pressure bulge test was performed on the overall thicknesses between 100 nm and

225 nm. Since the maximum deflection h of the membrane is much larger than the mem-

brane thickness t (h >> t), the relation between applied pressure P , maximum deflection

h and mechanical properties of square Si3N4 and Si3N4/SiO2 membranes are depicted in

Figure 6.11 and Equation 6.6 [185].

Figure 6.11: Schematic of the membrane cross-section showing the Si3N4/SiO2 composite
film layer system and pressure bulge test principle. Dimensions are arbitrary
in order to visualize small scaled-dimensions better. Thickness of the overall
membrane is defined by t, where the deflection of the membrane is h and the
edge length of the square membrane is defined as w.

P = C1 (w)
tσ0

(w/2)2h+ C2 (ν, w)
t

(w/2)4

E

1− ν
h3. (6.6)

Where:

P is the pressure,
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t is thickness of the membrane,

h is maximum (central) deflection of the membrane,

w is edge length of the membrane,

ν is Poisson’s ratio,

C1(w), C2(ν, w) are membrane size dependent coefficient,

σ0 is residual stress,

E is Young’s modulus.

It is crucial to estimate the correct values for the constants C1 and C2, which are required

to analytically calculate the σ0 and E of a thin film. In the literature, numerical values for

the constants are calculated both by analytical solutions and finite element analysis (FEM)

in various papers [181, 185, 187, 188]. Variations on the numerical values arise from the

different film evaporation methods, investigated film dimensions and applied experimental

techniques. Investigating different analytical models for the calculations of mechanical

properties of the thin films is beyond the scope of this thesis. For the calculations on the

mechanical properties of hereby presented system, coefficients C1(w) and C2(v, w) are

chosen as 3.04 and 1.35, respectively from the literature [185]. Poisson’s ratio ν for the

Si3N4 layer is taken as 0.3 in order to compare and validate the experimental results with

the related literature [185].

Figure 6.12: Representation of the pressure-deflection relation as P/h versus h2 with re-
spect to different film thicknesses. Young’s modulus E and residual stress
σ0 values are extracted from the slope and intercept of the linear fittings,
respectively.

Young’s modulus E and residual stress σ0 were then extracted from plotting the P/h versus

h2 as the slope and intercept of the linear fitting, respectively (Figure 6.12). Depending on
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6.1 Fabrication and characterization of the mechanical stimulation system

the resolution limit of the interference lines, a hysteresis was not observed under equal

pressures for loading and unloading of the membranes. Therefore, only one data set for

both events was plotted up to 0.08 MPa. Respective calculated values for E and σ0 for

Si3N4 and Si3N4/SiO2 composite film layer systems with a membrane window of 0.5 mm x

0.5 mm are tabulated in Table 6.2. For each thickness, 3 samples have been investigated

under various pressures and the results were averaged.

Table 6.2: Calculated Young’s modulus E and residual stress σ0 with respect to different
thicknesses of Si3N4 and Si3N4/SiO2 composite film layer systems.

Thickness (nm) E(GPa) σ0(MPa)

Si3N4 100 275.51 ± 7.63 381.12 ± 12.34
Si3N4 / SiO2 100 / 50 195.38 ± 2.54 208.03 ± 4.26
Si3N4 / SiO2 100 / 75 175.79 ± 2.19 192.96 ± 3.70
Si3N4 / SiO2 100 / 125 98.19 ± 0.23 116.92 ± 0.01

From the calculated results, it is hard to draw a conclusion due to the difference in me-

chanical properties of Si3N4 and SiO2 films. The calculations which are presented in the

literature of interest [185, 190], were only conducted to either Si3N4 or SiO2 thin films. In

that aspect, calculated mechanical properties (i.e. E and σ0) for Si3N4 membrane film with

a thickness of 100 nm are found to be in good agreement with the related literature values

[190] which also further supports the reliability of the experimental setup.

However, since a bilayer system of two different materials were used in these experiments,

it is important to identify the Young’s modulus E, residual stress σ0 and Poisson’s ratio ν

separately. By applying a mixture law [181, 198], one can deduce the values for both layers

as shown in Equation 6.7.

Mmultilayer =
∑n

i=1

ti
ttotal

Mi. (6.7)

Where:

Mmultilayer stands for either Young’s modulus, residual stress or Poisson’s ratio of the over-

all layer system,

ti is the individual thickness of the layers,

ttotal is the total thickness of the multilayer system,

Mi is Young’s modulus or residual stress of individual layers.

For Si3N4/SiO2 bi-layer system with total thickness of 175 nm, with E ≈ 175.79 GPa and

σ0 ≈ 192.96 MPa, corresponding values for only SiO2 film were calculated as ≈ 14.93 GPa

and a compressive stress of ≈ -57.92 MPa, respectively. The results are comparable to the
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6 Effect of mechanically stimulated substrates on the behavior of hOBs

composite film systems discussed in the related literature [181]. It is important to note that

due to the lattice mismatch between Si3N4 and SiO2 materials it is expected to have an

either compressive or tensile stress [199]. In addition, every film deposition technique in

literature results in different mechanical properties of the materials [190]. It is shown that

the mechanical properties of multilayer thin film systems can be separately investigated

and for future investigations it might provide further insight on how the cells interact with

various stressed surfaces. At this point, the calculations of the mechanical properties are

sufficient for the understanding of the produced Si3N4/SiO2 composite layer systems.

Figure 6.13: Schematic of the Si3N4/SiO2 membrane cross-section (left) with pillar-to-pillar
distance d0 before bending, top distance dTf and base distance dBf after
bending. The SiO2 layer was patterned by BCML and quasi-hexagonally or-
dered nanopillar arrays were fabricated (left). Schematics of simplified as-
sumption for the estimation of the membrane elongation with applied pressure
(right) is shown. Edge length of the membrane w and maximum deflection h
is used to determine the radius of the circle Rm, central angle θ and elongated
length wf of the deflected film. The real bending profile of the membrane is
defined as wf,real. In between two pillars with given height hp, an arc angle
θp−p is defined.

In addition to the composite layer system, the SiO2 film was further patterned by means of

block copolymer micellar lithography (BCML). Quasi-hexagonal nanopillar array structure

with pillar-to-pillar distances d0 of 100 nm was fabricated for subsequent cell-surface inter-

action studies. Deflection of the membrane by pressure or vacuum generates elongation of

the film. The corresponding change in pillar-to-pillar distances must be taken into account

as the change in base dBf and top distance dTf in between two pillars (Figure 6.13). In

order to calculate the relative change, a simple estimation is proposed as depicted in Fig-

ure 6.13. For the simplified analytical calculations, bended membrane is assumed to have
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6.1 Fabrication and characterization of the mechanical stimulation system

a hemispherical shape rather than the expression given in Equation 6.1. It is important

to note that the assumed deflection shape leads to an underestimation of the occurring

curvatures. However, as the maximum deflection h is much smaller than the membrane

edge length w, any deviation between the approaches are expected to be insignificant.

The radius of the circle Rm was then calculated using the relation between its chord (edge

length w) and sagitta (deflection h) (Equation 6.8 [200]). Since the deflection h and ap-

plied pressure was positively correlated (Equation 6.6), resulting Rm values were varying

with pressure. Once Rm was calculated, the central angle θ and corresponding arc length

(elongated length of the deflected film wf ) were calculated by using the Equations 6.9 and

6.10 [200].

Rm =
h

2
+
w2

8h
, (6.8)

w = 2Rm sin
θ

2
, (6.9)

wf = 2πRm(
θ

360
). (6.10)

Where:

Rm is the radius of the circle,

h is the deflection,

w is the edge length of the membrane,

θ is the central angle of the circle,

wf is the elongated length of the deflected film.

For Si3N4/SiO2 composite film system with a total thickness of 175 nm, the maximum

increase in film elongation wf was calculated as 2.32 % under 800 mbar pressure. If we

restrict our discussion to two neighboring pillars, we can define a corresponding arc angle

θp−p (Figure 6.13). The elongation on the base dBf in between two pillars and on the top

dTf was calculated separately. The calculations for a pillar height hp of 70 nm and pillar-

to-pillar distance d0 of 100 nm are plotted in Figure 6.14. As can be seen in the figure,

even with the highest experimentally achieved pressure of ± 800 mbar, the change of

pillar-to-pillar distances is estimated as 4.6 nm. This is of the same order as the standard

deviation of the pillar-to-pillar distance which is intrinsic to the production process (σd = 3.5

nm). In the static substrate systems which were discussed in chapter 4, it was found that

such small changes in pillar-to-pillar distances do not have significant impact on cellular

response of hMSCs and hOBs. Therefore, any cellular response in mechanical stimulation

experiments are expected to relate the dynamic movement of the membrane as opposed

to change in pillar geometry.
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6 Effect of mechanically stimulated substrates on the behavior of hOBs

Figure 6.14: Variation of the pillar-to-pillar distance on the base and on the top of the pillars
due to the positive and negative deflection of the film. Values given for the
pillar geometry of 10-100-70 nm.

6.2 Topographical sensing of hOBs under mechanical

stimulation

In this section, biological studies on the fabricated surface nanotopographies were further

conducted by the project partner Vennila Maheswaran from Division for Biochemistry of

Joint and Connective Tissue Diseases, Department of Orthopedic Surgery in Ulm Univer-

sity. Here, the effect of mechanically stimulated uniform SiO2 nanopillar arrays on hOBs

was investigated with respect to the cell adhesion, viability and gene expression. For proof

of principle that the fabricated dynamic substrate system is promising for the testing of

cellular response, the first preliminary results were provided in this section. Detailed and

thorough investigation will be shown in the upcoming thesis of Vennila Maheswaran. Op-

timization and production of the substrates as well as the initial mechanical stimulation

experiments via pressure-deflection setup were established by the author.

6.2.1 Influence of mechanically stimulated substrates on osteoblastic

response

For the investigation of mechanical stimulation, Si3N4 membranes coated with different

thicknesses of SiO2 films were analyzed in order to find the optimum composite layer sys-

tem. From 3 hOB donors highest cell numbers were calculated for SiO2 film with a thick-
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ness of 75 nm (Figure 6.15). Initial optimizations were established by Vennila Maheswaran

with respect to the amount of the cells seeded on the membrane as well as the techniques

to enhance the required cell number on the membrane window. It is important to note that,

the part which was subjected to bending is only 0.5 mm x 0.5 mm and the attached cells

were required to be monolayer for better understanding of the mechanical stimulation.

Figure 6.15: Calculated cell numbers on Si3N4 membranes coated with SiO2 films with
thicknesses of 50, 75 and 125 all in nm and with a short RIE treatment applied
to generate small roughness (Performed by the author). Bar chart shows the
average values taken from 3 donors with a standard deviation (positive) as
error bars. Light microscope images of hOB adhesion on substrates w/o short
RIE treatment. Dead cells were observed on the non-treated surfaces (black
arrows). Images were taken and provided by Vennila Maheswaran with scale
bars of 25 µm.

In Figure 6.15, light microscope image of the substrate with short etching (RIE, CHF3/CF4

gas mixture) is exhibited and compared with the surface without any treatment. Untreated

surfaces showed either few cells or cell death after 2 days of adhesion. As a result, Si3N4

membranes coated with 75 nm thick SiO2 films were only etched for 40 s to generate minor

roughness on the surface (< 5 nm). The surface roughness was determined by a contact

stylus profilometer over a range of 500 µm (Dektak150 Veeco, Germany). Unless other-

wise stated, etched films were used as control substrates for further mechanical stimulation

experiments.
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After the optimum film thickness was established, SiO2 nanopillar arrays with geometries

of 10-100-70 (all in nm) were fabricated. Then, 100 mbar pressure and frequency of 1 Hz

over only 2 min was applied to the control and nanostructured substrates. For the analysis

of the hOBs adhesion, immunofluorescent staining was performed by Vennila Maheswaran

to all vibrated and non-vibrated substrates. Cell viability staining was assessed using Cal-

cein acetoxymethyl ester (Calcein-AM) and ethdium homodimer-1 (EthD-1) dyes (Figure

6.16). The former dye is becoming fluorescent and emits green only inside the live cell

membrane due to enzymatic interaction [201]. The latter emits red fluorescence when the

cell membrane is disrupted hence the dead cells can be detected [202]. It is clearly visible

that no dead cells were detected (no red dye) for both substrates before and after vibration.

Aforementioned Phalloidin-FITC and DAPI staining (see section 3.7 and 4.2) were also ap-

plied and changes in the cell cytoskeleton before and after vibration as well as between

nanostructured and control substrate were detected. However, details are not given here

since they will be presented in the related thesis of the project partner.

Figure 6.16: Series of fluorescence microscope images of control and nanostructured sur-
faces with pillar geometries of 10-100-70 all in nm before and after vibration.
Images are first categorized with respect to the Calcein-AM + EthD-1 dye
and color-marked accordingly with respect to the status of the vibration. All
images have the same magnification and scale bar is 50 µm. Fluorescent
images were taken and provided by Vennila Maheswaran.
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Next step, effect of the applied mechanical stimulation on the associated gene expression

was further studied by Vennila Maheswaran using Real-time PCR assay. Since integrins

are known to function as mechanotransducers [38], integrin β1 and integrin β5 gene ex-

pression (ITGB1 & ITGB5) were investigated before and after vibration of the aforemen-

tioned substrates. Moreover, with respect to the cell viability expression of Caspase-3

(CASP3) gene was also checked. Overall, preliminary results indicate that the mechanical

stimulation through bending of the membrane induces visible cellular response with respect

to adhesion and cells maintain viable after the vibration. Details regarding the measured

experimental values are not provided due to the ongoing scientific collaboration. However,

hereby reported results look promising to continue for optimizing the parameters of the me-

chanical stimulation setup with various pressures, frequencies as well as the periodicity.

6.3 Summary

In this chapter, the effects of mechanical stimulation of the uniform substrate topography

on the behavior of hOBs were discussed. Literature overview of various techniques to

mechanically stimulate different types of cells was provided and differences of the hereby

presented system were pointed out. Ultra-thin Si3N4 membranes with thickness of 100 nm

and window size of 0.5 mm x 0.5 mm were chosen as a substrate system to support SiO2

nanopillar arrays on top. In order to understand the mechanical properties of such thin

membranes and composite layer systems, Si3N4 membranes were coated with different

thicknesses of SiO2 films (50-125 nm) using PVD technique.

Afterwards, each system was subjected to mechanical loading / unloading with pressures

varying between 100-800 mbar. A simple and yet effective pressure-deflection setup was

built in order to systematically control the bending of the membrane. Especially, the sample

holder was designed to facilitate parallel processing up to 12 substrates. The reflection

of a laser beam that was projected on the screen was recorded with respect to varying

pressures. For each pressure, the projected images with interference lines were recorded

and the maximum deflection was calculated by counting the interference lines from center

to one edge and multiplying by the λ/2 of the light source.

Next, Si3N4/SiO2 composite film systems were subjected into mechanical characterization

and theoretical bending was plotted using experimental values obtained from the deflec-

tion. The experimental results for the deflection were supported with the MATLAB mod-

eling which calculates the image on the screen. It was shown that the number of inter-

ference lines with varying intensities were in excellent agreement with the experimental

findings. Knowing the maximum deflection per pressure, material specific properties such
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as Young’s Modulus E and residual stress σ0 were calculated for Si3N4 and Si3N4/SiO2

composite film systems. Using the mixture law, E, σ0 and Poisson’s ratio ν were separately

calculated for SiO2 and Si3N4 layers. Next step, SiO2 nanopillar arrays were fabricated on

top of the membranes with geometries of 10-100-70 all in nm for pillar "diameter-distance-

height", respectively. For such system, the change of pillar-to-pillar distance with respect

to membrane bending under various pressures was inspected and concluded that any cel-

lular response in mechanical stimulation experiments were expected to relate the dynamic

movement of the membrane as opposed to change in pillar geometry.

In section 6.2, cellular response of hOBs with uniform nanopillar array surfaces under

mechanical stimulation was shown. For the proof of principle, only the initial results were

given for the cell related experiments, since the results of ongoing experiments will be

provided in the thesis of the project partner. For that purpose, experimental parameters

were fixed to 100 mbar pressure at 1 Hz frequency for 2 min. First, the optimum thickness

of SiO2 film which were coated on Si3N4 membranes were established with respect to the

cell adhesion. Highest cell number was detected with the SiO2 film of 75 nm.

In order to increase the amount of cells on the membrane window short RIE was applied to

the surface to generate minor roughness (< 5 nm). Afterwards, immunofluorescent stain-

ing was used to the control and nanostructured substrates before and after mechanical

stimulation to observe the influence. Initial results showed that the cells were viable af-

ter the applied mechanical stimulation. Preliminary studies on the mechanotransduction

pathway genes such as ITGB1, ITGB5 and CASP3 revealed changes in the gene expres-

sion in comparison to before and after mechanical stimulation. These first results have

to be further tested with cells from more donors. Future investigations on different genes

and signaling pathways will enlighten the influence of the mechanical stimulation of SiO2

nanopillar arrays on the behavior of hOBs.
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7 Summary

The idea to adapt the in vivo cellular interactions into in vitro conditions, led to the main

motivation of the thesis work: Fabrication of various nanoscale ordered rigid and bio-

compatible topographies for the investigation of different cellular responses. In this thesis,

influence of static (uniform and non-uniform surface nanotopographies) as well as dynamic

(nanostructured ultra-thin membranes) substrate systems on the behavior of multipotent

mesenchymal stromal cells and osteoblasts was studied. One of the greatest achieve-

ments during this work was to be able to optimize series of parallel fabrication processes

for a mass production of nanostructured substrates in a time efficient manner (in total over

2000 samples). For the fabrication of both static and dynamic substrate systems, block

copolymer micellar technique (BCML) was used as a starting point and additional meth-

ods were further developed and optimized in order to meet the requirements of a thorough

investigation.

First of all, well-defined (uniform) quasi-hexagonally ordered SiO2 nanopillar arrays were

fabricated by BCML technique using Au NPs with an average diameter of 12 ± 1.5 nm.

Here the resulting nanotopography was labeled as uniform since the pillar geometries on

the entire substrate was equivalent. On the other hand, variation of the pillar geometries

was only established for different substrates. In order to overcome the classical mask

erosion problem during RIE and to produce well-defined columnar like nanopillar patterns

with high aspect ratio (10:1), a new versatile technique has been developed with combined

cyclic photochemical growth of Au NPs and RIE steps. First a short RIE step was per-

formed to generate small pits. Then, the controlled re-growth of the Au NPs on top of the

pits was established by UV exposure of a phthalatester solution. With this newly developed

method, narrow columnar SiO2 pillars up to 680 nm were generated. The main advantage

of this method is the reproducibility due to the fine-tuning and autonomous controlling of

each experimental parameters and possibility to apply it on other silica based materials

such as silicon, silicon nitride or silicon carbide. Hereby presented fabrication method was

also published in the related publication [55].

Although fabrication of high aspect ratio nanopillar arrays was successfully shown, it was

important not only to demonstrate how the cellular response changes with respect to large

topographical differences but also to establish a better understanding towards the topo-
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7 Summary

graphical sensing even within small variations in geometry on the nanoscale. For that

purpose, the pillar geometries were chosen all dimensions below 150 nm for further cell-

surface interaction studies. Prior to the cell-surface interaction experiments, all substrates

were subjected to sterilization. Moreover, in order to eliminate any other contributions to

the cellular response than the surface geometry itself, no additional surface coating was

applied. Thorough analysis of SiO2 nanopillar arrays with various geometries (10-30 nm

in diameter, 50-120 nm in distance, 20-50 nm in height) revealed that cell adhesion occurs

on top of the pillars with extensions even smaller than 10 nm in diameter. In most cases,

surfaces with nanotopographies showed higher proliferation and differentiation compared

to smooth reference substrates. Highest proliferation was observed on the substrates 10-

100-20 and 10-100-50 (all in nm) at day 7. Hereby the topographical alterations were

defined as pillar "diameter-distance-height", respectively. An interesting relation was also

observed that the osteogenic differentiation of hMSCs from one donor was increased with

pillar height alteration from 20 nm to 50 nm. Hereby presented cell-surface interaction stud-

ies were also published in the related publication [92] and details were discussed in the

related thesis of the project partner [129].

Another accomplishment to establish a static substrate system in this work was the devel-

opment of multiparametric gradients of quasi-hexagonally ordered SiO2 nanopillar arrays

which further led to the publication [131]. One of the most important achievement with

these combined techniques was to facilitate the time efficiency of the sample production

related to the cell-substrate interaction studies. This was achieved by successful modi-

fication and combination of the BCML technique, customized photochemical growth and

RIE. Three independently-controlled gradients of topographical parameters (both individu-

ally and combined) on well-ordered nanopillar arrays with respect to height, distance and

diameter gradients with all geometrical values being smaller than 150 nm were developed.

Fabrication of well-defined gradient nanopillar arrays were divided into four subsections:

well-defined pillar-to-pillar distance gradients, pillar diameter gradients, pillar height gradi-

ents and multiparametric gradients. Depending on the cell-surface interaction experiments,

two types of gradient fabrication methods were established. Each technique in itself is di-

vided into two different fabrication methods (step-wise and continuous gradients) and ex-

emplary substrates were investigated for demonstration of various possibilities. Step-wise

gradient substrates consisted of uniform topography regions and transition gradient topog-

raphy regions. Continuous gradient substrates which were designed for the cell-surface

interactions consisted of quasi-linear gradient along the entire substrate surface.

In principle, for the continuous pillar-to-pillar distance gradient, size of the pillars were

fixed to 30 nm in mean diameter, 50-120 nm in pillar-to-pillar distance and 20 nm in height,

respectively. An important criterion for the expression of the gradient topographies was
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gradient strength which was the slope of the gradient area along the substrate surface. In

this work, highest gradient strength for the step-wise distance gradient method was demon-

strated as 59.5 ± 2.3 nm/mm along the transition region length of 800 µm.

In addition, two methods for the pillar diameter gradient (step-wise and continuous) were

established via modification of the photochemical growth technique with addition of an in-

house made shutter connected to the mask aligner system. The velocity and positioning

of the shutter above the substrate were controlled by software during UV-exposure and

generated 1D particle diameter gradient along the x-direction ranging between 12-30 nm.

Afterwards, the non-uniform sized Au NPs were used to generate 1D pillar diameter gradi-

ent and for the step-wise pillar diameter gradient, gradient strength was calculated as 2.9

± 0.1 nm/mm.

Next, fabrication of well-defined pillar step-wise height gradients were established on the

substrate with uniform heights of 20, 50 and 100 nm. After the application of BCML and

photochemical growth techniques, uniform Au NP arrays were produced with desired dis-

tances and diameters. By means of a specially shaped wafer, subsequent RIE steps were

applied at different positions on the substrate surface. Final fabrication method was the

combination of all three individual gradients and was defined as multiparametric gradient.

Exemplary substrate was fabricated with various uniform and non-uniform gradient regions.

All the non-uniform substrate systems were characterized and found as hydrophilic.

After successful establishment of the various gradient nanopillar arrays, hOB adhesion

was investigated for pillar height gradients with pillar geometries of 30-120-(50,100) nm.

Fluorescence images revealed highly aligned and stretched cytoskeleton with visible focal

adhesion points. For the pillar-to-pillar distance gradient substrates with distances ranging

from 50 nm to 120 nm, highest cell number per mm2 was observed at 120 nm distance

regions. Subsequent preliminary gene expression study on osteogenic markers revealed

no significant difference between control and gradient surfaces. For a better understanding

how hOBs interact with the related surfaces, cell migration study was further conducted first

on uniform substrate topography regions on a step-wise height gradient substrate such

as 30-120-50 nm, and 30-120-100 nm and were separately investigated for the future

comparison to the continuous gradient surfaces. After 48 hours, it was found out that

fastest average velocity of hOBs measured on the substrates with pillar heights of 100

nm. As expected, for uniform pillar geometries, migration of the hOBs was calculated as

random. However, it was an initial clue which showed that the cells could feel and migrate

in different manner for the nanoscale changes on the pillar heights. These first findings

on the uniform nanotopographies will provide a reference point to compare the migration

behavior of hOBs on the continuous gradient nanotopographies.
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7 Summary

In order to gain further understanding for the development of cell-substrate interaction, fi-

nal aim was to carry the static in vitro experiments into a dynamic substrate environments.

In the last chapter, the effects of mechanical stimulation of the uniform substrate topogra-

phy on the behavior of hOBs were discussed. Ultra-thin Si3N4 membranes with thickness

of 100 nm and window size of 0.5 mm x 0.5 mm were chosen as a substrate system to

support SiO2 nanopillar arrays (10-100-70 nm) on top. In order to understand the mechan-

ical properties of such thin membranes and composite layer systems, Si3N4 membranes

were coated with different thicknesses of SiO2 films (50-125 nm) using PVD technique. A

new pressure-deflection setup was built for the systematic stimulation of the hOB seeded

substrates. The setup was tested with respect to the bending profile of each membrane

substrate. The reflection of a laser beam from the membrane surface was projected on

the screen and recorded for pressures between 100-800 mbar. Maximum deflection was

calculated from the interference lines as depicted in the literature. The experimental results

for the deflection were supported with the MATLAB modeling which successfully calculated

the image on the screen. It was shown that the number of interference lines with varying

intensities were in agreement with the experimental findings.

Next, material specific properties such as Young’s Modulus E and residual stress σ0 were

calculated for Si3N4 and Si3N4/SiO2 composite film systems. Using the mixture law, E, σ0

and Poisson’s ratio υ were separately calculated for SiO2 and Si3N4 layers and a compres-

sive stress on the SiO2 films were detected. In order to estimate the related changes with

respect to the pillar-to-pillar distance under positive and negative pressure, simplified ana-

lytical calculations were established and maximum change of pillar-to-pillar distances was

estimated as 4.6 nm under ± 800 mbar pressure. Since, this was of the same order as the

standard deviation of the pillar-to-pillar distance which was intrinsic to the BCML process

(σd = 3.5 nm), it was expected to be insignificant with respect to cellular response of hOBs.

Therefore, any cellular response in mechanical stimulation experiments were related to the

dynamic movement of the membrane as opposed to change in pillar geometry.

For the proof of principle, cellular response under 100 mbar pressure at 1 Hz frequency

for 2 min was investigated. For the topographical sensing experiments, first the optimum

thickness of SiO2 film which were coated on Si3N4 membranes were detected as 75 nm

with highest cell number per mm2. Immunofluorescent staining of the control and nanos-

tructured substrates before and after mechanical stimulation showed that the cells were

viable after the applied mechanical stimulation. Preliminary studies on the mechanotrans-

duction pathway genes such as ITGB1, ITGB5 and CASP3 revealed changes in the gene

expression in comparison to before and after mechanical stimulation. Future investigations

on different genes and signaling pathways will enlighten the influence of the mechanical

stimulation of SiO2 nanopillar arrays on the behavior of hOBs.
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A MATLAB programming

1 function [pattern] = calc_int_3D2(alpha_inc, lam, mem_fun, mem_x,

mem_y, L, sampling_interval, output_range, output_interval)

2 %UNTITLED Summary of this function goes here

3 %This function calculates the diffraction pattern resulting from

homogenous, monochromatic light irradiation of a perfectly

reflective, arbitrarily shaped surface

4 %{pattern: 2-dimensional array that will contain the calculated

diffraction pattern

5 %alpha_inc: incidence angle (degrees) of the incoming light with

respect to the z-axis within the x-z-plane

6 %lam: wavelength of the incoming light

7 %mem_fun: symbolic function describing the topography of the

membrane surface, i.e. membrane shape deflection function

8 %mem_x, mem_y: symbolic variables that have to be defined for

synthax reasons

9 %L: edge length of the (quadratic) boundaries of the surface

10 %sampling_interval: the resolution with which the surface is

modelled. For reliable results this value should be smaller

then lam/2. Has huge impact on computation time

11 %output_range: defines the space-angle (in degrees) within which

the diffraction pattern is calculated. In other words, it

defines the screen size

12 %output_interval: defines the (angular) resolution of the screen

(in degrees). In combination with output_range, it has a huge

impact on computation time.

13 }

14

15 pattern=NaN(floor(output_range/output_interval)+1, floor(

output_range/output_interval)+1);

16

17 alpha_inc_rad = alpha_inc*2*pi/360;
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A MATLAB programming

18 k1 = 2*pi/lam*[sin(alpha_inc_rad), 0, -cos(alpha_inc_rad)];

19 N = floor(L / sampling_interval)+1;

20 counts_x=0;

21 is_real=1;

22

23 f00=subs(mem_fun,[mem_x, mem_y],[0,0]); %f00 is the height in the

center of the surface. This point acts as reference for

further calculations.

24 drxy=zeros(1,N);

25 drz=zeros(N);

26 %Here, a matrix is calculated which for each point of the surface

f(x,y) contains the difference-vector to the center: dr(x,y)=

r(x,y)-r(0,0)

27 %Due to the reoccuring usage of these values they are calculated

in advance to save a considerable amount of computation time

28 for m=1:1:N

29 drxy(m)=(m-1).*L./(N-1)-L./2;

30 for n=1:1:N

31 drz(m,n)=subs(mem_fun, [mem_x, mem_y], [(m-1).*L./(N-1)-L

./2, (n-1).*L./(N-1)-L./2])-f00;

32 end;

33 output_string=[’Creating Geometry Matrix: ’, num2str(m./N

*100), ’% are completed’];

34 disp(output_string);

35 end;

36

37 summands = NaN(N);

38 dk=[NaN, NaN, NaN];

39 % Calculation of the light intensity for each point of the screen

, resulting from the superposition of the spherical waves

emitted at each point of the surface:

40 for alpha2x=alpha_inc_rad-output_range*2*pi/360:output_interval

*2*pi/360:alpha_inc_rad+0*output_range*2*pi/360

41 %{alpha2x, aplha2y: angles between the propagation direction

of the reflected light and the z-axis within the x-z- and

y-z-plane, respectively.
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42 %Their values are determined by the parameters alpha_inc,

output_range and output_resolution}%

43 counts_x=counts_x+1;

44 counts_y=1;

45 for alpha2y=0-output_range*2*pi/360:output_interval*2*pi

/360:0+0*output_range*2*pi/360

46 output_string=[’Alpha_x= ’, num2str(alpha2x/2/pi()*360), ’

Alpha_y= ’, num2str(alpha2y/2/pi()*360)];

47 disp(output_string);

48 k2 = 2*pi/lam*[sin(alpha2x), sin(alpha2y), sqrt(1-sin(alpha2x

)^2-sin(alpha2y)^2)];

49 %k2: wave vector of the reflected light, determined by

alpha2x, alpha2y

50 if (1-sin(alpha2x)^2-sin(alpha2y)^2) < 0 %ascertain that k2

is real

51 is_real = 0;

52 end;

53

54 dk = k2 - k1;

55 summands = NaN(N);

56 %calculation of the resulting amplitude at a given point of

the screen determined by the wave vector k2:

57 for m = 1:1:N

58 for n = 1:1:N

59 dr=[drxy(m), drxy(n), drz(m,n)];

60 summands(m,n) = exp(1i*dot(dk,dr));

61 end;

62 end;

63 %calculate the absolute square of the amplitude and write the

result into the output-variable "pattern":

64 pattern(counts_x, counts_y) = abs(sum(sum(summands))).^2;

65 output_string=[’Intensity for above angle is’, num2str(

pattern(counts_x,counts_y))];

66 disp(output_string);

67

68 counts_y=counts_y+1;

69 end;
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70 end;

71 if is_real == 0

72 %inform the user that the selected output range was too large

and some of the calculated points on the screen have to

be discarded (manually):

73 disp(’The chosen range of alpha_x and alpha_y is too large ->

kz becomes imaginary!’)

74 end;

75

76 end
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