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Summary

It is becoming clearer from cell biology that (nano)topographic features play an important role
in cell-material interactions. Although much work has been done on the interaction between
cells and idealized substrates containing nano-scaled features, it is difficult to implement such
features into implant materials typically used in the clinic. For example, in the case of titanium
(Ti), which is the gold standard material for load-bearing implants, a variety of surface
nanostructuring techniques have been developed to improve the bioactive properties of Ti and
to enhance tissue regeneration. However, most of these techniques can effectively modify
only planar substrates, which limits their application for complex three-dimensional (3D)
geometries of clinical implants. In this context, this thesis focuses on the application of a new
surface modification strategy, which potentially allows for nanostructuring of 3D Ti scaffolds

allowing the exploration of the role of nanostructures on both single cell and 3D tissue growth.

In this thesis, we investigate high intensity ultrasound (HIUS) for surface nanostructuring of
titanium. This technique allows for effective modification of planar and 3D Ti surfaces through
the formation of mesoporous titania (TMS) coatings on Ti suitable for biological applications.
Precise control over the topographic features was achieved through the parameters of HIUS
treatment such as solvent and additives, intensity, and duration of treatment. Due to its
biocompatibility, physicochemical, and structural properties, TMS coating is an interesting

candidate for in vitro and eventually in vivo studies.

We tested the potential of TMS surfaces in two studies, with the aim of investigating the effect
of surface nanotopography on single cell behaviour and 3D tissue formation. For this purpose,
we compared the cell response of the model MC3T3-E1 preosteoblast cell line on Ti surfaces
with different levels of (dis)order: unmodified surface, mesoporous (TMS) and nanotubular
titania (TNT) produced using anodic oxidation. The results revealed a surface-dependent
shape, thickness, and spreading of cells owing to different adherence behavior. Cells were
polygonal-shaped and well-spread on TMS, but elongated, fibroblast-like on TNT. Although
both nanostructured surfaces impaired cell adhesion, TMS better supported cell attachment
and spreading than TNT. Cell migration on TMS had a more collective character than on TNT,
probably due to a closer proximity between neighboring cells. We further explored the role of
nanotopography on 3D tissue growth within the microchannels of Ti scaffolds. Both external
and internal surfaces of the scaffold possessed similar nanostructural features, confirming the
potential of these surface treatments for modification of complex implant geometries. Although
no significant differences in mean tissue layer thickness were observed on scaffolds with

different nanotopography, the structure and adhesion of the tissue were affected. In contrast



to unmodified scaffolds, tissue detachment was observed on nanostructured scaffolds,
indicating impaired cell adhesion.

Collectively, the studies presented in this thesis could have important implications for the
design of titanium-based tissue engineering strategies and an interesting platform for lab-on-
a-chip cell culturing.



Zusammenfassung

Aus der aus der Zellbiologie wird klar, dass nanotopographische Merkmale eine wichtige Rolle
bei Zell-Material-Wechselwirkungen spielen. Trotz intensiver Forschungsarbeit an der
Wechselwirkung zwischen Zellen wund idealisierten Substraten mit nanoskaligen
Eigenschaften, ist es immer noch schwierig diese Eigenschaften auf gangige
Implantatmaterialen zu Ubertragen. Beispielsweise wurde fur Titan, dem Goldstandard fur
lasttragende Implantate, eine Vielzahl von Oberflachen-Nanostrukturierungsverfahren
entwickelt. Die durch diese Verfahren hergestellten Oberflachen verbessern nachweislich die
bioaktiven Eigenschaften von Titan und beschleunigen die Heilung und Geweberegeneration.
Allerdings kénnen durch die meisten dieser Techniken nur planare Oberflachen effektiv
modifiziert werden, was ihre Anwendung fiir komplexe dreidimensionale (3D) Geometrien von
klinischen Implantaten limitiert. Aus diesem Grund konzentriert sich diese Dissertation auf die
Anwendung einer neuen Oberflachenmodifikationsstrategie, die potenziell auch die
Nanostrukturierung von 3D-Titangerlsten ermoglicht, und damit die Erforschung der Rolle von

Nanostrukturen sowohl im Einzelzell- als auch im 3D-Gewebewachstum ermdglicht.

In dieser Dissertation untersuchen wir eine neue Methode zur Titan-Oberflachen-
Nanostrukturierung mit hochintensivem Ultraschall (HIUS). Diese Technik ermdglicht eine
effektive Modifizierung von planaren und dreidimensionalen Titanoberflachen. Die erzeugten
mesopordsen Titanoxidoberflachen (TMS) eignen sich hervorragend fir biologische
Anwendung. Die HIUS-Behandlung ist eine ideale Methode fir die Meso-Strukturierung von
Feststoffen, mit der man die topographischen Eigenschaften der produzierten Oberflachen
durch Parameter wie dem Lésungsmittel, die verwendeten Zusatzstoffe, der Intensitat und der
Dauer des Ultraschalls prazise bestimmen kann. Mesoporéses Titandioxid erscheint aufgrund
seiner Biokompatibilitat sowie seiner physikochemischen und strukturellen Eigenschaften

auch fur weitere in vitro und eventuell auch in vivo Studien sehr gut geeignet zu sein.

Im Rahmen dieser Dissertation wurde die Auswirkung von verschiedenen TMS-Oberflachen
auf das Zellwachstum in zwei verschiedenen Experimenten untersucht. Zunachst wurde die
Wirkung der Oberflachen-Nanotopographie auf das Einzelzellverhalten untersucht und im
zweiten Schritt auf die 3D-Gewebebildung. Zu diesem Zweck untersuchten wir das Verhalten
von Modell-MC3T3-E1-Praosteoblasten-Zellinien auf Titanoberflachen mit unterschiedlichen
Unordnungsgraden: unmodifiziertes Titan, mesopordses- (TMS) und nanotubuléres- Titanoxid
(TNT) hergestellt durch anodische Oxidation. Die Ergebnisse zeigten eine
oberflachenabhéangige Form, Dicke und Ausbreitung von Zellen aufgrund unterschiedlicher

Adhasion. Die Zellen auf TMS waren polygonal geformt und gleichméaRig auf der Oberflache



verteilt, dagegen waren die Zellen auf TNT langgestreckt und fibroblast-artig. Obwohl beide
nanostrukturierte Oberflachen die Zelladh&sion verschlechterten, erfolgte die Anlagerung und
Ausbreitung von Zellen auf TMS besser als auf TNT. Die Zellmigration auf TMS hatte einen
kollektiveren Charakter als auf TNT, wahrscheinlich infolge des geringeren Abstandes
zwischen benachbarten Zellen. Dariiber hinaus haben wir die Rolle der Nanotopographie auf
das 3D-Gewebewachstum in den Mikrokanélen von Titangeriisten untersucht. Sowohl die
AulRen- als auch die Innenflache des Gerustes besalien &hnliche nanostrukturelle Merkmale
und bestatigten das Potential dieser Oberflachenbehandlungen zur Modifikation komplexer
Implantatgeometrien. Obwohl keine signifikanten Unterschiede in der mittleren
Gewebeschichtdicke von Gerlisten mit unterschiedlicher Nanotopographie beobachtet wurde,
wurden die Struktur und die Adhasion des Gewebes auf der Oberflache beeinflusst. Im
Gegensatz zu nichtmodifizierten Gerlisten wurde bei nanostrukturierten Geristen eine

Gewebeablésung beobachtet, was auf eine verminderte Zelladhasion hindeutet.

Zusammengefasst konnten die in dieser Dissertation vorgestellten Experimente wichtige
Erkenntnisse flr das Design von titanbasierten Gewebe- Engineering-Strategien und eine

interessante Plattform fir die Lab-on-a-Chip-Zellkultivierung haben.

Vi



Introduction

Introduction

Motivation

Titanium and titanium alloys are widely used in biomedical applications, such as hard tissue
replacements™l in bone, joint, and dental implants,” as well as in cardiac and cardiovascular
implants. Titanium represents a gold standard in implantology due to its lower elastic modulus,
better corrosion resistance, and superior biocompatibility when compared to stainless steel
and cobalt alloys. However, titanium and its alloys cannot meet all of the clinical requirements.
Bioinert materials, such as titanium, are used for hard tissue replacements, since they are
stable in the human body and does not react with body fluids, thereby minimising adverse
tissue reactions. This is achieved by the encapsulation of the bioinert material into the living
body by fibrous tissues that isolate them from the surrounding. Therefore, it is still difficult to
achieve good chemical bonding of titanium with bones and form new bones on its surface at
the early stage of implantation. In addition, young patents requiring implants and growing
human life expectancy have driven biomedical research to reconsider the requiremens to
titanium implants. Original implant concerns, such as materials strength, infection, and short-
term rejection are currently reconsidered to more long-term issues, such as wear, fatigue

strength, and long-term biocompatibility.™

Due to our improved understanding of the native extracellular environment, it is now
recognized that material-host tissue interactions are strongly influenced by nanometric surface
cues. This is perhaps not surprising as: (1) cells grow on nanostructured extracellular matrices;
(2) adsorbed proteins and their aggregates have nanodimensions; and (3) biological events
such as signalling occur at the nanometric level. As a consequence, multiple efforts have led
to the development of metal-based materials with modified nanotopography, aiming to regulate
cell performance on implant relevant biomaterials. Progress in nanotechnology now makes it
possible to precisely design and modulate the surface properties of implant-relevant materials
at the nanoscale. Nanoengineered surfaces possess the unique capacity of directly affecting
both molecular and cellular events, which determine the overall biological response to the

implanted material, such as protein adsorption, cell adhesion, proliferation, etc.

Due toits inertness, corrosion resistance and high mechanical strength, titanium is very difficult
to modify. To date, various strategies have been developed to generate nanoscale surface
features on titanium-based materials, such as acid- and alkali etching, anodic oxidation, laser
treatments, etc. However, the majority of the titanium surface nanostructuring techniques are

expensive, time-consuming or could not be applied for large scale implant production, thereby
7



Introduction

not offering a clinical applicability. A number of challenges should be addressed for defined
surface nanostructuring and surface characterization. For example, the specifics of the
nanostructuring processes resulting in the formation of porous surfaces in 2D is poorly
understood, let alone in 3D. A potential advantage of using nanostructuring is the ability to
avoid additional surface coating with polymers or ceramics in order to enable the direct contact
of tissue with the metal or metal oxide. Therefore, it is necessary to develop novel methods
allowing straight-forward nanomodification of titanium implants with complex geometries.
Moreover, the majority of in vitro studies aiming to investigate the effect of nanotopography on
cell behaviour are performed on planar two-dimensional (2D) titanium specimens, which do
not allow to answer the question how nanotopography affects three-dimensional (3D) tissue
formation. The functional properties of tissues arise through the interactions of numerous cell
types.B8 In vivo, these interactions occur in a 3D setting in the context of specific tissue
structures. Tissue structure is defined as tissue size, shape, composition, spatial
heterogeneity, and the surrounding ECM. Such 3D structure has an important role in the
exchange of chemical, electrical and mechanical signals within the tissue. Therefore, it is
important to study cell-nanotopography interactions in the 3D model system.[”) The in vivo
studies have however limitations, since they mostly provide only the final observations of the
implants osseointegration level, but do not bring attention to the first cell layer in contact with
the implant surface. Therefore, the mechanism and duration of the nanotopography effect on

tissue growth still remain unclear.

In this thesis, we propose a new platform for titanium surface nanostructuring, which allows for
effective scalable modification of Ti surface and furthermore allows a more systematic
investigation of the effect of surface nanotopography on single cell behaviour in 2D as well as

on 3D tissue formation.

Aims and objectives

This doctoral thesis presents an interdisciplinary research project, which combines the studies

from two disciplines: materials science and biology.

First, this thesis further extends HIUS, a sonochemical method of metal nanostructuring
developed by Skorb and co-workers by fabricating superhydrophilic, bio- and cytocompatible
mesoporous titania surfaces for cell culture. Due to its mechanical strength and inertness,
titanium has been widely used as a biomaterial for various medical applications, these
properties however make titanium a difficult material to modify. Moreover, a lot of engineering

efforts are required to develop a scalable technology for implant nanomodification. The

8



Introduction

majority of metal surface (nano)structuring/patterning techniques presented in literature are
suitable only for laboratory conditions. In contrast, the method presented in this thesis is a
potentially industrially scalable process depending on the area of the metal surface to be
treated as per manufacturer’s information.® The upscaling of the process can be achieved by
using special arrangements of multiple ultrasonic devices.®® Therefore, the sonochemical

method of titanium surface nanostructuring is potentially suitable for clinical applications.

Second, this thesis explores how physical patterning of titanium surface in absence of
(bio)chemical stimuli affects cell behaviour. In this context, this doctoral thesis aims to
investigate cell and tissue growth at different stages and to answer the following questions:

(1) how surface nanotopography affects cell growth at early stages after seeding;
(2) how surface nanotopography plays a role in later stages of tissue formation in 3D systems.

Two-dimensional cell growth on surfaces with modified topography has been often shown in
literature. For example, the nanotopographic control of cell behaviour has been recently
addressed in the study by Kopf et al.l!% in collaboration with the Biochemistry group from Freie
Universitat Berlin, where C2C12 cell response to mesoporous titania produced by our method
has been investigated. In the Biomaterials Department at the MPIKG there is extensive
experience with the mouse osteoblastic cell line MC3T3-E1, especially in the large-scale cell
culture experiments in the group of Dr. John Dunlop. Therefore, to study the effect of surface
nanotopography on cell behaviour, we chose to use MC3T3-E1 preosteoblasts in our
experiments in order to best compare the results to existing data. Finally, we aim to apply the
acquired knowledge of early-stage cell-nanotopography interactions to later stages of tissue

growth, i.e. from 2D to 3D systems.
Outline

This thesis is made up of four publications: two accepted for publication, one submitted and
one in preparation. In addition, 1 am a co-author in two more publications provided in

Appendices 1 and 2.

The first article presents a literature review of methods for metal surface nanostructuring for
bioapplications. The review article further summarises the effects of metal surface
nanotopography on cell behaviour (Chapter 1). In addition, this paper provides examples of
stimuli-responsive metal-based polyelectrolyte systems developed due to the photoactive
properties of titanium via nanostructuring. In this publication, the state-of-art was analyzed and
future prospects in the area of metal surface nanostructuring for bioapplications were

discussed.
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The second article presents the method of sonochemical formation of surface titania nanofoam
under high intensity ultrasound treatment in alkaline solution (Chapter 2). Mesoporous titania
surfaces formed by this technique possess a specific surface nanotopography, defined as
random, sponge-like titania with nanoscale surface roughness and porosity with an average
pore diameter of approx. 70 nm, and superhydrophilic. Mesoporous titania is also bio- and
cytocompatible as shown with a MC3T3-T1 preosteoblast cell culture model. This publication
not only contributes to the understanding of the mechanisms involved in titanium surface
modification with HIUS in alkali solution, but also demonstrates the prospects of this method

for cell culturing.

The third article demonstrates the effect of titanium surface nanotopography on preosteoblast
morphology, adhesion and migration (Chapter 3). To investigate the relationship between
surface nanotopography and cell behaviour, the cell response to ordered and disordered
nanotopographies is compared. Nanotubular titania surfaces fabricated by well-established
electrochemical method are used as model “ordered” nanotopographies, and mesoporous
titania described in Chapter 2 is used as a model for disordered nanotopography. This paper
shows distinctly different cell behaviours on ordered and disordered titania surfaces, thereby

indicating the role of surface nanotopography for the modulation of cell behaviour.

The fourth article (Chapter 4) demonstrates the application of sonochemical and
electrochemical methods for the nanostructuring of microchannels of tissue engineering
scaffolds. In contrast to studies in Chapter 3, investigating early cell response to
nanotopography, the scaffolds are used to study effect of nanotopography on later stages of
tissue growth in 3D. This publication provides evidence that these methods can be applied to
modify the surfaces of complex geometries, as well as proposes a new approach to answer

the fundamental question: how long surface nanotopogaphy plays a role in cell/tissue growth.

The final section of this thesis (Chapter 5) provides the discussion of the individual articles and

summarizes their main conclusions into the general context.

10



Chapter 1. Cell guidance on nanostructured metal based surfaces

Chapter 1. Cell guidance on nanostructured metal based surfaces

Yulia Zhukova, Ekaterina V. Skorb*
Max Planck Institute of Colloids and Interfaces, Am Muhlenberg 1, Potsdam 14424, Germany
* Corresponding author

This manuscript is published in Advanced Healthcare Materials: Adv. Healthcare Mater. 2017,
1600914.

Text and figures are reproduced with permission of John Wiley & Sons.

My Contribution: | participated in the elaboration of the structure of the review, contributed to

the literature research, made 4 figures, and co-wrote the manuscript with another author.

http://dx.doi.org/10.1002/adhm.201600914
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Transition to Chapter 2

Transition to Chapter 2

In Chapter 1 we provided a comprehensive introduction into nanostructured metal-based
functional systems. To date there have been many studies on metal surface nanostructuring,
in particular using sonochemical treatment as the preceding review chapter shows. In the last
decade, it was demonstrated that a metal matrix produced by the sonochemical method could
be effectively used for the construction of hybrid materials**'? and surface encapsulation
systems.['31% Different metals such as aluminium, their alloys and steel could serve as metal
matrices, when treated with HIUS.!*8! Moreover, several studies reported construction of
intelligent metal-based encapsulation systems consisting of the sonogenerated porous metal
surface and polyelectrolyte multi-layered coatings. For example, Andreeva et al.!”) reported
an upload, storage and controlled pH-triggered release of an anti-cancer drug doxorubicin out
of sonochemically formed surface metal sponges. Further applications of metal-polymer
systems include anticorrosive,*’*% antibacterial,?*?!! and drug delivery 'l These studies
suggest that such biocomposite materials, in particular sonogenerated mesoporous titania,
have a bioapplication potential. Therefore, the study presented in Chapter 2 aimed to use HIUS
for the modification of titanium and to identify optimal processing conditions for the production
of mesoporous titania surfaces suitable for cell culturing. To investigate the mechanism of
mesoporous titania formation, we characterised the relationship between the surface
morphology and physicochemical properties, i.e. roughness and hydrophilicity. Finally, this
chapter discusses the implications of this study on future applications of sonogenerated

mesoporous titania surfaces to study cell-nanotopography interactions.
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Chapter 2. Ultrasound-driven titanium modification with formation of

surface titania based nanofoam

Yulia Zhukova,* Sviatlana A. Ulasevich, John W. C. Dunlop, Peter Fratzl, Helmuth Méhwald,
Ekaterina V. Skorb

Max Planck Institute of Colloids and Interfaces, Am Muhlenberg 1, 14424 Potsdam, Germany
* Corresponding author

This publication is published in Ultrasonics Sonochemistry: Ultrasonics Sonochemistry 36
(2017) 146 — 154. DOI: 10.1016/j.ultsonch.2016.11.014.

Text and figures are reproduced with permission of Elsevier.

My Contribution: | performed titanium surface nanostructuring, surface characterization (AFM,
contact angle measurements), and cell culture experiments; analysed the data on surface

roughness and contact angle values and cell proliferation; and wrote the manuscript.

http://dx.doi.org/10.1016/j.ultsonch.2016.11.014
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Transition to Chapter 3

Transition to Chapter 3

Chapter 2 demonstrated a novel method for the in situ production of the mesoporous titania
coating by HIUS treatment in alkali solution. Optimal processing parameters were identified to
produce highly hydrophilic mesoporous titania with nanoscale surface roughness. Moreover,
the mesoporous titania layer on bulk titanium was shown to be interpenetrating from surface
to bulk, providing high bonding strength to bulk metal. Furthermore, this surface presented
good cytocompatibility to a preosteoblast cell line. Taken together, these findings indicate that
mesoporous titania performs well across two surfaces: between bulk metal and nanostructured
surface, and between nanostructured surface and the tissue, thereby suggesting potential
applications of mesoporous titania surfaces in biological studies.

Having found a straight-forward approach for the sonochemical-based production of
cytocompatible nanostructured titania, we were prompted to further study cell-nanotopography
interactions. In the study presented in Chapter 3 we aimed to identify and characterize the cell-
nanotopography interactions on nanostructured titania surfaces. To investigate the role of
surface nanotopography on cell behaviour, we compared the cell response to ordered
(nanotubular) and disordered (mesoporous) titania hanotopographies. In the study presented
in Chapter 3, MC3T3-E1 preosteoblasts were used as an in vitro cell culture model, and cell
behaviour (proliferation, morphology, adhesion, and migration) was analysed at early stages
after seeding. The scratch wound healing assay was performed for the estimation of cell
migration characteristics on mesoporous and nanotubular titania surfaces. Finally, we discuss
the implications of early-stage cell adhesion on later stages of thick tissue growth since we
think there is a crucial role of the first cell layer in further tissue formation. This study is based
on our recent work by Kopf et al.'®) Appendix 1), where we compared an impact of these
nanotopographies on C2C12 cell behaviour. To our knowledge, our paper® was the first study

to compare cell response on mesoporous and nanotubular titania surfaces.
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The study presented in Chapter 3 investigated the effect of titania surface nanotopography on
the early-stage response of MC3T3-E1 preosteoblasts, such as cell attachment, morphology,
adhesion and migration. Cytocompatibility of mesoporous titania shown in Chapter 2 was
further confirmed and compared to well-studied nanotubular titania highlighting the role of
surface (dis)order on cell behaviour. First, cell morphology was strongly affected by
nanotopography: a polygonal cell shape and spreading was observed on mesoporous titania
in contrast to more elongated polarized cell shapes on hanotubular titania. It was shown that
cell proliferation, morphology, and adhesion were strongly affected by nanotubular titania
surface. This could be due to possible differences in protein adsorption on the different
surfaces that prevent integrin clustering on nanotubular titania. Alternatively, the low contact
angle of mesoporous titania as well as of nanotubular titania might have diminished cell
adhesion on nanostructuring surfaces. Moreover, nanotopography modulates migratory cell
behaviour and is affected by cell morphology and adhesion. In addition to the observations
made at early stages directly after cell attachment, we found differences in cell density on
nanotopographies at later stages of tissue growth. These data provide first evidence that
nanotopography alters not only the behaviour of individual cells, but also of the thicker tissue

at later stages.

Based on these findings, we asked whether the behaviour of the first cell layer plays an
essential role in thick tissue formation. To answer this question, we perform nanostructuring in
the microchannels of the 3D titanium scaffolds and measure the rate of tissue growth inside
the microchannels. The results are presented in the following chapter. There have been many
studies on understanding 3D tissue growth in channels of different geometries. Previously,
Rumpler et al. ?% and Bidan et al. 24?5 reported that tissue growth could be described by a
model for curvature-controlled growth. However, we hypothesize that tissue growth could be
controlled not only by tuning the geometry of the tissue engineering scaffolds at macro scale,
but also by nanoscale topographies. In final Chapter 5, we discuss the implications of our

findings on current thinking in the field of cell biology.
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Abstract

Titanium osseointegration is critical for the successful performance of dental and orthopedic
implants. Previous studies have shown that surface structural modifications at the nanometer
scale affect mechanical and biological properties of titanium-based implants and enhance their
healing and tissue repair abilities. The aim of the present study was to develop a simple and
scalable sonogenerated surface modification treatment that introduces nanoscale features to
both plane and shaped Ti-based scaffolds for tissue engineering, and to determine how long
the adhesion of the initial cell layer plays a role in 3D tissue formation in the absence of any
exogenous soluble factors. A simple sonochemical treatment was for the first time applied for
generating controlled mesoporous (TMS) nanotopographies on 3D Ti scaffolds with
microchannels. Moreover, the HIUS treatment was also applied for spatially regulated
modification with surface patterning. MC3T3-E1 cells were seeded on unmodified and modified
3D Ti scaffolds. Superimposition of nanostructures to the tissue scaffolds strongly affected the
behaviour of both the first cell layer and 3D tissue behaviour. The results suggested that the
tissue formation rate, structure, and its detachment in the microchannels of the scaffolds could
be affected by surface nanotopography, with important implications towards the understanding
of nanotopography effect on tissue formation as well as towards the scaffold design for

improved implant osseintegration in vivo.
57



Chapter 4. Patterned sonochemical treatment of 3D titanium scaffold with microchannels for
testing the role of the first cell layer for tissue organization.

Keywords: titanium; nanotopography; tissue engineering scaffold; microchannel; three-

dimensional tissue formation; osteoblasts
Introduction

Titanium (Ti) osseointegration is critical for successful tissue regeneration in dental and
orthopaedic applications. Due to its mechanical strength and inertness, titanium and its alloys
has been widely used for the production of dental and orthopedic implants.** These properties
however make titanium a difficult material to modify and a lot of engineering efforts are required
to develop a scalable technology for implant nanomodification. Titanium surface
nanomadifications include different techniques, divided into three groups, such as mechanical
(e.g., polishing, machining, blasting), chemical (e.g., anodic oxidation,® acid-etching, alkali-
etching), and physical (e.g., plasma spray treatment,[” ion implantation,® laser treatments!®!).!
The chemical surface treatments are very effective due to their simplicity and homogeneous
modification of the substrate due to the uniform access of the reactive solution to the surface.
However, the majority of the previous studies reported the nanostructuring on plane titanium
surface and are suitable only for laboratory conditions. Only a few studies reported titanium
nanostructuring on complex implant geometries,**3 indicating that the majority of these
methods cannot be applied for surface nanostructuring of the implant-relevant devices with
complex geometries. The sonochemical treatment proposed in this study is a potentially
industrially scalable process. The upscaling of the process can be achieved by using special
arrangements of multiple ultrasonic devices as was shown for the applications in food
industry. As per manufacturer’s information,*® by using the similar approach the process
upscaling can be achieved also for other applications, such as metal surface modification, by
aligning multiple ultrasonic devices with respect to the area of the metal surface to be treated.
Therefore, we propose a novel sonochemical treatment, which provides the formation of
mesoporous titania surface layer and can potentially be applied for modification of titanium

scaffolds with complex geometries for tissue engineering and implant applications.

In this study, high intensity ultrasound (HIUS) in combination with alkali treatment¢1"1 was
used to provide homogeneous nanostructuring of the inner surfaces of simple porous titanium
scaffolds. We have recently reported that this novel sonochemical method can be applied to
fabricate mesoporous titania (TMS) surfaces.® Moreover, due to its hydrophilicity and
biocompatibility, TMS can be used for bioapplications. For comparison, we use a well-studied
electrochemical method — anodic oxidation, which allows fabricating nanotubular titania (TNT)

surfaces.%2% Similar to other nanostructuring methods, the majority of surface engineering
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and in vitro studies were performed on plane titanium. We for the first time show the proposed

sonochemical treatment for nanostructuring of the inner surfaces of scaffolds’ microchannels.

To date, several fundamental studies suggest the role of surface nanotopography on cell
growth (please refer to Review?!), Titanium surface nanomodification of dental and orthopedic
implants is a common approach to enhance osseointegration.??23 Multiple observations show
the effect of titanium surface nanotopography and porosity on early-stage cell behavior, from
single cells up to confluent single-cell layers. However, monolayer, or 2D, cell cultures do not
adequately mimic the cellular environment in the living tissue. Within a tissue, cells interact
with each other and with the extracellular matrix (ECM), forming cell-cell and cell-matrix
interactions, respectively. These interactions establish a 3D communication network through
biochemical and mechanical cues.?? Therefore, development of the in vitro 3D systems
providing more accurate depiction of physiological cell-cell and cell-matrix interactions is
necessary. For example, the 3D composite polymer-based scaffolds with controlled micro- and
nanotopographical features were fabricated by the 3D-printing to better mimic ECM
architecture. Due to the surface decoration with TiO, and bioactive glass nanoparticles, the 3D
scaffolds were shown to enhance MC3T3-E1 cell response. 5 Moreover, the shape-shifting
polymer materials are of special interest for creating 3D cell culture systems, since they are
programmed for 2D to 3D transformations in shape and functionality like in natural events. 2
Therefore, in this study, our goal is to investigate the role of surface nanotopography on tissue
formation in the 3D cellular environment. For this purpose, we use the 3D scaffold design
previously demonstrated in 3D culture of MC3T3-E1 preosteoblasts.?”l These cells were
seeded on 3D hydroxyapatite (HA) scaffolds containing channels of different shapes
(triangular, square, hexagonal, and round) and sizes produced by rapid prototyping. Such
scaffold design allows formation of thick tissues with cells and ECM highly organized with
respect to the scaffold geometry. Moreover, the rate of tissue growth was found to be controlled
in a curvature dependent manner.?® In the works of Rumpler et al ?” and Bidan et al,?® HA
was chosen as a substrate material, since HA is known to support the formation of bone tissue.
MC3T3-E1 cells were chosen as a model system, since they are known (1) to undergo
differentiation from an immature preosteoblastic to a mature osteoblastic phenotype in vitro”
and (2) to build an extracellular matrix of well-organized collagen fibrils and non-collageneous
matrix proteins known from bone tissue.B* In the following we use the similar geometries made

in Ti to enable metal surface nanostructuring of the surfaces of the 3D scaffolds.

Using HIUS method for surface nanostructuring (shown on plane surface in Chapter 2), the
present study aims to: (1) modify 3D Ti scaffold with microchannels for 3D tissue growth, and
(2) perform spatially regulated modification with surface patterning. For comparison to HIUS,
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we used classical anodization technique. The first goal of the present study is to test whether
effective titanium modification can be achieved by sonochemical treatment in the
microchannels of the 3D scaffold. We have superimposed nanostructures on Ti 3D tissue
engineering scaffolds and examined the 3D tissue formation in the microchannels of the

scaffolds.

Besides the practical interest for engineering, such scaffolds are necessary for answering the
question how important the first cell layer for tissue organization is. Regulation of the cell
adhesion by using nanostructured titania surfaces was shown in Chapters 2 and 3. However,
only first layer interacts with surface, whereas further tissue layers are probably not affected
by surface nanotopography. We hypothesize that at later stages of tissue growth the surface
nanotopography is still important. Therefore, the next goal is to test the hypothesis that
nanotopography-modified first cell layer can affect the 3D tissue formation in the absence of
any exogenous soluble factors. To test this hypothesis, patterned substrates were fabricated
where one part of the scaffold was modified, whereas another part was left unmodified due to
masking. In this way, we initially program the scaffold to induce the first cell layer forming more
focal contact points on the unmodified part and less focal contacts on the nanostructured part.

Materials and methods

The experimental protocol is shown in Figure 1.
Titanium 3D scaffolds and surface nanostructuring strategies

Titanium foil (1 mm thick) was cut into the plates (1 x 2 cm) to fit the homemade Teflon sample
holder used for sonication. For the production of one scaffold, one titanium plate (1 x 2 cm)
was cut into two parts (0.5 x 2 cm each), and 9 square open microchannels (500 x 500 um)
were made on one side of one part. Two parts of the scaffold are held together by a Teflon
frame (Figure S1). This construction allows observation of nanotopography and tissue
formation inside the microchannels. Prior to nanostructuring, each part of the scaffold was
chemically polished in the solution of HNO3 (66.7 vol. %) and HF (33.3 vol. %). For the cell
culture studies, the scaffolds with microchannels of different shape (triangular, square, round)

and size (500 pm) were prepared.

In total, two surface modifications were used: mesoporous Ti (TMS) andtitanium nanotubes
(TNT). TNT was used for the comparison with TMS (for details see Chapter 3). For the
production of TMS samples, titanium scaffolds were ultrasonically treated for 10 min in

presence of 5M NaOH using the ultrasonic processor UIP1000hd (Hielscher Ultrasonics
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GmbH, Germany) with a maximum output power of 1000 W. The apparatus was equipped with
a sonotrode BS2d18 (head area 2.5 cm?) and booster B2-2.2, magnifying the working
amplitude in 2.2 times. Sonication was performed at 19.8 kHz and constant temperature of
around 333 K monitored by the thermo sensor inserted into the working solution of NaOH. For
the production of TNT samples, titanium scaffolds were anodized in an aqueous solution of
ethylene glycol (2 vol. % water) containing 0.75 wt. % NH4F. At beginning of the anodizing,
potential linearly increased from 0 to 40 V, then the anodizing performed at potentiostatic (40
V) mode for 20 min. All samples were additionally rinsed with ethanol and water and heat
treated at 450 °C in the oven for at least 3 hours. Several washing steps and thermal treatment
allow a complete elimination of the working solutions, which could have a negative effect on
cell growth. Milli-Q water (18 MQ-cm) was used in all agueous solutions. Untreated titanium

was used as a control.

To confirm the “non-line-of-sight” nature of the nanomodification induced by sonochemical and
electrochemical treatments, the 3D scaffolds of with microchannels of complex shape had
been first exposed to the metal polishing solution (2 volume parts HNO3, 1 volume part HF),
followed by one of the nanomodification treatments described above. The nanotopography
generated on the internal walls of the scaffold was compared to those generated on the

external plane surface of the scaffold.
Surface characterization

Electron microscopy

Surface nanotopography was qualitatively evaluated using a scanning electron microscope
(SEM, Gemini Leo 1550) with an operating voltage of 3 keV. Histograms of the nanopore
diameters of TMS and TNT were generated with the image analysis software ImageJ (NIH,
USA) using three fields of view from two different samples per surface type, with at least 150
nanopores per micrograph. In addition, the thickness and structure of the oxide layer formed
upon the sonochemical treatment was evaluated using a transmission electron microscope
(TEM, Zeiss EM 912 Omega, Carl Zeiss AG, Germany) operated at 300 kV and equipped with
an electron-diffraction (ED) unit. High-resolution transmission electron microscopy (HRTEM)
was performed by TEM in a Philips CM30 operated at 300 kV. The samples were

ultramicrotomed (Leica EM FC6) and placed onto carbon-coated copper grids.
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Figure 1. Experimental protocol. Scaffold fabrication by machining, followed by the application of the
nanostructuring technique, either sonochemical treatment or anodic oxidation, to the scaffold. MC3T3-E1
Preosteoblasts are seeded (10° cells/cm?) on the scaffolds and cultured for 7 days. Tissue growth is quantified

by the phase contrast microscopy every day by measuring the projected tissue area (PTA) in each microchannel.

Atomic force microscopy (AFM)

Surface roughness measurements were performed using AFM in tapping mode. Analyses
were conducted using micro cantilevers OMCL-AC160TS-W (Olympus, Japan) with a nominal
resonance frequency of 300 kHz and a nominal spring constant of 42 N/m. Atomic force
micrographs of a scan size 3 x 3 pm? were made on three different places on the sample under
ambient atmosphere. Quantitative data about the values of surface roughness average (Img.
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R.) presented as mean over 3 measurements at different points on the surface, height profile,
and three-dimensional projections of the micrographs were obtained using the software
Nanoscope V614rl.

Contact angle measurements

Contact angle measurements were obtained using an optical tensiometer Kriss G23 M
(Germany) equipped with a digital camera and image analysis software. Sessile drop contact
angles of the air-water-substrate interface were measured three times over a period of 20 s on

at least three samples of each surface nanomaodification.
Cell culture model

A mouse calvarial preosteoblast cell line MC3T3-E1 was provided by the Ludwig Boltzmann
Institute of Osteology, Vienna, Austria. Preosteoblasts were cultured for 5 — 7 days in a-MEM
(Sigma-Aldrich, St. Louis, MO) supplemented with 10% (by volume) fetal calf serum (PAA
laboratories, Linz, Austria), 4500 mg/L glucose, 0,1% (by volume) gentamycin (Sigma-Aldrich,
Steinheim, Germany), 0,1% (by volume) ascorbic acid (Sigma-Aldrich, St. Louis, MO), and
maintained at 37°C with 5% CO; in a humidified atmosphere. Cells were passaged in total
three times every 48 hours by a dilution factor of 1/6. After reaching confluence, cells were
dissociated from culture vessels by incubating with pronase for 3 — 5 min and seeded onto
scaffolds at the density of 10° cells/cm?. Scaffolds were autoclaved before cell culture

experiments.

After 5 — 7 days, scaffolds were washed with phosphate buffer saline (PBS), fixed with 4%
paraformaldehyde in PBS, and permeabilized with buffered Triton-X100 (Sigma-Aldrich,
Steinheim, Germany) for 10 min at room temperature. Scaffolds were then thoroughly washed
with PBS and stained for 60-90 min with phalloidin Alexa488 (Invitrogen, Oregon, USA) (1:20)
in the dark at 4°C. After that scaffolds were thoroughly washed with PBS again, and stained
for nuclei with TO-PRO3 iodide (Invitrogen, Oregon, USA) (1:300) for 5 min at room
temperature. Scaffolds were washed with PBS, mounted with Fluoro-Mount (Southern Biotech)
in inverted position on the glass slides, and examined via confocal microscopy (Leica

Microsystems, Mannheim, Germany).
Microscopy and image acquisition

Each pore was imaged every 3 — 4 days using a phase contrast microscope (Nikon Eclipse

TS100, Japan) equipped with a digital camera (Nikon Digital sight DS 2Mv). All pictures were
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taken with a 10x objective, yielding the final image resolution 1 mm = 205 pxl. Imaging of the
stained scaffolds was conducted by using a Leica confocal laser scanning microscope (Leica
TCS SP5, Leica Microsystems, Mannheim, Germany). For doubly stained cells, phalloidin
(actin stain) was excited with the argon laser line at 488 nm and TO-PRO3 (nucleus
counterstain) with the He-Ne laser line at 633 nm. All images were captured with a PL

FLUOTAR obijective and collected in multichannel mode.

Tissue production in the pores was quantified as described in Bidan et al?¥ using ImageJ 1.47
(NIH, USA). Phase contrast micrographs were binarised, and the contrast in the images

enabled to distinguish the amount of tissue produced in the pores.
Statistical analysis

Data from experiments examining cell response are presented as mean * standard deviation
(SD) for three samples per each surface hanotopography. All experiments were repeated three
times, and the results of the individual experiments are presented. Data were evaluated by
one-way ANOVA, and the significance level of the groups’ means was determined using Tukey
test.

Results and discussion

Preparation and characterization of nanostructured 3D scaffolds

To study the impact of the first cell layer on 3D tissue growth, hexagonal 3D tissue engineering
scaffolds (Figure 2A, B) each containing 8 channels with cross sections of different shapes
(round, triangular, and square) of 500 um side length/diameter and 1000 um depth were cut
from the 1 mm thick Ti plate. Perimeters and areas of the microchannels with different shapes
are presented in Table 1. Sonochemical and electrochemical methods were applied to the
scaffolds for the nanomodification of the Ti surface with the production of mesoporous and

nanotubular titania surface layer, respectively.

Table 1. Perimeters (P, um) and areas (A, um?) of the microchannels of different shape.

Microchannel shape Perimeter, P [um] Surface area, A [um?]
Round 1570 108 x 10°
Triangular 1500 196 x 10°
Square 2000 250 x 103
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Scanning electron microscopy of the original unmodified Ti surfaces revealed that they are
relatively smooth at the nanoscale, with some submicroscale features caused either by
machining for obtaining the microchannels or acid-etching (Figure 2C, G). In contrast, titanium
surfaces that had received sonochemical or electrochemical treatment possessed
homogeneous nanostructured surface layers (Figure 2D-l). Statistical image analysis
(histograms are shown in Figure 2F, J) indicated that although the average pore diameters of
the nanostructures on TMS and TNT were 65 and 75 nm, respectively, TMS had a broader
pore size distribution than TNT. SEM images of the nanostructured scaffolds confirmed that in
case of both treatments similar nanostructural features were generated both on external and
internal surfaces, confirming the “non-line-of-sight” nature of these surface modification

treatments.

Anodic oxidation was previously successfully used to generate well-defined highly ordered
nanotubular titania topographies with diameters in the range of 60 — 11 nm and length of up to
650 nm on titanium mesh with complex geometry. B2 The titanium mesh consisted of about
100 um-thick titanium wires and contained about 9 openings/mm?2. The nanotubes were grown
in a radially outward direction around the titanium wire uniformly. The irregularities in
nanotubular layer were observed only between the titanium wires at the joints of the mesh. For
all chemical treatments, including anodic oxidation and sonochemical treatment, a direct
contact of the electrolyte/working solution etc. with the metal surface is a necessary
requirement for effective modification. @ Therefore, if two surfaces are squeezed together, as
two titanium wires in the mesh, the access of the electrolyte to the surface is limited, causing
surface irregularities. Sonochemical treatment was not yet been shown for the modification of
complex metal surfaces. However, it is a potentially industrially scalable process. For example,
the upscaling of the process can be achieved by using special arrangements of multiple
ultrasonic devices as was shown for the applications in food industry.’* Moreover,
manufacturers® of the ultrasonic devices offer a similar approach for the process upscaling
in other applications, such as metal surface modification, by aligning multiple ultrasonic
devices with respect to the area of the metal surface to be treated. In our study, sonochemical
treatment was used to generate sponge-like mesoporous TiO- layer, covering the internal and
external surfaces of the 3D titanium scaffolds. Thus, our observations support the general
utility of the sonochemical treatment for the modification of titanium scaffolds with complex

geometries, clinical and industrial applicability of this method.
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Figure 2. (A) Schematic structure of the 3D titanium scaffolds containing pores of different shape. (B) After
cutting the scaffold along the pores, SEM investigation of the surface nanotopography outside (1) and inside (2)
the pores could be performed. (C, G) High magnification images of the unmodified scaffold reveal that the surface
was relatively smooth. Conversely, high magnification images of nanomodified implant surface display
homogeneous coverage of nanostructures throughout exposed and non-line-of-sight areas. After the
nanomodification with sono- and electrochemical treatments, (D, E) TMS and (H, 1) TNT surfaces possessed
relatively high and homogeneous coverages of nanostructures. (F, J) Image analysis of TMS and TNT surfaces
revealed that the average nanopore diameter (when viewed from above by SEM) had very close values for both
nanomodifications in the range of 65 — 75 nm, but with different pore size distributions.

Three-dimensional tissue growth

To investigate how surface nanotopography influences tissue formation at larger length scales
than single cell layer, a series of experiments were performed in titanium scaffolds with 1000
pum deep pores (Figure 3).
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Figure 3. (A) Effect of surface nanotopography on MC3T3-E1 tissue growth in the microchannels of the square

shape. Phase-contrast micrographs showing ingrowth of cell in pore channels of TMS, TNT and unmodified Ti
scaffolds at different culture times of 2, 4, and 5 days. (B) Mean tissue layer thickness (calculated by the
normalization of the projected tissue area, PTA to the perimeter, P) as a function of culture time. Data represent

the mean value + SD, n=9.

Quantitative data on tissue formation kinetics were obtained from three cell culture
experiments over 7 days with nanomodified Ti 3D scaffolds containing 8 microchannels with
three different cross-section shapes (round, triangular, and square). The mean thickness of
the tissue layer (PTA/P)was estimated by measuring the projected tissue area (PTA) obtained
from the phase contrast microscopy images of the microchannels (Figure 3A) taken over a
period of 7 days, which was then normalized by the perimeter of the pore (P) to exclude the

dependence on the pore area (Figure 3B). The comparison between the substrates did not
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show significant differences between the growth rates verifying higher ones on TMS than on
unmodified Ti scaffold and TNT.

In addition, with every additional cell layer, the tissue adhesion to the substrate seems to
decrease. We observed the detachment of tissue from the microchannel walls of the
nanostructured scaffolds, whereas the tissue on the unmodified Ti was not affected (Figure
4B). This process can be driven by (1) the increase of tension from the upper tissue layers
transferred to the first layer, which is directly interacting with the substrate, and (2) by possible
non-homogeneous cell density in some regions, causing misbalance in the distribution of
tensile forces between single cells and cell layers and leading to detachment. Therefore, to
further verify this misbalance and investigate the role of the first cell layer and its adhesion in
3D tissue formation, the scaffolds with partial nanostructuring were produced by masking ¥ of
the scaffold and leaving another ¥z exposed to the nanostructuring treatment (Figure 4A). The
goal of this investigation was to find how cells interact growing simultaneously on two different
substrates. After 5 — 7 days, we observed tissue detachment from the TMS maodified part
(indicated by the arrows) and its rolling towards the unmodified part of the scaffold as shown
in the fluorescent micrographs obtained with the Z-stack (Figure 4C). This phenomenon could
be a consequence of the dominance of stress forces towards the unmodified part, caused by
the stronger tissue adhesion on unmodified Ti than on nanostructured surface as shown in
Chapter 3.

Multiple studies showed the impact of surface characteristics, such as topography, stiffness,
and chemical composition, on cell and tissue growth both in vitro and in vivo (see Review!®?).
However, little is known about the effect of nanotopography on 3D tissue growth.
Microchannel-containing scaffolds were previously used to investigate an effect of surface
geometry on bone like tissue growth.?”?°l The tissue growth kinetics in such systems were
found to be independent of substrate stiffness, since further cell proliferation and differentiation
occurs inside the cells own matrix.B4 In this study, to investigate the effect of surface
nanotopography on 3D tissue growth, we performed a quantitative analysis of tissue growth
rate within different microchannels of the 3D Ti scaffolds. The amount and the shape of the
tissue produced by MC3T3-E1 preosteoblasts in the microchannels with nanostructured
surfaces were quantified in term of PTA obtained from the phase contrast images taken over

a period of 7 days.

As verified by confocal laser scanning microscopy, preosteoblasts were shown to proliferate
and form a tissue-like network into the depth of the nanostructured Ti microchannels. Similar

to the previous studies, the tissue growth behavior within the Ti microchannels followed the
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Figure 4. Tissue behavior in the microchannels with partial nanostructuring. (A) Schematic of partial
nanostructuring of 3D tissue engineering scaffolds. (B) CLSM images with nuclear (red) and actin (green) staining
showing bone tissue in the microchannels with TMS or TNT nanotopography inside and unmodified Ti. Tissue
detachment is indicated with arrows. (C) Z-stack showing tissue detachment from the TMS modified part of the

scaffold.
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same steps as within the HA and PDMS scaffolds. First, the tissue formation started in the
corners of the polygonal channels, whereas the tissue grew uniformly within the round
channels. The differences in tissue thickness between the channels with different

nanostructuring were most pronounced in the corners of the triangular channels. Second,
further tissue amplification led to the rounding of the corners and the formation of the round
central opening. With further tissue growth, the opening was reducing with time by gradually
becoming filled with tissue. In some cases, we observed the complete opening closure after 7
days of tissue growth. However, the opening closure was not due to the tissue amplification
and its filling into the microchannels, but due to the tissue detachment and its displacement,
causing the misleading observations. Moreover, similar to previous studies with MC3T3-E1

cells, the tissue formation rate on Ti scaffolds showed an initial linear growth phase.

A @ Single cell behavior ﬁ

TMS

Time in culture
PTA a7

Tissue formation

[ 0 Focal adhesion —— ECM fiber —— ECM fiber ~~""3D-matrix adhesion]

Figure 5. Schematic of tissue growth on TMS and TNT modified scaffolds based on the literature interpretation
of the obtained results. (A) The titanium surface nanotopography affected single cell behavior and, in particular,
cell proliferation, cell morphology (spreading, thickness), and cell adhesion. For example, the cells of the model
cell culture were developing spreaded morphology with multidirectional protrusions and fibroblast-like
morphology on TMS and TNT, respectively. Moreover, TNT strongly diminished cell adhesion as confirmed by
the quantification of focal contact points. (B) The cell morphology and proliferation of the first cell layer may have
an effect on the structure and the formation rate of the 3D tissue. The tissue formation rate is higher and the

structure is denser on TMS than on TNT.
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As shown in Chapter 3, the behavior of the first cell layer directly contacting the surface was
affected by the nanotopography, in particular, proliferation, morphology, adhesion, and
migration (Figure 5A). First, at the level of the single cell layer, cell proliferation on TNT was
diminished compared to TMS and unmodified surface. Second, cells seeded on TMS displayed
a spread morphology with multidirectional protrusions. In contrast, cells seeded on TNT
displayed fibroblast-like morphology with unidirectional protrusions, indicating their migratory
behavior. The effects of hanotopography on cell proliferation and cell morphology were still
visible after 5 days of tissue growth (Figure 5B). Due to the lower number of cell nuclei and
elongated morphology of cells on TNT, the tissue on TNT after 5 days displayed a loose
structure with some surface still uncovered with cells. In contrast, the tissue on TMS and Ti
displayed was denser with big number of cell nuclei and closer cell packing. Surprisingly, no
significant differences between the surfaces were observed in tissue network formed in the

corners, as indicated by the measurements of the mean tissue layer thickness.

Importantly, surface nanotopography affected cell adhesion. The number of focal contact
points on both nanostructured surfaces was lower than on unmodified Ti, as indicated by the
immunofluorescent staining of the first cell layer. Thus, cell adhesion on both nanostructured
surfaces was diminished compared to the unmodified surface. This finding is however true only
for the first cell layer, and it is challenging to quantify cell adhesion at later periods of tissue
formation. Most of our current knowledge about cell adhesion is based on in vitro studies
carried out with 2D cell cultures on unnaturally planar rigid substrates. The best-characterized
adhesions formed by fibroblasts on 2D substrates are focal adhesions (FA) (also focal
contacts) and fibrillar adhesions (FbA). In addition, Cukierman and co-workersf®5-3¢l
characterized the composition and function of so-called 3D-matrix adhesions (3D-MA), formed
in 3D matrices derived from tissue or cell culture. 3D-MAs differ from focal and fibrillar
adhesions formed on 2D substrates in the content of cytoskeletal components, biological
activity and integrin usage. Due to their distinctive from classical 2D adhesions composition,
localization and function, 3D-MA may be more biologically relevant. Based on these findings,
Cukierman and co-workers proposed the cell adhesion maturation model illustrating the
relationships and, most importantly, the evolution of cell-matrix adhesions in vitro. According
to the proposed model, these three types of adhesions reflect different stages of interaction of
cells with the ECM. Moreover, all types of matrix adhesions are related and appear in a specific
consequence. Each type of adhesion is formed and disrupted in a dynamic, cyclical manner
through sequential recruitment and loss of different integrin receptors, cytoskeletal and

signalling molecules from the cytoplasm.
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To date, the tissue maturation stages can be observed mainly by immunofluorescent labelling
of different integrin-complex proteins involved in adhesion formation such as integrin and
paxillin. This method indicates which type of cell adhesion is present at the particular stage of
tissue growth, but it may not provide an adequate quantitative estimation of the strength of
cell-substrate or cell-cell interactions within a tissue. Our approach to partially modify the 3D
scaffolds allowed to investigate the effect of surface nanotopography on tissue behaviour. The
observations of tissue detachment from the nanostructured surface and its rolling towards the
unmodified part of the scaffold provided the strong evidence that the adhesion of the first cell

layer could play a crucial role in 3D tissue formation.
Conclusion

In the present study, a simple and non-line-of-sight ultrasonic-based surface modification was
highlighted for the superimposition of nanoscale structures on Ti scaffolds (as revealed by
SEM and AFM analysis). In the proposed model, two surface nanotopographies with similar
surface chemistry, but different order of nanotopography were examined — disordered HIUS-
generated TMS and ordered TNT surfaces. These two nanostructured titania surfaces possess
similar surface chemistry, but different nanotopography. In this study, the cellular responses
of MC3T3-E1 preosteoblasts on the sono- and electrochemically nanomodified surfaces of
titanium 3D tissue engineering scaffolds have been compared to evaluate how long
nanotopography affects tissue growth. For this purpose, the growth kinetics of 3D tissue
formation was investigated within the microchannels of the Ti scaffolds with different surface
nanotopographies. Surprisingly, no significant differences in mean tissue layer thickness were
observed between the surfaces. However, tissue detachment from the nanostructured
scaffolds and its rolling towards the unmodified part of the scaffold in case of partially
nanostructured scaffolds indicate the potential role of the nanotopography-modulated first cell
layer in 3D tissue formation. These findings support the conclusion that the successful
osseointegration of an implant-relevant material depends on the contribution from the first cell

layer, especially, its adhesive behavior, and indicates its importance in 3D tissue growth.
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Chapter 4. How Important Is the First Cell Layer for Tissue Organization: Surface

Nanostructuring and Tissue Growth in 3D Titanium Microchannels?

A

B
m
Figure S1. Example of a 3D tissue engineering scaffold design developed to confirm the “non-line-of-sight”
nature of the nanomodifications strategies. (A) Scaffold consists of two Ti parts with one part having 500 pm-
sized square openings and a Teflon frame holding two parts together during the nanomodification treatment
(sono- or electrochemical). (B) Surfaces of interest are depicted with arrows 1 and 2, pointing at the external

plain surface of the scaffold and at the internal walls of the microchannnel, respectively. SEM measurements are

performed at these regions.
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Chapter 5. General discussion

The main goal of this thesis was to understand how surface nanotopography modulates cell
and tissue behaviour. Chapters 1 — 4 present the key findings of this research question in the
form of four first-author publications. Two additional publications are given in the Appendices.

Back to the objectives

First, the scope of this thesis was introduced by the literature review (Chapter 1) highlighting
the methods for titanium surface nanostructuring. In particular, this review chapter highlighted
electrochemical and sonochemical methods for nanostructuring, as well as the known effects

of titanium surface nanotopography on cell behaviour.

Next, the straight-forward method of sonochemical formation of mesoporous titania surface
(TMS) under HIUS treatment in alkaline solution was presented in detail (Chapter 2). The main
results of this study are the following:

e Short (5 — 15 min) HIUS treatment in alkali conditions has induced the formation of a
sponge-like titanium dioxide surface layer. This layer possesses nanoscale surface
roughness and is highly hydrophilic as verified by AFM and contact angle

measurements, espectively.

e The formation of the interpenetrating nanostructured titanium dioxide layer on bulk Ti,
verified by HRTEM, indicates its strong integration with a bulk metal. This is the first
indication that the sonochemical treatment can be potentially applied for large-scale

surface modification.

e Good cytocompatibility of TMS was confirmed using the MC3T3-E1 preosteoblast cell

line.

Due to its unique nanotopography, physicochemical properties and biocompatibility,
sonogenerated mesoporous titania (TMS) is a potential candidate for biological applications.
In comparison to well-studied nanotubular titania (TNT) and a glass control, mesoporous titania
was used to investigate the cell-nanotopography interactions at the early stages of tissue
growth as shown with a MC3T3-T1 preosteoblast cell culture model (Chapter 3). The main

results of this study are the following:
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Cell proliferation on TNT was diminished in comparison to TMS and the glass control.

Cells on TMS and glass control developed spread morphology with multidirectional
protrusions. In contrast, cells on TNT developed fibroblast-like norphology with

unidirectional protrusions.

Cells exhibited lower number of focal contact points on both nanostructured surfaces
than on glass control. However, the co-localization analysis of focal contact points
indicates the formation of the stable mature adhesions on TMS and unstable nascent
adhesions on TNT.

The highest cell migration speed was observed on TNT, which is in good agreement
with observations of migratory polarized cell morphology and formation of unstable

nascent adhesion points exhibited by cells on TNT.

The distinct nanotopography-modulated cell behaviours indicated a role of hanotopography in

early tissue formation, leading to the next study, making the step towards understanding of the

cell-nanotopography interactions in 3D tissue (Chapter 4). The main results of this study are

the following:

The 3D scaffolds treated either sonochemically or electrochemically possessed
identical nanostructural features on both external and internal surfaces as verified by
SEM. This observation confirms the “none-line-of-sight” nature of these surface

treatments and their potential to large-scale surface modification.

The thickness of the tissue layer formed after 7 days of growth did not show significant

differences between the surfaces.

On partially modified 3D scaffolds, tissue detachment and its rolling towards the
unmodified part of the scaffold were observed, indicating poor adhesion to the

nanostructured Ti surface.

Thus, the results suggest the potential of the surface treatments discussed in this thesis, in

particular of sonochemical treatment, for the modulation of cell behaviour and the potential

application of these methods for larger-scale surface modification. However, further studies

deeper investigating molecular mechanisms and HIUS effects should be performed.

Implications of the study
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In the studies shown in this thesis, we looked at the modified Ti surfaces with uniform
nanofeatures. However, there would also be interest in producing and investigating surfaces
with non-uniform nanofeatures. One reason to introduce surface nanopatterning would be to
produce gradients in structure that mimick closely those seen in Nature (see Review ?¢). To
achieve this future work is required to develop the HIUS technique to allow for the formation
of metal surfaces with multihierarchical patterned topographies. Such surface patterning could
be performed either by tilting of the metal surface under the sonotrode or by surface masking.
In addition to allowing controlled patterning/nanostructuring. Such control of the HIUS
technique would also be useful in gaining a deeper understanding of the sonochemical
methodology for metal modification.

The potential for micropatterning of the Ti surface using HIUS has already been demonstrated
recently by surface masking.?”? The initial aim of these studies was to gain knowledge of
cavitation process at the solid surface in the HIUS treatment. Firstly, a model of heterogeneous
nucleation of cavitation bubbles was formulated.?®! By changing the surface energy (initial
wettability of the patterned surface) it is possible to achieve a selective control of the
heterogeneous nucleation of gas bubbles near the solid-water interface. Higher contact angles
cause a lower energy barrier, and therefore cavitation effect and surface nanostructuring are
more pronounced at hydrophobic surfaces.?*3% These works are of great interest for biological
and biomedical applications. They provide not only a significant contribution to the investigation
of acoustic erosion on metals, but also propose new application of HIUS treatment for the
production of patterned metal surfaces with defined physical or chemical properties. However,
it is still not clear whether surface tilting during sonication could play a role in the resulting
surface topography. In the theory of acoustic cavitation, different factors can affect cavitation
bubble behaviour such as effects of gas and particulate matter, viscosity, applied frequency,
and temperature.®Y The distance from the sonotrode may also affect the final surface

propertiest?, which may be able to be used to create novel surface nanostructuring.

For example, formation of structural gradients with nanopore topography using angled
arrangement of the surface during the electrochemical anodization has been shown by Kant
et al.B¥ It is well-known that the diameters of anodic aluminum oxide (AAO) pores formed
during anodization can be controlled by various factorsi® such as voltage #° and by inter-
electrode spacing!®®l. A distinct anodization condition with an asymmetrically distributed electric
field was created due to the angular arrangement between the electrodes in order to achieve
gradual distribution of the current density and temperature. Structural, optical and wetting
gradients on aluminum were prepared in this manner. Characteristic brushlike structures were
observed at the point closest to the cathode. As the distance between the electrodes
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increased, the gradual decrease of brush length was observed till the formation of a very short
nanotip structure. Moreover, the biological study®® has demonstrated that pore organization
has an influence on the orientation, morphology and attachment of neuronal cells. The most
extensive cell response was found on the surfaces with mixed pore and brush structure, where
the cells exhibited some neuritelike phenotype with cytoplasmic processes and the most
extensive cell-cell interactions. Cells cultured on pores without brushes and tips structures had
a more neuritelike phenotype with long bipolar cytoplasmic processes, similar to the axon and
dendrite emerging from opposite ends of a neuronal cell. These cells had their neuritelike
processes that aligned with the direction of the pore structures.

In Chapters 2 and 4, we investigated a potential application of the sonochemical treatment for
larger-scale surface modification of Ti. We have shown (1) formation of the interpenetrating
nanostructured titanium dioxide layer on bulk Ti, verified by HRTEM, indicating its strong
integration with a bulk metal; (2) formation of the identical surface nanofeatures on the external
and internal surfaces of the 3D scaffolds, verified by SEM, indicating the “non-line-of-sight”
nature of the sonochemical treatment. However, how complex the geometry of the scaffold
can be to be modified effectively still remains unclear. Further scaffold geometries with various
shapes and dimensions should be thoroughly examined in future work to find the spatial limits

of the modification method.

The amount of the tissue formed in the 3D scaffolds did not show a significant difference
between the surfaces. However, differences in tissue structure have been verified by the actin
staining. Dense tissue was observed on TMS and Ti scaffolds, whereas loose tissue with not
complete covering of the scaffold was observed on TNT. We suggest that these differences in
3D tissue could have a connection to the observations of the early-stage cell behaviour made
in Chapter 3. For example, due to diminished cell proliferation and fibroblast-like morphology
of cells on TNT, complete surface coverage was not achieved on this surface even after 5 days
of growth. Moreover, we observed tissue detachment from the nanostructured surfaces, also
its rolling towards the unmodified part of the scaffold with partial nanostructuring, suggesting
poor adhesion on nanostructured surfaces. The results provided in Chapter 3 indicated that
each surface, TMS and TNT, induced specific cell adhesion. As verified by the amount of focal
contact points and their colocalization with F-actin, cells on TMS tend to develop stable mature
adhesions, whereas cells on TNT develop nascent unstable adhesions. This observation goes
in line with the polarized cell morphology and high migration speed on TNT indicating cells
migratory behaviour on TNT. To study cell adhesion in Chapter 3, we performed
immunofluorescent staining for vinculin as one of the best studied integrin-complex proteins
widely used for labelling cell adhesion (see Review B7, B8) However, this information is not
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enough to make conclusions on the adhesion maturation stages, which cells develop on Ti
surfaces, and more studies investigating adhesions turnover are required. One of the most
informative approaches to study adhesion turnover would be to set-up a time-lapse
analysis/life cell imaging® to follow focal adhesion persistence over time as was previously
shown in the similar studies with Ti surfaces.l“>4Y Fluorescently labelled markers such as
paxillin should be used for the determination of early adhesion; zyxin, p130Cas, etc. — of late

adhesion (see Reviews [4243),

Thus, we already have some indication of poor adhesion in 3D system, but further investigation
of molecular mechanisms and their interplay within 2D and 3D systems is necessary. It is likely
that the dimensionality of the matrix contributes to adhesion organization. The relative cellular
distribution of the different types of adhesions is dependent on the composition and mechanical
properties of the ECM (see Review ¥2). The size of adhesions in cells in 3D matrices
resembles those formed by cells on more pliable soft substrates, having smaller and more
dynamic adhesions. The adhesions of cells attached to large collagen fibres are large and
oriented along the fibres in a 2D-like organization.*4Therefore, to understand the poor
adhesion in the 3D system described in Chapter 4, we propose two further studies: (1)
investigation of the ECM composition/dimensionality/fibre orientation by (immuno)fluorescent
staining for the ECM proteins such as fibronectin, vitronectin, laminin and various collagens;=®
and (2) investigation of the viscoelastic properties of the ECM by means of AFM force
spectroscopy. To visualize the supramolecular assembly of collagen structure, second-
harmonic generation (SHG) microscopy can be used as a new powerful tool.**! AFM is also a
powerful tool, which can be used not only due its high-resolution imaging capabilities but also
for sensitive force measurements.* It can be used to study cell-substrate and cell-cell
interactions by measuring the mechanical forces generated in the 3D system. Several
processes such as adhesion, force generation by moving cells and dynamic reorganization of

the cytoskeleton can be observed by AFM force spectroscopy.

To conclude, the data presented in this thesis contribute to the current body of literature on
mechano-chemical interactions taking place at the cell-surface interface within 2D and 3D
systems. However, much more remains to be learned about the dynamics of molecular
mechanisms and signaling at cell adhesion sites on different surfaces. Therefore, we propose
at least four more directions for further research: (1) development of surface nanopatterning
strategies with sonochemical treatment by means of angular arrangement of the surface within
the experimental setup; (2) determination of the limiting geometrical features (shapes,
dimentions) for 3D scaffold modification with sono-and electrochemical treatments; (3)

investigation of adhesions turnover by means of time-lapse imaging of the fluorescently
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labelled early- and late-adhesion markers; (4) investigation of the ECM composition and its

viscoelastic properties by means of SHG and AFM, respectively.
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Conclusions and perspectives

The present thesis focuses on the understanding how the surface nanotopography affects cell
and tissue growth. Surface nanostructuring has a great potential for biotechnological and
biomedical applications such as anticorrosive and antibacterial surfaces, encapsulation, and
modulation of cell behavior. The literature review of the topic provided the background
motivation of the present thesis (Chapter 1). The enthusiasm for surface modifications arises
from their versatility, physicochemical properties of the produced surfaces, their
biocompatibility, and large specific surface area. However, the majority of the nanostructuring
methods have some major limitations, since they cannot be applied for large-scale
manufacturing, in particular, for nanostructuring of commercial or other implant-relevant
scaffolds/devices of complex geometries. Therefore, this thesis presents a new platform for
titanium surface nanostructuring, which allows for effective scalable modification of Ti surface

and production of porous titania surfaces suitable for biological applications.

For this purpose, mesoporous titania surfaces (TMS) have been fabricated by a method based
on high-intensity ultrasound (HIUS) treatment in presence of alkali solution (Chapter 2). This
work has contributed to the fundamental understanding of the mechanism of acoustic
cavitation at the titanium surface in combination with alkali treatment. This method allowed for
a precise control over physical, chemical, and structural properties of the titanium surface by
controlling the treatment parameters such as ultrasound intensity and duration of treatment.
Sonication in alkali conditions has induced changes of surface nanotopography, wettability,
and crystallinity of the titania surfaces. Short (5 — 15 min) HIUS treatment was sufficient for
formation of a nanostructured titanium dioxide surface with high porosity and wettability as
verified by AFM and contact angle measurements, respectively. Moreover, the formation of the
interpenetrating nanostructured oxide layer on bulk Ti was verified by HRTEM, thereby
indicating its high bonding strength and firm integration with a bulk metal and, therefore, the
potential suitability of this method for large-scale surface modification. Furthermore, cell culture
studies using the MC3T3-E1 preosteoblast cell line confirmed good cytocompatibility of TMS

surface, thereby indicating its potential for biological applications.

The potential of the TMS surfaces was then tested in two studies, aiming to investigate the
effect of surface nanotopography on single cell behavior (Chapter 3) and 3D tissue formation
(Chapter 4).
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To investigate the effect of surface nanotopography on single cell behaviour (Chapter 3), two
titania nanotopographies have been used: mesoporous titania (TMS) and nanotubular titania
(TNT). TMS and TNT were fabricated by the novel sonochemical method, presented in Chapter
2, and by the well-studied electrochemical method, respectively. These two surfaces possess
distinct nanotopographical features of titania, but similar surface chemistry: (1) disordered
sponge-like nanotopography of TMS and ordered nanotubular titania of TNT was detected by
SEM; (2) the surface roughness at the nano-scale was in the range of 20 — 35 nm for both
surface modifications as verified by AFM; (3) both surfaces are highly hydrophilic (contact
angle below 15°) as detected by contact angle measurements. Next, the MC3T3-E1l
preosteoblast response (proliferation, morphology, adhesion, and migration) to these surface
nanotopographies has been investigated. First, cell proliferation was affected by
nanotopography, i.e. TNT diminished proliferation in comparison to TMS and the control glass
surface. Second, cell morphology was affected by nanotopography: cells exhibited a spread
morphology with multidirectional protrusions on TMS and fibroblast-like morphology with
unidirectional protrusions on TNT. Third, immunofluorescent staining against vinculin verified
a diminished cell adhesion on both nanostructured surfaces in comparison to the glass control.
Finally, a quantitative wound healing assay in combination with live-cell imaging allowed to
estimate the migratory behaviour of cells on surfaces. The analysis of the mean migration
speed and the mean amount of neighbouring cells confirmed that the cell migration on TMS
has a more collective character than on TNT and control. Thus, the findings of this study
indicated distinctly different cell adhesion and migration on ordered and disordered titania
nanotopographies, providing important information that could be used in optimizing titanium-

based scaffold design.

Next, the role of surface nanostructuring in 3D tissue formation was investigated (Chapter 4).
For this purpose, the 3D scaffolds with microchannels of different shape and size, previously
designed for investigation of the curvature-controlled 3D tissue growth,?2-25 53 were fabricated
out of bulkk Ti and were modified by the two nanostructuring methods (sono- and
electrochemical). First, SEM has showed that in case of both treatments both external and
internal surfaces of the scaffold possessed similar nanostructural features, thereby confirming
the “none-line-of-sight” nature of these surface treatments and their potential to larger-scale
surface modification. Second, the rates of 3D tissue growth in the microchannels have showed
only mild differences between the surfaces. However, the tissue grown on TMS has shown the
detachment and, additionally, on surfaces with partial nanostructuring rolling towards the

unmodified part of the scaffolds. Such tissue behaviour was not detected on unmodified
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scaffolds, suggesting that the diminished adhesion of the first cell layer may have caused the
observed tissue detachment after 7 days of growth. Moreover, the tissue structure was
different on the surfaces: due to diminished proliferation and cells fibroblast-like morphology
on TNT, the 3D tissue exhibited loose structure and was not reaching the complete coverage.
Thus, the results suggested that the tissue formation rate, structure, and detachment of the
tissue formed in the microchannels of the scaffolds could be affected by surface
nanotopography, indicating important implications towards the understanding of the effect of
nanotopography on tissue formation as well as towards the scaffold design for improved

implant osseintegration in vivo.

To summarize, the titania surfaces presented in this thesis modulated the in vitro cell response
and 3D tissue formation. Their performance was due to their distinct physicochemical and
biological properties, such as biocompatibility, nanotopography, porosity, hydrophilicity, etc.
Therefore, these nanostructured surfaces show potential for a wide range of biotechnological
and biomedical applications. Moreover, due to photocatalytic properties of titanium dioxide,™
nanostructured surfaces can be employed for the development of smart stimuli-responsive
systems for modulation of cell behaviour. For example, the system containing the TMS
surfaces presented in this thesis and a pH-responsive LbL coating has been recently shown
to guide cell migration. Further work is on-going on the development of “intelligent” titania-
based hybrid polymer systems for biological applications as well as on further understanding

of the mechanisms of the nanotopography-modulated cell adhesion.
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My Contribution: | performed titanium surface nanostructuring and discussion of cell culture

experiments.

The adhesion of cells to surfaces, as well as their proliferation, migration, and differentiation,
is guided not only by chemical functionalization but also by surface nanostructuring,
nanotopography.[1] Nano-patterned titanium surfaces are one example in which the scale of
patterning controls the size of focal adhesions.[2] Nanoscale disorder in surface structure can
be used to stimulate cell differentiation[3] or can also be used to maintain stem cell phenotypes
over long times.[4] Nanoroughness modulates cells interactions and function via
mechanosensing.[5] These all suggest that the careful control of surface nanostructure of such
important as titanium (Ti) biomaterial[6] could be a useful tool to achieve desired cellular

responses.

We first time highlight that ultrasonic treatment is able to produce surface porous sponge layer

in Ti. We find it great technological advances that Ti can be also modified with high-
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intensity ultrasonic treatment. We really think that presenting high-intensity ultrasonic
technique for Ti nanostructuring increases interest of scientists to the technique. Great
advantage of our methodology is a large number of synthetic parameters which can be
optimized to tune surface nanostructuring in a controllable manner. Moreover, this
methodology will be very interesting in future to provide single-step hybrids and effective
loading of porous structures with active chemicals. We compare our methodology with more

known for bio-application anodization for surface nanostructuring.

Anodization leads to TiO, nanotube arrays covering the surface of titanium and is one of the
most studied methods to develop porous surface nanotopographies with controlled pore
sizes.[6] It has been demonstrated in cell culture experiments on TiO2 nanotube arrays of
different sizes that adhesion, proliferation, and migration of mesenchymal stem cells are
optimal on ordered nano-pore arrays with spacings in the range of 15-30 nm; these length
scales also lead to significantly less apoptosis than on 100 nm structures.[7, 8] It should be
taken into account that nanostructuring does affect cell function at many levels but in a cell
specific manner, and smaller surface features (50nm) tend to favor cell proliferation in

comparison to larger features (300 nm).[9]

Anodization requires a conductive substrate, is difficult to use over large surface areas, and
uses aggressive media for synthesis.[6] Recently, we have shown that ultrasonic treatments
in agueous media can produce surface porosities in various size-ranges also below 100 nm in
metals such as Al or Mg.[10] Here, we demonstrate that such nanostructuring can also be
effectively induced in an important biomaterial, titanium, by investigating its influence on cell

behavior in comparison to the well-established electrochemical method.

To this end, we investigate the response in terms of morphology, adhesion, proliferation, and
differentiation of C2C12 cells on a glass substrate and on three different titanium/TiO2
surfaces: a titania mesoporous sponge layer (TMS) formed by ultrasonication, a titania
nanotube layer (TNT) with comparable porosity formed by anodization, and an unmodified

titanium surface (Ti) covered with a flat native oxide layer (Figure 1).

We focus on medium porosity (40—70 nm) nanostructures, which can be potentially used for
surface drug delivery[11] while still allowing for cell adhesion and survival. It is seen from
histogram, Figure 1, that the average pore size analyzed for TNT and TMS is the same, ca.
70 nm, however, for ordered TNT it is narrow pore size distribution and for disordered TMS the
pore size distribution is broader to TNT. The critical value for TNT surface, as was shown
before, are the pores more than 70 nm, critical cell fate level. To compare novel nanostructured

surface of TMS with TNT, we analyze for both of the surface relatively large
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Figure 1. Schematic view of the two techniques used for titanium surface nanostructuring for following
nanotopography-guided cell behavior and a view of the corresponding resulting surfaces formed by modification
of initial flat titanium surface (shown in (a)); SEM of the sonochemically formed under high-intensity ultrasonic
treatment (HIUS) titania mesoporous sponge layer (TMS) (b) and anodized titania nanotubes layer (TNT) (c).
Insets (b, c) are TEM (slice-microtome) images of a cross-section through the TMS interface, side view (b),
through the TNT, top view, and histograms of pore size distribution on TMS and TNT.

nanopores, 40—70 nm, to be close to fate level of TNT to see either TMS fate level is different.
Indeed, our assumption, that for disordered TMS cell fate level is higher. Ultrasonication is
known to produce surface modifications, including mechanical damage, through high-speed
liquids jets, and shockwaves generated upon the asymmetric collapse of cavitation bubbles
near a surface.[12] These mechanical effects have been considered by many as negative, as
they may give rise to significant erosion and abrasion, such as cavitation damage on ship
propellers and artificial heart valves.[13] However, the mechano-chemical effect of cavitation
has been shown to be useful for practical applications in the modification of solid surfaces

(roughening, cleaning, and formation of metal sponges), using liquids as benign as water.[14]

In the case of metals, the local conditions achievable under ultrasonic treatment etch and
oxidize the surfaces leading to the formation of up to 300-nm-thick sponge-like crystalline
surface layers, well-adhered to the bulk metal.[10] The TMS layer produced under ultrasonic
treatment on Ti, shown in Figure 1b (inset), has high adhesion to the bulk metal. The surface
metal sponge covered with oxide layer is porous, has a high surface area, and is covered by
active OH-groups. Furthermore, such sponges combine the beneficial properties of metals with
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a porous structure to give unique physical and mechanical properties such as low density, high
surface-to-volume ratio, high thermal shock resistance, and high specific strength.[14]
Moreover, the shape of the sonotrode can be adjusted for particular applications and allows

easy madifications of large surface areas, as well as micron scale surface patterning.[15]

In order to compare the role of surface nanotopography for cell behavior only and not the effect
of surface chemistry, we anneal all three types of compared surfaces, Ti, TMS, and TNT, at
450 °C for 3 h after surface modification to remove any organic contamination and to form a
surface anatase oxide layer as confirmed using Raman spectroscopy (data not shown). In the
case of TNT samples, heating the samples after anodization is an important technological
step[6] to crystallize the oxide layer and burn difficult to remove residual organic components,
remaining in the pores. In the case of TMS, the surface is already covered with a partially
crystalline oxide layer immediately after treatment, due to the high local temperature that is
achieved by the high-intensity ultrasonic treatment. In our case, resulted annealed layers have
peaks of just anatase. Concerning TMS layer which already has some partial crystalline before
annealing, annealing at 450 °C results also in anatase structure, however, not shown in this
paper, some condition of initial sonication can further result in rutile. In following, it can be in
focus how surface photoactivity which is different for different crystalline modification of titania,
effect cell growth under the same surface morphology.

The hydrophilicity for both treated samples (TNT and TMS) was found to be very high, upon
initial wetting, with a contact angle of 5.4° +0.8° for TNT and 5.2° £ 0.7° for TMS; after 5 min,
the contact angle was 0.0° £ 0.0° (p = 0.05) for both samples, compared to the initial unmodified
sample where the contact angle was 80° + 2°. Besides, the common characteristics of surface
chemistry and porous topography, TMS and TNT surface have different pore orientations:
semi-ordered in the case of TNT and disordered in the case of TMS focusing the present study
on the difference between ordered and disordered surfaces, with straight and random sided
walls. lons presented in the solution during porous structures development can dope titania
layer. It is very interesting question, effect of doped ions from electrolyte to cell behavior. In
the presented case of TMS, we treated in solution of NaOH. Other solutions with different ion
size and ability to go into structure of TMS can be used, e.g. LiOH, KOH. Morphology of TMS
is not effected with type of cation and is similar, presented in Figure 1 for TMS. The effect for
following cell growth of Li*, Na*, K" was in the statistical error, not detectible. However, not
shown in this paper, different cations size results in doping of titania and drastically change
photoactivity of the surface, which can be used in following to guide cell migration with different

efficiency for lab-on-chip application.
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Interactions between biomaterials and host tissues are controlled by nanoscale features
because of the three main reasons: cells grow on nanostructured extracellular matrices;
biological events (signaling, cell-substrate interactions) occur at the nanometric level;
adsorbed proteins and their aggregates are a few nanometers in dimension. In the paper, three
biomaterial substrates (Ti, TMS, TNT) are at nanoscale different in the following morphological
parameters: i) in surface roughness, ii) in pore size, and iii) in regularity of the nanopore
arrangement. Each of these three parameters can critically control cell behavior. Meaningful
comparisons can be drawn with studies that have used a similar surface modification technique
(i.e., anodic oxidation or sonochemical modification), since although the surface roughness
may be identical, but the physicochemical characteristics of the surface (wettability, surface
energy, etc.) can be completely different. In our case, we have shown that TMS is unique and
have higher critical fate rate in comparison with TNT, which is in focus of this paper, however,
in the following the focus can be as was suggested, for example, to detailed comparison of just
sonochemically formed TMS from different solutions, such as LiOH, NaOH, KOH, and CsOH.
The formation of the same nanotopography can allow to go deeper into understanding the
effect of ions for cell behavior on the surface as well as surface photoactivity. To move to the
direction of just TMS before, it is idea to see it in comparison with well characterized and
described in the literature TNT to have idea of its effect to cell. Thus, for TMS and TNT the first
parameter i) surface roughness was Ra = 30 nm which is higher to vacuum-deposited layer of
titan after its thermal oxidation (Ra = 5 nm). Critical to compare TMS and TNT are two other
parameters ii) in pore size, and iii) in regularity of the nanopore arrangement. ii) Average pore
size is comparable for TMS and TNT = 70 nm, however, for TNT it is very narrow pore size
distribution and for TMS it is much broader due to also the iii) parameter: regularity of the
nanopore arrangement. Taking together it is expected that i) roughness effect positively to TNT
and TMS in comparison with initial thermal-treated titania; ii) cells on 270 nm on TNT have
been reported to be less effective in cell adhesion and proliferation, however, here we are
interested in use of porosity 40—-70 nm for following drug delivery and to find the system where
pore size 270 nm can be fine for the cell, from this point TMS was expected to be better that
TNT due to broad size distribution; iii) unregularly TMS structure in comparison with TNT

should be also more preferable for the cells.

To test the surfaces, we employed C2C12 cells as a model cell line which is capable of
differentiating along several lineages and is used as a model system for osteogenic and
myogenic differentiation.[16] We first investigated C2C12 cell adhesion and proliferation on
different surfaces (Figure 2). Cells proliferated well on all of the surfaces, however,
nanostructuring of Ti affected cell proliferation rates. For cells grown on the control titania and

TMS surfaces, the cell density increased significantly with increasing culture time (Figure 2a,
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b, c). The density of cells in the case of TNT was much lower in comparison to glass, titania,
and TMS (Figure 2d). After 24 h, C2C12 cells on the Ti and TMS surfaces had reached a
density of approx. 200 cells mm~2, while cells on the TNT surfaces had reached a density of
only 50 cells mm~2 (Figure 2e, f). No significant difference in the cell density was observed
between Ti and TMS, suggesting a negligible effect of irregular porosity even above 70 nm

size for cell viability and growth. After 48 h of culture, cells grown on the Ti and

TMS surfaces had further increased cell number to a similar extent, while hardly any

Figure 2. The representative optical micrographs after one day of C2C12 cell growth on different substrates:
glass (a), unmodified titanium (b), sonochemically formed TMS (c), and TNT nanotubes formed by anodization
(d). Insets depict individual cell morphologies on different surfaces, such as “star-like” in the case of TMS and
spindle-like cell morphology in the case of TNT. (e) Cell density on different surfaces as culture time prolonged.
(f) Quantification of the percentage of shaped cells on different surfaces after one day of culture. Bar charts
represent means = SD from three replicates each from three independent experiments. Comparison was done
by ANOVA *p <0.05.

proliferation for the TNT surfaces could be observed. The lower cell density on TNT surfaces

might occur because the nanotubes are above 70 nm at which cell adhesion is hampered. In
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all, there is a highly significant difference between TNT and the other two, but not between Ti
and TMS.

Such size effects have been demonstrated by Paramasivam et al. who investigated
mesenchymal stem cells on smooth (equivalent to Ti) and 70—-100 nm TNT surfaces.[7] They
showed that in the case of oriented pores, a pore spacing less than 30 nm accelerated integrin
clustering and focal contact formation and strongly enhances cellular activities compared to

smooth surfaces.[7]

Despite these studies would suggest[7] that TNT surfaces at these larger spacings would be
less preferable for cells in comparison to unmodified Ti, there is no information concerning the
response of cells to disordered TMS surfaces with similar average spacing. Interestingly, our
experimental results show that TMS surfaces at these length scales show no reduction in
proliferation, which could mean that the mean above a certain size for cell response on

disordered random-sided walls TMS is above than that for ordered straight-sided walls TNT.

Cells on different nanostructured surfaces also exhibited a distinct morphology (Figure 2f). On
TMS most cells adopted a star-like morphology (shown in inset in Figure 2c), while cells grown
on TNT rather exhibited an elongated spindle-like appearance (shown in inset in Figure 2d),
indicating that nanotopography influences the morphology of adherent cells. The cells on the
control surface were also more flattened, measured by 3D confocal microscopy. In
comparison, star-like cells on TMS and spindle-like cells on TNT could be a result of the

interspersed pattern of adhesion on a rough surface.

In addition to cell proliferation, we further examined focal adhesion (FA) formation and
cytoskeletal structures after 24 h of C2C12 cells growth on different substrates (Figure 3). To
analyze cytoskeletal structures, we performed immunofluorescent staining for actin fibers and
focal adhesions using phalloidin or a-vinculin antibody, respectively. Immunofluorescent
analysis of cell populations on the untreated and nanostructured substrates revealed
pronounced differences in focal adhesion (FA) formation and cytoskeletal structures (Figure
3). We quantified the total vinculin area and the number of FAs, each normalized to cell area,
and observed significant differences (p <0.05) between untreated and nanostructured
surfaces. Although TMS did not induce detectable cytotoxic effects, still fewer focal adhesions
were observed and these were largely restricted to one edge of the cell membrane. The same
effect was seen in the case of TNT. This can be explained through the hypothesis raised by

Paramasivam et al.[7] which suggests that vitality, proliferation, and
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Figure 3. Evaluation of effect of titanium nanostructuring on cell morphology and FA formation of C2C12 cells at
day 1 after plating. Scale bar, 50 um. Cells were stained for actin using phalloidin and vinculin using a specific
antibody; nuclei were counterstained with DAPI. Quantitative analysis of FA formation of C2C12 cells: total FA

area per cell and the number of FAs per cell area. Comparison was done by ANOVA *p <0.05.

motility of cells are critically influenced by nanoscale titania surface topography with a specific

response to nanotubes with diameters between 15 and 100 nm.

In summary, FA formation of C2C12 cells as well as the total FA area per cell area was greater
for the cells plated on the unmodified Ti substrate as compared to those plated on the
nanostructured TMS and TNT. At the same time cells grown on TNT exhibited significantly

lower proliferation rates, whereas cells on TMS and Ti showed comparable proliferation rates.

Cytoskeletal structure was also different and depended on surface nanotopography. In
particular, we compared the nanotopography of titania and TMS samples (Figure 4a). For cells

grown on both unmodified and nanostructured TMS, bundles of actin filaments, so-
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Figure 4. (a) Immunofluorescent analysis on cell morphology on different titanium nanostructures. Cells were
stained for actin using phalloidin and vinculin using a specific antibody; nuclei were counterstained with DAPI.
Areas of cell—cell interactions are indicated by white arrows, focal adhesion (FA) by red arrows. Images depict
morphological structures between regularly shaped cells in the case of Ti (a-left) and “star-like” shaped cells on
TMS (a-right), scale bar, 50 ym. (b) Brightfield microscopic analysis of C2C12 cells grown on surfaces with a
nanostructuring patterning approach. Materials exhibit two structurally different areas, one representing a
titanium-nanostructured titanium surface just adjacent to an unmodified titanium surface (c) Gene expression
analysis by qRT-PCR to determine C2C12 differentiation capacity on different titanium surfaces. MyoG is a
myoblast-specific transcription factor whereas ALP is an enzyme, which plays a crucial role during osteogenic
differentiation. The error bars indicate standard deviations from mean values of three biological replicates (n = 3).

Asterisks indicate statistical significance *p < 0.05.

called stress fibers, could be observed. However, stress fiber formation on the control titania
was more pronounced in comparison to TMS, and fibers were longer and more uniformly
distributed. Moreover, differences in cell morphology and cytoskeletal structure also affected

cell—-cell contacts.

Besides biological gradients, pore gradients are an attractive approach to guide cell behavior,
offering a great potential for spatially controllable cell growth in implants for tissue

engineering.[17] They would also be useful in the development of single-cell platforms to
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screen the best nanoscale architectures for the desired response of a specific cell type. Toward
this aim, we also engineered surfaces nanostructured on one side, while leaving the other half
surface unmodified (Figure 4b). We observed a dramatically lower cell number on the half with
a TNT surface as compared to flat titania on the other half-surface (Figure 4b, left). TMS also
affected cell attachment and growth (Figure 4b, right) as compared to titania. The results
demonstrate that a surface that exhibits two different nanostructured areas next to each other
could have a direct influence on the growing preference of cells on the same substrate, opening
up bioengineering lab-on-chip possibilities. It is interesting that together with step-like gradient
in cell response to nanotopology, cells also have the same tendency (see also Figure 2) with

respect to shape, being spindle-like on TNT, and “star-like” on TMS the sides of the surfaces.

We further tested the ability of C2C12 cells to differentiate along two mesenchymal lineages,
the myogenic and osteogenic lineages (Figure 4c). We thereby observed that the
nanostructure of the material has an impact on the osteogenic differentiation while it only
moderately affects myogenic differentiation. On all surfaces, C2C12 cells clearly differentiate
toward the myogenic lineage, characterized by the induction of MyoD, a major myogenic
transcription factor that controls the early steps of myogenesis.[18] Conversely, during
osteogenic differentiation triggered by 30 nM BMP-2, myotube formation was inhibited on all
surfaces (images not shown) but osteogenic differentiation, characterized by the production of
ALP was markedly different on nanostructured surfaces. Expression of alkaline phosphatase
(ALP), an osteogenic marker, involved in matrix mineralization,[19] exhibited the highest
expression on unmodified titanium and glass surfaces. Expression in cells differentiated on
modified surfaces was much lower, showing the weakest expression on TNT surfaces. Similar
trends were observed in other gene expression experiments (data not shown). However, when
comparing TNT and TMS surfaces, BMP2-induced (30 nM) osteogenic differentiation was
stronger on TMS than on TNT surfaces, highlighting again their potential for implant coatings
and bone tissue engineering approaches. Our message is that osteogenic indeed is not too
different for TNT, TMS, Ti thus one can think to use the structure for implantation, especially if
additional functionality would be added, e.g., drug delivery due to porous structure. Moreover
for lab-on-chip application, it is important to note that myogenic differentiations of TMS and
TNT are significantly different from Ti, probably due to different initial shape of the adhered

cells.

Taken together, we analyzed the prospects of ultrasonically formed mesoporous sponge layer
(TMS), to guide cell behavior in comparison to flat titania and TNT, an anodized titania surface.
The taking into account parameters to compare are i) surface roughness, is comparable for
TNT and TMS and is higher to vacuum-deposited layer of titan after its thermal oxidation. Thus,

this parameter is not one to explain the shown difference between TNT and TMS. Critical to
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compare TMS and TNT are two other parameters ii) pore size, and iii) in regularity of the
nanopore arrangement. ii) Average pore size is comparable for TMS and TNT = 70 nm,
however, for TNT it is very narrow pore size distribution and for TMS it is much broader due to
also the iii) parameter: regularity of the nanopore arrangement. i) The roughness effect
positively to TNT and TMS in comparison with initial thermal-treated titania; ii) cells on 270 nm
on TNT have less effective in cell adhesion and proliferation, however, TMS system the srytical
fate size for cell is higher; iii) unregularly TMS structure in comparison with TNT can also be
the factor to increase critical for cell fate pore size for higher values on TMS versus TNT and
explain significantly higher proliferation on titania and the disordered TMS surface as
compared to TNT. The critical value for TNT surface, as was shown before, is the pores more
than 70 nm, critical cell fate level. To compare novel nanostructured surface of TMS with TNT,
we analyze for both of the surface relatively large nanopores, 40—70 nm, to be close to fate
level of TNT to see either TMS fate level is different. Indeed, our assumption, that for
disordered TMS cell fate level is high, supported with our observation, presented in the paper.
Other important point is if any novel nanostructuring methodic is suggested, one should
compare it with already existing well-studied nanotopographies to go further for details of one
particular methodology. Thus in our case, we present promise TMS together to, well
established, TNT and in following can take attention to have careful control of just one factor,
for example, sonochemical treatment for TMS in different solutions, such as LiOH, NaOH,
KOH, and CsOH, under the same pH, resulting of same nanotopography, but different
photoactivity; or different roughness of the surface formed in NaOH if take different sonication
treatment time of Ti. Furthermore, nanostructure influenced the capacity of C2C12 cells to
differentiate, showing that nanotopography plays also an important role during cell
differentiation of other cell types, which should be considered in tissue engineering strategies.
In addition, a surface that exhibits two different nanostructured areas in close proximity opens
opportunities to design cell culture platforms for controlled cell growth. The open pore structure
of TMS and TNT can be loaded with chemical moieties, thus the possibility of both
topographical and chemically directed cell growth and migration is attractive in future. Still,
TMS surfaces allow immobilization of proteins and large molecular compounds while

maintaining basal osteogenic differentiation capacity.
Experimental section

Preparation of Nanostructured Ordered and Disordered Surfaces

Glass- or ITO-coated glass substrates with a vacuum-deposited titanium layer (99.9%) were
used. For TMS preparation, the Ti-glass substrates were ultrasonically treated in 5M NaOH

(Sigma—Aldrich) at 80%-intensity with an UIP1000hd (Hielscher Ultrasonics) operated at
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20 kHz with a maximal output power of 1 000 W. Samples were placed into teflon home-made
holder at 1 cm distance perpendicular to sonotrode. For TNT preparation, the Ti-ITO-glass
samples were anodized in an aqueous solution of ethylene glycol (2 vol% water) containing
0.75 wt% NHF. At beginning of the anodizing, potential linearly increased from 0 to 40 V, than
the anodizing performed at potentiostatic (40 V) mode till the total oxidation of a titanium layer
on ITO. All samples were washed in ethanol and water. After washing, the structures were

annealed at 450 °C in air. Milli-Q water was used in all agueous solutions.

ITO were chosen as model substrate to have transparent surface for in situ monitoring of the
cell behavior with optical microscopy to make staining and gene expression in certain moment
of cell growth and to compare different cell number in time with optical microscopy. Moreover,
the transparent surface to guide cell behavior is on high priority for lab-on-chip development.
We did control experiments to prove that critical to guide cells is surface layer which depends
on either Ti nanostructuring or nanostructuring of the layer on any enough inert substrate as,
for example, Ti layer deposited in vacuum on glass, ITO surface and structured with different
methods, e.g., sonochemical and electrochemical for our particular case.

Characterization Methods

Scanning electron microscopy (SEM) measurements were conducted with a Gemini Leo 1550
instrument (Zeiss) at an operation voltage of 3 keV. Transmission electron microscopy (TEM)
images were obtained on a Zeiss EM 912 Omega transmission electron microscope operating
at 300kV. The samples were ultramicrotomed (Leica EM FC6) and placed onto the copper
grids coated with a carbon film. Raman spectrometry of the substrates was performed using a
confocal Raman microscope (alpha300, WITec) equipped with a piezoscanner. A frequency-
doubled Nd:YAG laser excitation (A= 532 nm) was used in combination with a Nikon 60x

objective. Contact angle was measured with an optical tensiometer Kriiss G23 M.
Cell Culture

Mouse C2C12 myoblasts (ATCC CRL-1772) were used for functional assays. Cells were
cultured as sub-confluent monolayers in growth medium, consisting of Dulbecco's modified
Eagle's medium (DMEM) (Gibco BRL) supplemented with 10% heat-inactivated fetal bovine
serum (FBS) (Sigma), 2 mM glutamine, and 1% penicillin/streptomycin (Gibco BRL) at 37 °C
and 5% CO.. Cellular number and morphology on different titanium surface were monitored
by bright field microscopy and documented by light micrographs. The distinction between
differentially shaped cells was done by visual analysis. Total cell numbers were determined by

manual counting of cells per image section. The total number of star- or spindle-shaped cells
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on each image section was counted manually by eye and normalized to the total cell count. In
total, 10 image sections were analyzed for every surface type in each experiment.

Immunofluorescent Staining

For microscopy and imaging, immunofluorescent staining was performed. At the respective
time point, cells were fixed with 4% paraformaldehyde in phosphate-buffered saline, quenched
for 5min in a 50 MM ammonium chloride and permeabilized with a buffered Triton-X-100
solution for 10 min. Slides were then thoroughly washed with PBS and blocked in 3% BSA in
PBS for 1 h. Subsequently, samples were incubated overnight with an anti-vinculin antibody
(Sigma V9131) (1:300 in PBS/BSA). After washing with PBS, the samples were incubated with
an Alexa-Fluor 488 labeled secondary goat anti-mouse antibody (Life Technologies, A-11001)
(1:300) for 1 h. After washing, the samples were stained for 20 min with phalloidin Alexa-Fluor
594 (Life Technologies, A12381) (1:100) followed by incubation with DAPI (1:2 000) for 5 min.
All stainings were performed at room temperature, except for the incubation with anti-vinculin
antibody overnight, when the samples were left at 4 °C. The stained samples were mounted
with Fluoromount-G (Southern Biotech) in inverted position on glass slides and examined via
epifluorescence microscopy (Zeiss Axiovert 200M or Olympus IX inverted microscope). For
presentation and calculations, the images were adjusted for brightness and color with ImageJ
software (http://rsb.info.nih.gov/ij/). Confocal images that clearly showed focal adhesions were
selected for analysis. RGB color images were converted to eight-bit black and white images
using the image color RGB split function so that focal adhesions appeared as the black pixels.
Focal adhesions were defined using Image J software by setting an intensity threshold. Image
processing was identical for all cells in the different experimental groups. The number of focal

adhesions per cell was counted using the analyze particles function.
Gene Expression Analysis by qRT PCR

C2C12 cells were seeded on the different titanium surfaces and grown to confluency after 6
day. Cells were subsequently starved for 3h in DMEM without FCS supplements and
stimulated for 3 days in medium containing 2% FCS (myogenic differentiation) or 2% FCS and
30 nM BMP2 (osteogenic differentiation). After stimulation, cells were harvested and total RNA
was isolated using NucleoSpin isolation kit (Macherey&Nagel, Germany). 500 ng of RNA was
subjected to reverse transcription. qRT PCR was performed using a SybrGreen-based
detection system (Power SYBR Green PCR Master Mix, Life Technologies) and cDNA
amplification was performed in a StepOne Plus Real Time PCR System (Life Technologies).

For all used primers, amplification efficiencies were determined and mean-normalized
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expression (MNE) ratios using HPRT as reference gene were calculated using the AAcr
method with efficiency correction.[20]

Statistical Analysis

Statistic  calculations were generated using GraphPad Prism software (at
www.graphpad.com/prism). Comparison of multiple groups was done three way analysis of
variance (ANOVA) test in the case of cell density with pairwise multiple comparison procedures
by Holm-Sidak method; and one way analysis (ANOVA) in the case of focal adhesion and gene
expression. Data were normally distributed due to Normality Shapiro—Wilk test. A p-value
smaller than 0.05 was considered statistically significant.
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Methods for titanium surface nanostructuring

Sonochemical Method

For the production of mesoporous titania (TMS) samples, a titanium layer (99.9%) of thickness
400 nm was deposited on glass substrates by means of Electron Beam Physical Vapor
Deposition method (EB-PVD). TMS were obtained by sonochemical treatment with high
intensity ultrasound (HIUS) in alkali solution. The size of the substrates was approx. 1 x 1 cm?
to fit the homemade Teflon sample holder used for HIUS. Prior to sonication, the metal plates
were degreased with isopropanol and rinsed with Milli-Q water (18 MQ-cm). Titanium plates
were ultrasonically treated in presence of 5M NaOH using the ultrasonic processor UIP1000hd
(Hielscher Ultrasonics GmbH, Germany) with a maximum output power of 1000 W. The
apparatus was equipped with a sonotrode BS2d18 (head area 2.5 cm?) and booster B2-2.2,
magnifying the working amplitude 2.2 times. Sonication was performed at ca. 20 kHz and
constant temperature of around 333 K monitored by the thermo sensor inserted into the

working solution.

Anodic Oxidation

For the production of titania nanotubes (TNT), titanium layer (99.9%) of thickness 150 nm was
deposited on ITO-coated glass substrates by means of the Electron Beam Physical Vapor
Deposition method (EB-PVD). TNTs were obtained by electrochemical oxidation. For their
preparation the Ti-ITO-glass samples were anodized in an aqueous solution of ethylene glycol
(2 vol. % water) containing 0.75 wt. % NH4F. At the beginning of the anodization, the potential
was linearly increased from 0 to 40 V over a time of 5 minutes, than the anodization was

performed using the potentiostatic (40 V) mode till the total oxidation of a titanium layer on ITO.

All samples were additionally rinsed with ethanol and water and heat treated at 450 °C in the
oven for at least 3 hours. Bulk titanium or its alloys, although being very tough, can be used
for modification. In our experiments with cell studies it is advantageous to use a nanoscale-
thick Ti layer on a glass substrate rather than bulk titanium, since the optical observation of the
cell growth requires transparent samples. After thermal treatment, the titania layer on glass is
transparent enough to observe cell adhesion and growth on the surface. Closest to bulk
titanium are thicker layers, 400 nm to 150 nm. Thus, as model we use a 400 nm deposited

layer on glass or on silicon for further atomic force microscopy study.
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Milli-Q water (18 MQ-cm) was used in all aqueous solutions. As a control glass substrates

were used.

Surface characterization methods

The specimen surface nanotopography was inspected by scanning electron microscopy (SEM,;

Gemini Leo 1550 instrument, Leo Elektronenmikroskopie GmbH, Germany) at an operating
voltage of 3 keV. Surface roughness (Ra) and 3D roughness profiles of the surfaces were

obtained with atomic force microscopy (AFM; Dimension, Bruker, Germany) and image

analysis was performed with the Nanoscope V614rl software. AFM measurements were
carried out in air at room temperature in tapping mode with micro cantilevers OMCL-AC160TS-
W (Olympus, Japan). Typical cantilever values: resonant frequency 300 kHz; spring constant
42 N/m. Atomic force micrographs of a scan size 3 x 3 um were made on three different places

on the sample. Contact angle was measured by the homemade system used in Chapter 2.

Cell culture model

A mouse calvarial preosteoblast cell line MC3T3-E1 was obtained from Ludwig Boltzmann

Institute, Vienna, Austria. Preosteoblasts were maintained in normal culture medium a-MEM,
supplemented with 10% (by volume) fetal calf serum (FCS), 4500 mg glucose, 0.1% (by
volume) gentamycin, 0.1% (by volume) ascorbic acid under standard culture condition (37°C,
5% CO: in a humidified atmosphere). Cells were passaged in total three times every 24 hours
by a dilution factor of 1/6. The media was refreshed every 48 h. After reaching confluence,
cells were dissociated from culture vessels by incubating with pronase for 3 — 5 min. All

surfaces and scaffolds were autoclaved before cell culture experiments.
Stainings and cell imaging techniques

Staining for cytoskeletal actin

Morphologies of MC3T3-E1 cells cultured on various surfaces were observed by confocal laser

scanning microscopy (CLSM) and SEM. The cells were seeded onto surfaces at a density of

6000 cells/cm?. Normal culture medium and standard conditions were employed. At respective
time point after seeding, the cells were washed twice with phosphate-buffered saline (PBS).
To prepare samples for CLSM observation, the cells were fixed with 4% paraformaldehyde in
PBS, and permeabilized with buffered Triton-X100 (Sigma-Aldrich, Steinheim, Germany) for
10 min at room temperature. The scaffolds were then thoroughly washed with PBS and stained
for 60-90 min with phalloidin Alexa488 (Invitrogen, Oregon, USA) (1:20) in dark at 4°C for

cytoskeletal filamentous F-actin. After that scaffolds were thoroughly washed with PBS again,
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and stained for nuclei with TO-PRO3 iodide (Invitrogen, Oregon, USA) (1:300) for 5 min at
room temperature. The scaffolds were washed with PBS, mounted with Fluoro-Mount in
inverted position on the glass slides, and examined via confocal microscopy (Leica

Microsystems, Mannheim, Germany).

To prepare samples for SEM observation, the cells were fixed twice: primary fixation with 2.5%
glutaraldehyde (in PBS) for 30 min and secondary fixation with 4% PFA for 20 min. Thereafter,
the cells were dehydrated by gradient ethanol solutions (25%, 50%, 75%, 90% and 100%),
each for 5 min. The treated samples were dried overnight in desiccator, sputter-coated with
gold and observed using SEM.

Immunofluorescent Staining for Vinculin

MC3T3-E1 cells were seeded onto surfaces maintaining the seeding density and culture
method as described above. Cell adhesion was evaluated by immunofluorescent staining of
focal contacts. At 3h after seeding, cells were fixed with 4% paraformaldehyde in PBS,
quenched for 5 min in 50 mM ammonium chloride and permeabilized with buffered Triton-X-
100 solution for 10 min. Specimens were then thoroughly washed with PBS and blocked in 3%
BSA (in PBS) for 1 hour. After that samples were incubated overnight with anti-vinculin
antibody (Sigma V9131) (1:300 in PBS/BSA). After washing with PBS, samples were
incubated with secondary goat anti-mouse antibody Alexa594 (Invitrogen) (1:300) for 1 hour.
After washing, samples were stained for 20 min with phalloidin Alexa488 (Invitrogen) (1:100).
The staining was performed at room temperature, except for the incubation with anti-vinculin
antibody overnight, when the samples were left at 4°C. The stained samples were mounted
with Fluoro-Mount in inverted position on thin glass slides and examined via confocal
microscopy. Imaging was conducted by using a Leica confocal laser scanning microscope
(Leica Microsystems, Mannheim, Germany). The samples were excited with the argon laser
line at 488 nm and 594 nm for Phalloidin Alexa488 (actin stain) and Alexa594 (focal contacts

stain), respectively. The images were captured with a PL FLUOTAR objective.

Cell Migration

In order to investigate migration characteristics of MC3T3-E1 cells, the scratch wound healing
assay was performed using ibidi Culture-Inserts (Ibidi GmbH, Germany) according to the
manufacturer’s instructions. MC3T3-E1 cells were seeded to become confluent in 10% FCS
a-MEM. 1 hour prior to insert removal, cells were incubated with 10 pg/ml mitomycin C to block
cell proliferation. After insert removal, the wound closure was allowed to proceed and imaged
by phase contrast microscopy. Pictures were taken using a 5x objective in bright field modus

every 30 min for at least 16 h. Life cell imaging was performed within a heat and CO- controlled
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Life Cell Imaging chamber (ibidi GmbH) using an automated sample table mounted on an

Axiovert 200 M (Carl Zeiss, Jena, Germany) in combination with Axiovision Mark&Find tool.

The analysis of cell migration was performed with an automatic algorithm developed recently
for analysis of cell migration in chemotaxis assays. This approach allows estimating migration
characteristics such as mean migration speed, neighborhood analysis, and is able to
distinguish between directed and random migration without a favored direction. In brief, the
automatic tracking algorithm includes two main steps: segmentation and tracking. Firstly, the
dense optical flow is computed to segment the foregrounds which are the cells. The cell nuclei
are roughly segmented by an adaptive inverse threshold, and the cell bodies are approximated
from the nuclei via watershed segmentation on the foreground mask. Thus, the position and
the neighborhood are computed for each cell at each time point on time-lapse data. The
neighborhood is here defined as cells with adjacent voronoi areas. The trajectories are
computed by an overlap heuristic on the nuclei mask. The analysis was restricted on cells
close to the scratch area.
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AFM
BSA
CLSM
2D

3D
3D-MA
EB-PVD
ECM
ESEM
FA
FbA
FCS
HA
HIUS
LbL
PBS
PE
SEM
TEM
TMS
TNT

Atomic Force Microscopy

Bovine Serum Albumin

Confocal Laser Scanning Microscopy
Two-dimensional

Three-dimensional
Three-dimensional matrix adhesion
Electron Beam Physical Vapor Deposition
Extracellular matrix

Environmental Scanning Electron Microscopy
Focal adhesion

Fibrillar adhesion

Fetal Calf Serum

Hydroxyapatite

High Intensity Ultrasound
Layer-by-Layer

Phosphate Buffer Saline
Polyelectrolyte

Scanning Electron Microscopy
Transmission Electron Microscopy
Mesoporous Titania

Titania Nanotubes
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