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Abstract

Tissue formation is a key process for the genesis and the maintenance of our organs. As in
morphogenesis, wound healing and bone remodelling, the various tissues of our body are
continuously modelled, remodelled and repaired by the cells. Even if these biological processes are
encoded in genetics, the biochemical composition and the physical cues of the surroundings also play
a major role in tissue formation and enable cells to adapt their activity in response to external stimuli.
For example, muscle and bone formation is enhanced in individuals practicing physical activities. On
the other hand, a failure in the balance of bone remodelling can impair the mechanical function of the
organ like in osteoporosis. Understanding how tissue formation is controlled is thus determining to

clarify many biological processes and their associated pathologies.

The geometrical features of organs like bones are generally conserved despite a continuous
remodelling. As geometry also sets the boundary conditions for the mechanical environment that cells
respond to, geometry has been proposed as a potential cue controlling tissue formation. This physical
parameter has been shown to influence biological mechanisms at the sub-cellular, cellular and multi-
cellular levels, but only a little is known about the tissue scale. This thesis aims therefore at

understanding how the geometry of a substrate influences the deposition and organisation of tissue.

Osteoblasts were cultured to grow bone tissue in three-dimensional hydroxyapatite scaffolds in-vitro.
In parallel, the hypothesis that geometry locally influences tissue deposition on a surface was
implemented into a computational model of curvature-driven growth. Comparing the experimental
and simulated growth patterns not only confirmed the relevance of the geometrical model to describe
quantitatively tissue growth on complex surfaces, but also proved that faster tissue formation can be

obtained by optimising the geometry of the substrate.

Moreover, a simple construction assembling tensile elements that represent elongated contractile cells
— the chord model — was demonstrated to be equivalent to the curvature-driven growth simulation. A
qualitative analysis of cells organisation in the tissue supported the biological relevance of this
geometrical model. Extending the structural investigations to the extracellular matrix further clarified
the mechanisms involved in tissue patterning and organisation. For example, the tension built by the
cells was shown to be essential for organising the fibronectin and collagens fibres and more generally

for the mechanical stability of the tissue.

Finally, a computational model of growth driven by the mean curvature of the three-dimensional
surface was proposed to better describe the current experimental system and inspire future

investigations to evaluate the effects of the third dimension.

Understanding how geometry is involved in tissue formation will not only benefit to biomedical

research but will also profit to tissue engineering.



Zusammenfassung

Gewebsbildung ist ein wichtiger Prozess fiir die Entstehung und Aufrechterhaltung unserer Organe.
Die verschiedenen Gewebe unseres Korpers werden kontinuierlich von Zellen aufgebaut, umgebaut
und repariert, beispielsweise wahrend Morphogenese, Wundheilung oder Knochenumbau. Obwohl
diese biologischen Prozesse genetisch codiert sind, spielen auch die biochemische Zusammensetzung
und die physikalischen Eigenschaften der Umgebung eine wichtige Rolle bei der Gewebebildung und
ermoglichen den Zellen, ihre Aktivitit den externen Anforderungen anzupassen. Beispiclsweise
werden Muskel- und Knochenaufbau durch sportliche Aktivitdten verstarkt. Andererseits konnen
Fehler im Gleichgewicht des Knochenumbaus die mechanische Funktion des Organs beschiddigen,
etwa bei Osteoporose. Indem wir verstehen, wie Gewebewachstum gesteuert wird, konnen wir viele
biologische Prozesse und damit verbundene Krankheiten besser erklaren.

Trotz des kontinuierlichen Umbaus bleiben die geometrischen Eigenschaften von Organen wie etwa
Knochen grundsitzlich erhalten. Geometrie wurde deswegen als ein mogliches Signal fiir die
Kontrolle der Gewebsbildung vorgeschlagen. Es wurde bereits gezeigt, dass dieser physikalische
Parameter biologischen Mechanismen auf subzelluldrer, zellulirer und mehrzelliger Ebene
beeinflussen kann. Uber die Rolle von Geometrie auf der Gewebeskala ist jedoch bis jetzt nur ein
wenig bekannt. Diese Arbeit zielt daher darauf ab zu verstehen, wie die Geometrie eines Substrats die
Bildung und Organisation von Knochengewebe beeinflusst.

Osteoblasten wurden kultiviert, um Knochengewebe im dreidimensionalen Geriisten aus
Hydroxyapatit in-vitro wachsen zu lassen. Parallel dazu wurde die Hypothese ,,die Geometrie einer
Oberfliache beeinflusst die lokale Gewebsbildung™ in ein Rechenmodell fiir kriimmungsabhéingiges
Wachstum umgesetzt. Ein Vergleich der experimentellen und simulierten Wachstumsmuster zeigt
nicht nur die Relevanz des geometrischen Modells fiir die quantitative Beschreibung des
Gewebewachstums auf komplexen Oberflichen, sondern auch, dass durch Optimierung der
Geometrie des Substrats eine schnellere Gewebebildung erzielt werden kann.

AuBlerdem wurde mathematisch bewiesen, dass ein einfaches Anlagern linearer dehnbarer Elemente,
die fiir ldngliche kontraktile Zellen stehen - das sogenannte Sehnenmodell - &dquivalent zu
kriimmungsabhéngigem Wachstum ist. Eine qualitative Analyse der Zellorganisation im Gewebe
unterstiitzt die biologische Relevanz dieses geometrischen Modells. Eine Ausweitung der
strukturellen Untersuchungen auf die extrazellulire Matrix hat zusitzliche Erkenntnisse zu den
Mechanismen geliefert, die an der Gewebestrukturierung und -organisation beteiligt sind.
Beispielsweise wurde gezeigt, dass die mechanische Spannung, die durch die Zellen aufgebaut wird,
essentiell fiir die Organisation der Fibronektin und Kollagenfasern und ganz allgemein fiir die
mechanische Stabilitit des Gewebes ist.

Schlielich wurde ein Computermodell des Wachstums in Abhéngigkeit von der mittleren Kriimmung
der dreidimensionalen Oberfliche vorgeschlagen, um das aktuelle experimentelle System besser zu
beschreiben und um zukiinftige Untersuchungen iiber den Einfluss der dritten Dimension zu
motivieren.

Ein besseres Verstdndnis, wie Geometrie an der Gewebsbildung beteiligt ist, ist nicht nur interessant
fiir die biomedizinische Forschung, sondern ist auch eine wichtige Inspirationsquelle fiir Tissue
Engineering.



Table of Contents

PN 1 1] 1 T\ OO OO 1

ZUSAMMENTASSUNG o.ccoeeerrirrrrnnerrrecosssssssssssrsasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssssssssssssssssssss 2

Table Of CONLENLS .....uueeeriiiiniiiiissnnieiissneeicsssnneicissneecsssseecssssssesssssssessssssssesssssssssssssssesesssssssssssssassssss 3

INErOAUCLION .cocunneiiiiinniiiiiiniieiiitnteisisnteecssnseecsssnseeessssseessssssesessssssesssssssnssssssssssssssssssssssnsasesssnssnes 7
A 03Nz 110 s USRS 7
ODJECLIVES 1eeeeiuirriieisiiiieeeiitteeeestreeeeetbteeessetreeeestrseeeasessaeeessssseesassssaesasssseeesasssseeesssssseesssssseeessssseees 8
L@ 11141331 9

Chapter 1.

The physics of tissue patterning and extracellular matrix organisation: How cells join forces.. 11
F N 0T 3 Tt SRS 11
L5313 (e 14 Lb (o715 10 ) DR PRSP 12
SINGIE CEII DERAVIOUL ......vvviiiiiiiiieeciiiee ettt ettt e e e itr e e e satveee e eaebbeeeesatreeeeeeraaessnarreeeas 12
Multicellular DERAVIOUL ........cc.uiiiiiieiie ettt ettt e et e et e et e e et e e enseeeneeas 15
Theoretical MOEIIING .....cc..uiiiiiiiiiiee ettt et e e et e e et e e e st ee e e 19
Conclusions / OULIOOK ........ceeiiiiiiiiiiiiie ettt st e e e et e e s e eebe e e e eneeee s 27

TrANSILION 10 CHAPLEE 2u...cunnnnerreaeeriicosssssssssnssssssossssssssssssssssssssssssssassssssssssssssssssssssssssssssssassssssssssssses 30

Chapter 2.

How linear tension converts to curvature: Geometric control of bone tissue growth ................. 31
YN 1 2 T SRS 31
L5313 (e 16 1b (o751 ) DTSR P 32
Material and MELhOAS .......ccuuiiiiiiiiiieee ettt 34
RESUILS ..ttt ettt e et e e e sttt e e e s ab bt e e e sbbt e e e e nbb e e e e nbaeeeeeanbeeeeeannees 38
A “chord model” to explain curvature-controlled tissue growth...........cccceveriiiiiiniiiie e, 40
LB o0 K] 10 o F SRR 45

TrANSTLION L0 CRHAPIEF 3...uennnnnnnnnnneeeeeiiisssvsnnneseiissssssssnnssssnssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssns 50




Table of Contents

Chapter 3.
Geometry as a factor for tissue growth: Towards shape optimization of tissue engineering
SCATTOLAS  cvvrereiiiniieiiititicntteicnnteecsnneeessateeessststesesssseeesssssseesssssseessssssstsessssssesssssssnsssssssenes 51
F N 0] 3 Yot SRS 51
G418 (T4 L0178 )  H TSRS 52
EXPErimental S@CHION.......ccccuviiieiiiiieeesiteee e ettt e e ettt e e estreeeeeebaeeessetbeeeesssreeeeserseeessssseeessssseessnsnses 53
RESUILS ettt ettt et e e bt e ettt e et e e nt e e et e e et e e e anteeeneeas 56
D e LTS () o SRS 61
(0071163 11 3 10 LSRRI 67

TrANSILION 10 CHAPLEE deeennnnnnnnnnnerrieoosssssssnsssriissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssssssssssses 68

Chapter 4.

Bone tissue organisation: cells, fibronectin, collagen, Who’s first? .........cccccceeeiiivvnnnenniiicccsssssnnenes 69
F N 0] 3 Tt ST 69
G118 (T4 LT ()  H SRS 70
Materials and MEHOAS ........cocueiiiiiieeie ettt ettt e 72
RESUILS ..ttt e e et e e ettt e e st e e e s ab et e e e eabbeee e eaaee 74
|18 K 10 s F RSOOSR 82

Chapter 5.

General diSCUSSIOM ....uuueiiiiiueiiiiieiiiiittetiiintteintetiessettessssstsessasesessssssssssssssssssssssssssssssssssssasseses 89
Back t0 the ODJECTIVES ...eeiiiiiiieeiiiiee ettt ettt e e st e e et e e e snteee e enees 89
Exploration in the third dimMeNSION ..........ccociuiiiiiiii e e e e e e rrrereeae e 89
Directions Of TESEATCR .....couuiiiiiiiiiie ettt ettt e e et e e e 94
Implications Of the STUAY........ccoiiiiiiiiiiie et et e e et e e e 97

L @01 1 T L] 1) 1L 100

L0 1113 (111 101

APPEIAICES coeeeeeeeeiiiiiiiiiinnnrteteeiiisissnnsseeeisssssssssssssssessssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssses 103




Table of Contents

Appendix A. A three-dimensional model for tissue deposition on complex surfaces ............... 105
F o1 3 ¢ o1 A USSR 105
L G4Ta (0T L0175 o) DTSR 106
1Y (1 s Vo Ta TSRS 108
RESUILS ettt et e e ea e et e sttt e st e e st e e et e e et e eneeeeanee 111
| e LT () & USRS 118
(0071163 18 3 10 4 PR 124
Supplementary Material.............eeecvvieieeriiiieeeiiieeeerireeeerireeeeebeeeeeribreeeesetreeessseraeessrsraaeeessnreeens 126
Appendix B. Supplementary Material — Chapter 2 .......cccccceeeiieeeisssrsnneeriiiscssssssnsssssssssssssssnssses 129
1. Precision of curvature measurements on digital IMAZES ..........cccveeervviereircrieeeeirieeeeerree e 129

2. The computational implementation of curvature-controlled tissue growth and the chord model are

CQUIVALEIIE ...eeetiiieeeeiiiee et e ettt e ettt e e e ettt e e e ttbeeeesttbeeeessesaeeesessaeeasssseeesasssaeeasssseeeesssrsenensnees 129

Appendix C. Supplementary Material — Chapter 3 .......cocvceeriiccsssssssnnenriiiccsssssssnsssssssssssssssnsssns 134

1. Definition of the geometrical deSCIIPLOIS......ccuvviieeiiiiieeciiieeeeeireee et ee et e e e seireee e serreeeeenns 134

2. Three types Of EOMEIIIES ....cccuviiiiiiiiiieeeiieeeeeiiee e e ettt e e ettt e e e strreeeeseabeeeesatrseeeserseeesssnseeasanes 135
Appendix D. Confocal Laser Scanning Microscopy and Multiphoton and

Autofluorescence/SHG IMICIOSCOPY ..ccceeecersrnerrrecsssssssssssssssssssssssssssasssssssssssssssssssssssssssssssassss 141

1. Confocal Laser Scanning IMICTOSCOPE .....uvvvereeeeeriiuiriieeeeeeeeisirrreeeeeeessssersrereeeeessssssssseseeaeeens 141

2. FIUOTESCEINCE ...ttt ettt ettt e ettt e e ettt e e s bt e e e e ettt e e s sabeeeeeaabeeeeeaans 142

3. MUltiphotON MICTOSCOPY ...uvvvvrriiiieeeeeeiiiiiieeeeeeeeeriitrreeeeeeeeeesertraeeeaeeesasssstrsereeeeeessssssssseesaaeeens 143

4. Second Harmonic Generation (SHG) ........c..uvviiiiiiiiiiiiiieeee ettt 144

Appendix E. Preliminary results from the three-dimensional analysis of the tissue................ 145

1. Optical sectioning by confocal MICTSCOPY ..evuuvveieriuiiiiiiiiiiee ettt 145

2. A Computational tool for fibre analysis..........occceiiiiiiiiiiiiiii e 147

3. Sectioning SOft SCATTOIAS ...ooouvuiiiiiiiiiee e 148

4. A potential chord model in three dimensSions ............ccueeiiiriiiiiiiiiiieee e 151

Appendix F. Tissue culture on hydroxyapatite scaffolds with other types of cells .................. 152

1. Fibroblast cell line: NTH3T3 ..ottt ettt e e e 152

B 410 N PRSPPI 153

L S (3 Q) (L 155

LIS Of FGUIES «euuueeeeiiiiiiiinnnnniriieiiiiiinnnnnettiicssssssnnsseneesssssssssnssssessssssssssssssssssssssssssssssssssssssssssssssssns 178

ACKNOWIEAGIMENLS....ccoiinunnnnnreiiiiiiiiinnneetiiiiisisssnnsettiisssssssnnsssrtssssssssssnssssssssssssssssssssssssssssssnssssns 180

Curriculum Vitae c.cuuiieeiiiiiieiiiiiienininieennnineeiininieeeninieesssssesssssstessssssesssssssssesssssssssssssssssssssss 182

EXKIAIUNE cocoriiiiiiiiiieniitieenniiiteenninneesesssnnecsssssneesssssssessssssssesssssssesssssssesssssssassssssssessssssssasssss 185






Introduction

Motivation

Interestingly, a healthy bone that has been continuously remodelled and a fractured bone that has been
healed look alike. Indeed, apart from local differences and despite the various genetic and external
factors that may influence the development and adaptation of the skeleton, the form and the
organisation of the bones are surprisingly conserved. In general, it is fascinating to consider how
controlled the shapes of tissues forming different organs are over a lifetime and throughout a

population (Thompson and Bonner 1992).

During morphogenesis, the embryo is pretty much isolated from the surroundings. The control of the
initial tissue development and organ patterning is therefore largely attributed to genetics (Metzger
1999; Lohmann and Weigel 2002). As a result, most of organ malformations occurring at that stage of
growth are due to genetic defects either inherited or coming from mutation (Basson et al. 1994;

Guerrini and Marini 2006; Niziolek et al. 2011).

After completing growth, some tissues of the human body are continuously renewed and/or have the
ability to regenerate after loss or damage. In contrast to morphogenesis, these regenerative processes
occur in organisms that live in and adapt to diverse open environments (Fratzl and Weinkamer 2007).
Even if the causes and the characteristics of tissue loss are variable, the biological mechanisms

triggered for regeneration are highly controlled and lead to reproducible tissue patterns.

Skin, liver and bone are three types of tissues that are naturally renewed. Bone is certainly the most
striking one since it continuously undergoes a remodelling process (Riggs and Parfitt 2005) that
progressively renews the whole skeleton within 5 to 10 years on average and enables total fracture
healing without scar (Parfitt 1994; Stroncek and Reichert 2008). In such cases, the initial shapes of the
substrates where tissue is deposited are rather arbitrary but the geometrical features of the final bone
are still conserved up to the organ level (Jinnai et al. 2002a). In addition, bone can adapt itself to its
mechanical environment through mechanosensing of cells embedded within the mineralized tissue
(Bonewald and Johnson 2008). Well-known examples of such adaptation can be seen in the bone loss
caused by low gravity (Carmeliet et al. 2001) and a gain in bone mass resulting from physical exercise
(Shapiro 2008). In pathologies like osteoporosis or osteopetrosis, an imbalance in the remodelling
process leads to the loss or the gain of bone material respectively, and affects both the mechanical and

the functional properties of the organ (Jimsa et al. 2002; Misof et al. 2012).

Organs are made of tissues containing cells and extracellular components embedded in a gel of
proteoglycans. Fibronectin and collagen are the two main fibrous proteins synthesised by the cells and
ensure the mechanical properties of the extracellular matrix (ECM) (Frantz et al. 2010). In bone, the

orientation of the collagen fibres together with the incorporation of hydroxyapatite particles, give
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outstanding properties to this biological material (Weiner and Wagner 1998; Wagermaier et al. 2006;
Seto et al. 2008). How cells produce and organise the ECM before tissue mineralisation thus

influences the final properties of the hard tissue.

Even if extensive studies have shown that many cascades of biological signals initiate and regulate
tissue synthesis by the cells (Schlessinger 2000; Ben-Shlomo et al. 2003; Schmierer and Hill 2007),
the control of cell organisation on large distances by biochemical factors alone is unlikely. However,
surrounding physical cues such as stiffness, are now recognised to determine biological responses of
single cells (Vogel and Sheetz 2006) as well as cell organisation and tissue patterning
(Kollmannsberger et al. 2011). As mechanics is often involved in such signalling it is necessary to
consider the boundary conditions. Otherwise stated, the shape and arrangement of the physical
environment also need to be taken into account when investigating the impact of mechanical cues on
cell and tissue behaviour. This is of course fundamental for understanding the formation of biological
materials, which would add knowledge to the field of biomedical research, but also profit to tissue
engineering applications. Surprisingly, the influence of topography and patterning has been studied on
single cells (Théry et al. 2006; Kulangara and Leong 2009) but not much at the multicellular level
(Nelson et al. 2005; Ruiz and Chen 2008) and hardly at the tissue scale. The present thesis focuses
therefore on this particular physical parameter and investigates how the geometry of a substrate

controls tissue growth and organisation.

Objectives

The geometric control of tissue growth is a major topic, which has been recently addressed by Monika
Rumpler, John Dunlop and co-workers (2008). Hydroxyapatite scaffolds containing straight sided
pores of controlled geometries in the millimetre range were produced by rapid prototyping (Woesz et
al. 2005) and incubated with tissue producing cells (MC3T3-E1 pre-osteoblasts). For the first time,
tissue growth could be monitored and quantified in individual pores. The results revealed that cells
deposited more tissue in the corners, while the total amount of tissue produced in the pores was
independent of the geometry. Moreover, they highlighted that this behaviour qualitatively compares to

a simple model of curvature-driven growth.

This doctoral thesis extends the first experiments of Rumpler et al. (2008) by developing further the
in-vitro tissue culture system as well as the curvature-driven growth model they proposed, with the

aim to explore three major questions:

- Can the kinetics and patterning of tissue growth be quantitatively predicted using the model

of curvature-driven growth?

- What is an optimal pore shape for promoting tissue growth?

- Which mechanisms justify that such a simple geometric model describes such a complex

biological process?
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The work accomplished to address these questions consists of tightly coupled tissue culture
experiments and computational modelling. Because the experimental system involves MC3T3-E1 pre-
osteoblasts, most of the discussions focus on bone tissue. Nevertheless, the models provided

throughout the study may also be useful in other fields of medical research.

Outline

The bulk of the thesis is made up of four papers: two published, one accepted and one in preparation.

The first paper is a literature review of experimental and computational studies clarifying the role of
physics in tissue patterning and extracellular matrix organisation (Chapter 1, Kollmannsberger et al.
2011). This article provides the reader with a detailed background helpful for approaching the
following three papers. In addition, this review highlights the lack of systematic investigations of the

role of geometry on tissue formation, which is a major aim of the project.

The second article presents a computational method to compare quantitatively the model of curvature-
controlled tissue growth suggested previously (Rumpler et al. 2008) with in-vitro experimental
results. In addition, a biological interpretation based on the shape of a contractile cell — the chord
model — supports the relevance of this purely geometrical model (Chapter 2, Bidan et al. 2012b). The

model also postulates on the role of geometry in the process of bone-remodelling.

The third paper demonstrates that the curvature-driven growth model, and thus the chord model, can
predict tissue growth kinetics and tissue patterning in pores of more complex geometries. The
curvature-driven growth model is also used to propose optimal pore shapes of scaffolds for tissue

engineering (Chapter 3, Bidan et al. 2012c).

The final manuscript concentrates more on the internal structure and the mechanical stability of the
tissue produced in-vitro. The set of experiments proposed not only extends the understanding of the
role of cells on extracellular matrix organisation, but also justifies the hypothesis of the chord model,

developed in the previous two papers (Chapter 4).

The last section of the thesis (Chapter 5) discusses the main conclusions of the individual articles and
puts them in a more general context. Although the importance of the third dimension on growth is
discussed in all papers, the work published was based on two-dimensional models rather than three-
dimensional. Therefore, this final chapter highlights in particular the need of experimental data to
verify the model of curvature-driven growth recently implemented in three dimensions (Appendix A).
Collecting such data in-vitro is challenging and the development of the experimental system is still
under progress. This section finishes by describing possible future directions of research based on

preliminary results and highlights potential implications for the biomedical community.






Chapter 1. The physics of tissue patterning and extracellular matrix

organisation: How cells join forces
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Abstract

This paper reviews recent literature about the physical processes involved in cell interactions and
tissue development. Rather than being exhaustive, we intend to provide illustrative examples of
experiments and theoretical approaches into how cells interact with other cells and with substrates to
form complex tissues and organs. Forces and geometry efficiently coordinate cell behaviour through
feedback and mechanical homeostasis, leading to emergent properties not directly evident from the
behaviour of individual cells. Two important examples for such emergent properties are the patterning
of growth and differentiation within tissues, and the long-range organisation of the extracellular
matrix. Despite the complexity of the biological, chemical and mechanical processes involved,
theoretical studies have shown that many of these phenomena can be described quantitatively by
simple physical processes, such as surface tension controlled growth. In addition to improving
knowledge about the biology of tissues, a thorough theoretical understanding of the self-organising
mechanisms used by Nature may provide inspiration for the design of self-assembling biomimetic soft

materials.

My contribution

I participated in the elaboration of the structure of the review, contributed to the literature research,

made 3 summary figures and co-wrote the manuscript with the other authors.
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Chapter 1. The physics of tissue patterning and extracellular matrix organisation: How cells join forces

Introduction

It is striking to see the coordinated manner in which cells interact to form complex tissues and
organisms. Cells communicate by secreting and detecting biochemical signals — this “sense of smell”
has been studied and reviewed extensively (see e.g. Schlessinger 2000; Ben-Shlomo et al. 2003;
Schmierer and Hill 2007). But cells also possess a “sense of touch”: they sense and respond to
mechanical stimuli (Vogel and Sheetz 2006). The present work highlights from the point of view of
physical modelling, how cells communicate via their sense of touch to cooperatively form complex

structures and tissues.

Developmental biologists have long recognized the importance of mechanical phenomena at the
cellular scale, such as the role of adhesion and cortical tension, on multicellular coordination in
morphogenesis (Thompson 1917; Steinberg 1962). This has inspired a rich field of theoretical studies
on the interplay between cells and tissues. The interaction between tissue-forming cells depends on
physical properties of their environment. Recent advances in controlling substrates for in-vitro cell
and tissue growth in 2D and 3D have improved our understanding of how single cells and
multicellular tissues interact with their environment. More specifically the role of substrate stiffness
(Discher et al. 2005) and geometry (Nelson et al. 2005) on cell patterning and matrix organisation has
recently gained attention especially in the context of regenerative therapies, artificial organs, and
tissue engineering (Hutmacher 2001). In addition, theoretical models inspired by physics have been
adapted to elucidate the organising principles and mechanisms at work in tissues. These models can
be compared to experiments at different length scales leading to new insights of how cell interactions

determine macroscopic tissue behaviour.

This review is organised as follows: the first part summarises recent experimental findings on single
cell behaviour that are relevant to understanding cooperative cell behaviour. The second part
highlights how cell patterning and extracellular matrix organisation in multicellular systems are
controlled by mechanics and geometry. We then give an overview of theoretical approaches starting
from the cellular level up to continuum and geometrical descriptions. By comparing different
theoretical studies, evidence arises that surface tension is a prevailing macroscopic organising

principle from which many aspects of collective multicellular behaviour can be understood.

Single cell behaviour

Force generation and sensing
In order to “feel”, a cell first needs to “touch” by contacting a substrate. Cells adhere to the
extracellular matrix (ECM) via integrin receptors (Giancotti and Ruoslahti 1999), which bind to ECM

proteins such as fibronectin, laminin, vitronectin or collagen, and they adhere to other cells via

12



Chapter 1. The physics of tissue patterning and extracellular matrix organisation: How cells join forces

cadherin (Geiger and Ayalon 1992). Successful adhesion triggers the formation and maturation of
focal adhesions (FAs) on the intracellular side, linking the cell-ECM or cell-cell contact to the
cytoskeleton. The characteristics of this initial interaction are generic across different cell and tissue
types (Bokel and Brown 2002), and follow universal dynamics (Cuvelier et al. 2007). Integrins,
cadherins and their associated focal adhesion complexes are crucial in sensing and transmitting
mechanical forces (Zamir and Geiger 2001; Brakebusch and Fassler 2003; Schwartz and DeSimone
2008). The maturation and stabilization of FAs generates a mechanical support for the cell. The FAs
bind the ECM to the actin cytoskeleton, a filamentous network spanning the entire cell. Myosin
motors that cross-link the actin network generate persistent cytoskeletal tension counterbalanced by
cell-matrix or cell-cell contacts. The force produced by this micro-muscle can be as high as 100 nN on
a single focal adhesion (Tan et al. 2003; Maruthamuthu et al. 2011). The cytoskeleton continually
remodels by polymerisation and depolymerisation of filaments. FAs and the actin-myosin network are
resorbed when unloaded and are reinforced under tensile load (Riveline et al. 2001; Liu et al. 2010b),
giving rise to thick actin-myosin bundles called stress fibres. The interplay of remodelling and
tensional pre-stress stabilizes the cytoskeleton, which can be readily visualised by disturbing
mechanical equilibrium: cutting actin fibres in living cells triggers a spontaneous retraction of the two
pieces and redistribution of mechanical tension (Kumar et al. 2006). Likewise inhibiting the

contractility of the cytoskeleton results in strong changes in cell shape (Théry et al. 2006).

The amount of force needed for a cell to deform a substrate defines the rigidity of the environment.
With increasing cytoskeletal tension, the internal spring constant of the cell eventually matches that of
the environment, leading to mechanical homeostasis (Schwarz et al. 2006; Mitrossilis et al. 2009;
Zemel et al. 2010). Using this simple physical mechanism, cells can sense and adapt to a wide range

of substrate rigidities (Discher et al. 2005; Solon et al. 2007).

The organisation of the actin network, and thus cell shape and polarity, adapt to the geometry of the
environment. If adhesion is spatially confined by the distribution of the ECM, the contractile
cytoskeleton reorganises in a way that the cell adopts an energy-minimising shape and polarity (Théry
et al. 2006; Bischofs et al. 2009; Desai et al. 2009; Fujita et al. 2009; Vianay et al. 2010; Ding et al.
2011). Cell polarity is fundamental for mitosis as it determines the cell division axis, the location of
the daughter cells (Théry et al. 2007), and the direction of cell migration (Jiang et al. 2005; Mahmud
et al. 2009). Orientation and adaptation of cell shape to the adhesive and mechanical properties of the
environment can lead to cell migration along gradients of ligand density (haptotaxis) or rigidity
(durotaxis) solely due to continuous cytoskeletal remodelling (Gunawan et al. 2006; Harland et al.

2011).

Cell behaviour is influenced by the substrate topography at subcellular or nanometer length scales.
For instance, cells are sensitive to ligand spacing, which seems to be optimal for adhesion if between

58 nm and 73 nm (Cavalcanti-Adam et al. 2007; Selhuber-Unkel et al. 2010), with slightly disordered
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arrangements being superior to perfectly periodic spacing (Huang et al. 2009). Other examples are the

effects of surface roughness (Gentile et al. 2010) and curvature (Park et al. 2009) on cell adhesion.

Transduction and response

Cells “recognize” the physical properties of the environment such as rigidity, geometry and roughness
of the substrate by adapting their stiffness, shape and orientation (Figure 1-1). This primary cellular
response to environmental mechanics and geometry results from the feedback regulation of adhesion,
force generation and cytoskeletal remodelling. In addition to these signals, cell-generated and
externally applied forces and deformations are also translated into biochemical signals using
numerous molecular mechanisms (Vogel and Sheetz 2006). These biochemical signals feed into
mechanosensitive signalling pathways involving the Rho family of small GTPases that regulate gene
expression (Giancotti and Ruoslahti 1999; Etienne-Manneville and Hall 2002; Chen et al. 2004) and
switch between different “attractors” of cell behaviour (Huang and Ingber 2000). This mechano-
chemical transduction links decisions of cell fate such as proliferation, differentiation or cell death to
the mechanical properties of the environment. The area available for adhesion and spreading
determines whether a cell is driven towards apoptosis or growth (Chen et al. 1997) for example, and
forces on cell-cell contacts are known to regulate cell proliferation (Liu et al. 2006). Patterning the
substrate upon which a cell can adhere controls the internal stress distribution of a cell. This means
that substrate geometry can influence cell differentiation: osteogenesis is favoured if the cell is under
traction and adipogenesis otherwise (Kilian et al. 2010; Marklein and Burdick 2010). Stem cells
differentiate toward a cell type matching the mechanical properties of their substrate: neurons are
more likely to grow on soft tissues and osteoblasts on stiff ones (Engler et al. 2006). Cell
differentiation is also linked to adhesion strength and can be influenced in many ways by modulating
nanoscale substrate topography (Dalby et al. 2007; Park et al. 2007; Kulangara and Leong 2009; Oh et
al. 2009; Lee et al. 2010).

Cell
Shape Stiffness
Response
Adhesion Diferenation Alignment
Matrix Production
hu‘--‘ ‘-_______,_.-l-l—"—-
—— —
-——-‘-_.__.______ Force Generation & Sensing &_‘
e —
— Geometry Anisotropy
Roughness Substrate Rigidity

Figure 1-1: The sense of touch of cells

A tissue cell adheres to the substrate (e.g. the extracellular matrix) and applies mechanical forces through its
focal adhesions. By contracting and remodelling the cytoskeleton, the cell adapts its shape and stiffness to the
properties of the substrate. Through the interplay of force generation and sensing, the cell responds to
mechanical signals by switching between different biological programs such as proliferation, differentiation, or
matrix production.
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Interaction and transmission

Recognition of the physical environment by force generation and sensing would at first glance seem
to be limited to the immediate cellular neighbourhood. The depth of force sensing by cells was shown
to extend from several microns to no more than 50 um (Maloney et al. 2008; Sen et al. 2009).
However by making contact to other cells or to the extracellular matrix, forces can be transmitted over
broader distances allowing for long range mechanical communication between cells. A cell responds
to forces generated by other cells in the tissue by changes in shape, contraction, and proliferation. The
resulting forces are again transmitted to other cells, generating a mechanical feedback that
synchronises cell behaviour (Figure 1-2). New properties emerge on length scales larger than the

single cell, such as cell patterns, ECM organisation, or effective tissue surface tension.

Response
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Figure 1-2: Mechanical interaction between cells

In a multicellular tissue, cells are linked by cell-cell contacts or via the ECM. Forces generated by individual
cells are transmitted across the matrix and modify the mechanical properties of the whole tissue, increasing the
interaction range beyond that of a single cell. Other cells sense these changes and respond accordingly, leading
to a mechanical feedback loop and collective behaviour.

Multicellular behaviour

Patterning cells

In order to build complex tissues and organisms, cells need to diversify and fulfil different roles
corresponding to their position. The secretion and diffusion of soluble factors (morphogens) are
important for spatial patterning of cell behaviour (Nelson et al. 2006). In addition, mechanical
interactions play a simple, yet powerful, role in translating positional information into local stimuli for
the cell. Forces generated by individual cells together with global geometrical constraints create

patterns of mechanical stress in the tissue that are sensed by cells and result in patterns of growth and
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differentiation. The architecture of the growing tissue not only influences the stress distribution, but
also controls the distribution of growth factors and inhibitors close to the surface (Nelson 2009). This
way, mechanical and biochemical signals cooperatively shape and structure tissues during

development.

Cell sheets on adhesive islands are an excellent system to study mechanically guided cell patterning
and differentiation in-vitro, and to learn about the in-vivo mechanisms controlling morphogenesis and
regeneration. For example, islands of adhesive extracellular matrix for multiple cells have been
generated by the same micro-patterning technique as used for single-cell geometry studies (Chen et al.
1997; Nelson et al. 2005). The shape of the island determines the stress distribution in the cell layer as
confirmed by numerical calculations, by measurements of traction stresses and by inhibiting
contraction and mechanosensitive pathways. As a result, the proliferation rate of endothelial cells

turns out to be highest in regions of largest mechanical stress (Nelson et al. 2005) (Figure 1-3-A3).

Not only does mechanical stress affect growth, but it also plays a role in stem cell differentiation into
different tissue types. In two-dimensional sheets of mesenchymal stem cells, osteogenic
differentiation is observed in regions of high stress, whereas low stress favours adipogenic
differentiation (Luo et al. 2008; Ruiz and Chen 2008). Endothelial cells cultured on stripes of
fibronectin differentiate and form capillary-like tubes on 10um-wide, but not on 30um-wide stripes,
showing the importance of mechanically or geometrically guided cell program switching in
angiogenesis (Dike et al. 1999; Nelson and Bissell 2006). In bone healing, the mechanosensitive
differentiation into different tissue types is guided by the geometry of the fracture gap (Figure 1-3-
A2), leading to a characteristic temporal healing pattern and full recovery of the undamaged bone

structure (Epari et al. 2006; Vetter et al. 2010).

Tissue patterning due to force-dependent proliferation and differentiation relies on
mechanotransduction to control cell fate. However, even simpler physical mechanisms of cell
patterning also exist. During morphogenesis, cells sort into clusters of the same cell type as precursors
to the formation of organs (Figure 1-3-Al). In some cases, cell sorting requires no active biological
response or directed migration of the cells, but is simply a result of the different adhesivity between
different cell types (Steinberg 1962; Foty and Steinberg 2005; Steinberg 2007; Krieg et al. 2008).
Highly sophisticated patterns, such as the epithelial cell arrangement in Drosophila eyes (Figure 1-3-
C1) or wing discs, can be generated in a robust manner simply by minimisation of interfacial energy

(Hayashi and Carthew 2004; Farhadifar et al. 2007; Hilgenfeldt et al. 2008).
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Figure 1-3: Examples of collective multicellular behaviour

A- Forces and geometry lead to patterning of cell collections: Al- Germ progenitors from two different donors
cultured in-vitro self-sort after 8 hours (adapted by permission from Macmillan Publishers Ltd: Krieg et al.
(Krieg et al. 2008), Nature Cell Biology, © 2008). A2- A tibial fracture after 6 weeks of healing reveals
patterned tissue and cell differentiation (adapted from Epari et al. (Epari et al. 2006), with permission from
Elsevier). A3- The geometry of fibronectin coated islands (500-um edge length) defines the spatial variation of
proliferation in sheets of endothelial cells seeded on the top (adapted from Nelson et al. (Nelson et al. 2005) ©
2005 National Academy of Sciences, USA).

B- Through long-range mechanical interaction, cells organise the extracellular matrix: B1- Collagen fibrils
produced by the fibroblasts organise into bundles oriented parallel to the cells in the longitudinal and
perpendicular directions (adapted from Ploetz et al. (Ploetz et al. 1991), with permission from Elsevier). B2-
Confocal microscopy of osteons in equine metacarpal bone shows the concentric matrix deposition by the cells
during remodelling (adapted from Kerschnitzki et al. (Kerschnitzki et al. 2011b), with permission from
Elsevier). B3- When a fibroblast populated collagen gel is pinned at discrete sites; tissue organisation is guided
by contractile tension (adapted from Bischofs et al. (Bischofs and Schwarz 2006), with permission from
Elsevier).

C- Surface tension emerges as an organising principle for patterning cells and extracellular matrix and
controlling tissue growth: C1- Four cone-cells from Drosophila retina organise like soap bubbles (adapted by
permission from Macmillan Publishers Ltd: Hayashi et al. (Hayashi and Carthew 2004), Nature, © 2004). C2-
Osteoid deposition of new bone within the osteoclasts lacunae shows that tissue seems to preferentially grow in
concavities (adapted from Ripamonti (Ripamonti 2006), with permission from Elsevier). C3- Bone tissue is
produced in-vitro by MC3T3-E1 cells in three-dimensional hydroxyapatite scaffolds with controlled geometries
and observed by confocal microscopy. The motion of the tissue interface is proportional to the local curvature
and evolves towards a circle (adapted with permission from Rumpler et al. (2008)).
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Organising the extracellular matrix

An important component of most tissues and organs is the extracellular matrix (ECM). It serves as a
scaffold for coordinating cell behaviour and organisation, and is responsible for the extraordinary
mechanical properties of many tissue types such as skin and bone. The mechanical function of the
ECM requires a spatial organisation and alignment over length scales orders of magnitude larger than
that of a single cell. Nevertheless, ECM is produced and organised by individual cells. For structural
organisation beyond the cellular length scale to emerge, there must be efficient coordination and

cooperation between cells. Again, mechanical forces are crucial for this to take place.

Fibroblasts are cells that synthesise and organise ECM (Figure 1-3-B1) and are important in wound
healing. They rearrange the ECM in parallel to the direction of highest contractile stress, which plays
an important role in morphogenesis (Harris et al. 1981). When such cells are seeded into reconstituted
collagen gels that mimic the ECM, they contract the gel (Grinnell and Lamke 1984). If the collagen
gel is geometrically constrained, mechanical crosstalk between cells leads to alignment and structure
formation in the network (Thomopoulos et al. 2005; Fernandez and Bausch 2009). External forces
also contribute to the remodelling of the matrix (Sander et al. 2009). When matrix-producing cells
such as osteoblasts are seeded into 3D scaffolds, the organisation of the matrix generated by the cells
is influenced by the geometrical properties of the scaffold and by externally applied forces
(Hutmacher et al. 2001; Engelmayr and others 2006; Wang and van Blitterswijk 2010). The
cytoskeleton and the ECM fibres are typically aligned in parallel (Figure 1-3-C3), linking cell polarity
and matrix alignment (Wang et al. 2003; Rumpler et al. 2008).

Bone is a classic example of how the highly organized arrangement of collagen on different
hierarchical levels (Fratzl and Weinkamer 2007) determines mechanical properties (Weiner and
Wagner 1998; Fratzl et al. 2004). How exactly this organisation is achieved is not well known, but in-
vitro studies in scaffolds provide important hints that the geometry of the substrate onto which the
matrix is deposited is a key factor. In bone remodelling, the cells in the bone matrix (osteocytes) act
as mechanosensors (Burger and Klein-Nulend 1999) and generate signals that activate other cells
which either produce or resorb bone (Robling et al. 2006). Bone-resorbing cells (osteoclasts) dig tube-
like holes into cortical bone or shallow channels in trabecular bone which are subsequently filled by
matrix deposited by osteoblasts (Parfitt 1994). This way, unordered primary bone is remodelled into
mechanically more efficient secondary osteonal bone during bone formation and healing (Liu et al.
2010a). The alignment of the deposited collagen spirals along the osteon surface (Wagermaier et al.
2006) and is closely related to the orientation of the cells in the bone matrix (Figure 1-3-B2),
revealing how cells are coordinated by geometry to create emergent long-range order (Kerschnitzki et

al. 2011b).

Bone is only one example where the extracellular matrix arrangement controls tissue function.

Collagen alignment is also crucial for the function of the aortic valve (Hinton 2006) and follows the
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lines of tension in the dermis, which has been known to surgeons for centuries (Wilhelmi 1999).
During wound healing, the initially unordered fibrin matrix that forms the scar tissue is contracted and
aligned by platelets, forming a scaffold for the later deposition and remodelling of collagen (Martin

1997).

Surface Tension

It turns out that many aspects of single cell and multicellular behaviour can be traced back to well-
known physical and mechanical principles. One recurring concept that appears on all length scales
from single cells to tissues is that of surface tension. While spreading, cells evolve their shape by
contracting and remodelling their actomyosin cytoskeleton, resulting in a configuration that minimises
mechanical energy in a force balance of surface and bulk tension (Théry et al. 2006; Bischofs et al.
2008). On a multicellular scale, the shape and arrangement of cell aggregates (Figure 1-3-C1) arising
from minimisation of surface energy is similar to that of soap-bubble clusters (Hayashi and Carthew
2004; Hilgenfeldt et al. 2008). In addition, the difference in interfacial energies between different cell
types leads to sorting of cells into clusters, much akin to interface-driven phase separations occurring
in binary metallic alloys (Tanaka and Araki 2000). The shape of contractile tissues under geometrical
constraints (Figure 1-3-B3) exhibits a similar surface-tension-like phenomenology as observed in
individual cells. Although the physical mechanisms are slightly different from those of surface tension
in liquid drops, analogous interface-based theoretical descriptions can be applied (Bischofs et al.
2008). Surface tension due to cell contractility can also account for the geometry-dependent growth
patterns of bone tissue in artificial scaffolds (Rumpler et al. 2008) (Figure 1-3-C3) and in trabecular
bone (Ripamonti 2006) (Figure 1-3-C2). The long-time dynamics due to rearrangements and growth
give rise to an effective viscosity of the entire tissue (Ranft et al. 2010). Treating multicellular tissue
as an active viscous fluid with an apparent surface tension can in fact explain many of its emergent

physical properties.

Theoretical Modelling

The previous section highlighted experimental evidence on how the mechanical response of cells
controls the spatial organisation of tissues at macroscopic scales. This section briefly reviews existing
theoretical approaches towards tissue growth and organisation. Modelling of tissue behaviour is
discussed at three different scales (Figure 1-4) ranging from single-cell agent-based models to
continuum descriptions and finally to interfacial models, motivated by established theoretical
concepts coming from materials science. Figure 1-5 gives some examples of the theoretical models

discussed in the following, of which some correspond directly to their counterparts in Figure 1-3.
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Figure 1-4: Theoretical approaches to describe multicellular systems

Models for tissue growth can be classified into three main categories: agent-based models, continuum mechanic
models, and interface-based models. The choice of the approach depends on the type of input data available and
on the scale of the phenomenon to be described. All three approaches apply the principle of energy minimisation
at different scales to describe the emergence of patterns and order in multicellular systems.

Sub-cellular models

Adhesion, force generation, and mechano-sensing of single cells form the basis of multicellular
behaviour. Mechanistic models can help to trace back these phenomena to surprisingly simple
physical principles even at the sub-cellular scale. Modelling cytoskeletal changes in response to
external geometrical cues demonstrates why focal adhesions concentrate around the periphery of a
cell (Deshpande et al. 2008; Pathak et al. 2008) and in regions of high curvature (Novak et al. 2004).
In a discrete two-spring model of focal adhesions, a mechanism of force sensing was proposed
through the cooperative force-regulated binding and unbinding of individual bonds in a FA (Schwarz

et al. 2006). The polarisation of cells by the formation of aligned stress fibres during adhesion can
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depend on the substrate rigidity (Zemel et al. 2010). Although such sub-cellular models can
sometimes also be applied to multicellular phenomena (Jamal et al. 2010), they are typically too
detailed to be efficient in explaining emergent phenomena of large numbers of cells. On this level, the
internal structure of cells can be neglected, and cellular behaviour is summarised by rules derived

from lower-level descriptions.

Cell-level, agent-based models

The approach to explain emergent phenomena in large systems through the effect of physical laws
acting on the level of the individual constituents is analogous to that of statistical physics. Such
systems are often difficult to grasp analytically, therefore computer simulations are frequently used.
Several proven and tested techniques for modelling and simulation of such systems can be extended

and applied to multicellular phenomena in biology.

Agent-based models of patterning and growth

At first order, cells can be approximated as point-like objects with coordinates denoting the centre of
mass, and a spherical interaction potential which incorporates cell properties such as elasticity and
volume as well as interactions such as adhesion, repulsion, or drag. A cell exhibits various behaviours
such as migration, proliferation, or death in response to physical parameters of the environment, e.g.
the forces imposed by neighbouring cells. Despite this very simplistic approach, such models account
well for many patterning and growth phenomena in multi-cellular systems ranging from cell
monolayer growth to tumour spheroids, embryonal development, or wound healing (Forgacs et al.
1994; Drasdo et al. 2007; Byrne and Drasdo 2008; Cox 2010) (See e.g. Figure 1-5-A2). These cell-
centre based models have been combined with continuum descriptions of the spatio-temporal
distribution of nutrients, oxygen, signalling factors or extracellular matrix to make them more
biologically realistic. Invasive tumour growth and morphology for example can be shown to depend
on cell-cell adhesion and stiffness sensing (Jeon et al. 2010). The interaction range of cells is extended
by propagating force fields throughout the extracellular matrix, allowing the collective alignment of

cells in tissues to be explained (Bischofs and Schwarz 2003).

Cellular Potts Model: cell sorting and beyond

In contrast to centroid-based models, lattice-based models allow for different cell shapes and sizes by
describing cells as connected regions that extend over several lattice sites. This approach is adapted
from the g-Potts model used to describe phase separation phenomena, and was thus termed the
“Cellular Potts Model” (CPM) (Graner and Glazier 1992; Glazier and Graner 1993). An effective
energy is assigned to the system which depends on the types of interfaces between cells as well as on
cellular properties such as volume or surface area. The evolution of the system is derived by energy
minimisation using Monte-Carlo approaches. The original application of the Potts model in biology

was to describe cell sorting (Figures 1-3-Al and 1-5-Al) due to differential adhesion (Steinberg
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2007). Since then, several extensions have been proposed to add biological complexity to the model
(Ouchi et al. 2003). By combining chemo-attractant and nutrient diffusion with the CPM a diverse
range of biological phenomena has been modelled. Examples range from the entire life cycle of the
slime mould Dictyostelium (Maree and Hogeweg 2001) to the influence of the collagen network on
tumour growth and invasion (Rubenstein and Kaufman 2008) and to the alignment of osteons with
load during bone remodelling (van Oers et al. 2008). A particularly successful application of CPM is
in morphogenesis, where differential adhesion and interfacial tension play an important role (Kafer

2007; Glazier et al. 2008; Krieg et al. 2008).

Vertex models in morphogenesis

Many systems studied in morphogenesis are essentially two-dimensional, such as the wing discs in
drosophila. Here, the evolution of the structure can efficiently be described using a vertex
representation of the cells, describing cell borders as lines between vertices (Honda et al. 2004), as
done in simulations of soap foams and grain growth (Glazier and Weaire 1992; Barrales Mora et al.
2008). By defining an energy function in a similar manner as in the CPM, the structural evolution of a
cell collection can be studied. This model has been used to derive stable and stationary network
configurations and explain the packing geometry in the wing disc (Figure 1-5-A3) as a consequence
of mechanical cellular properties and proliferation (Farhadifar et al. 2007). Vertex-based modelling
coupled with laser nano-dissection experiments have highlighted that the elongation of Drosophila
embryos is guided by cortical tension at cell junctions that drives polarised cell neighbour exchanges
(Rauzi et al. 2008). A mathematical model of non-uniform growth in a layer of tissue demonstrates
that a stress dependence of cell proliferation can provide a robust and purely mechanical integral-
feedback control of growth (Shraiman 2005). Although the principles of cell-packing are likely to be
generic for three-dimensions, the vertex representation must include more complicated topological

transitions of vertices found in 3D (Barrales Mora et al. 2008; Syha and Weygand 2010).

Averaging over cells

Fortunately, it is often not necessary to go down to the level of individual cells to theoretically
describe and understand a certain process. For example, results from vertex descriptions of individual
cell packing can be integrated into cell domains to describe flow fields on a more coarse-grained scale
(Butler et al. 2009). Using a combination of centroid-based cell simulations for division and
apoptosis, and a continuum description of stress distributions and flow, it was shown that a growing
tissue exhibits viscoelastic behaviour with relaxation times set by the rates of division and apoptosis
(Ranft et al. 2010). For the CPM, a continuous limit describing cell movements and interactions in the
form of probability density functions was derived and applied to trabecular bone formation (Alber et

al. 2007).
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Figure 1-5: Examples for modelling multicellular systems

A- Agent-based models derive the properties of an aggregate of cells by describing individual cells and their
interactions: A1- Morphogenetic phenomena such as cell sorting can be simulated with a large Q-Potts model
which takes into account differential adhesion and surface energies (adapted by permission from Macmillan
Publishers Ltd: Krieg et al. (2008), Nature Cell Biology, © 2008). A2- Destabilisation of a monolayer adhered
to a flat substrate simulated with a centroid based model (reproduced from Drasdo et al. (2007) (Fig. 5), with
kind permission from Springer Science+Business Media). A3- A vertex model derives the stationary network
pattern generated by repeated cell division that accounts qualitatively and quantitatively for the observed
packing geometry in the Drosophila wing disc (adapted from Farhadifar et al. (2007), with permission from
Elsevier).

B- Continuum mechanics approaches describe the tissue as a bulk material with properties that evolve according
to constitutive laws. B1- An anisotropic growth based on microscopically-motivated growth laws derives
cardiac wall thickening, stress-driven concentric growth, and transmural muscle thickening at constant cardiac
size using FEM (adapted from Ambrosi et al. (2011), with permission from Elsevier). B2- A mechanobiological
lattice model describes the evolution of tissues in the callus during bone healing (reproduced from Vetter et al.
(2010) (Fig. 9), with kind permission from Springer Science+Business Media). B3- A discrete-element cable
network describes the shape of a pinned collagen network seeded with contractile fibroblasts (adapted from
Bischofs and Schwarz (2006), with permission from Elsevier). C- Interfacial models consider only surface
properties and derive interfacial motion from a set of equations: C1- Minimisation of surface energy explains
the organisation of cone cells from Drosophila retina (adapted from Hilgenfeldt et al. (2008) © 2005 National
Academy of Sciences, USA).

C2- The level set method is applied to predict wound healing in an in-vitro model (adapted from Arciero et al.
(2011), with permission from Elsevier). C3- Curvature-driven growth of tissue in a square pore implemented in
a discrete description of the interface (adapted with permission from Rumpler et al. (2008)).

Many of these theoretical examples match their experimental counterparts in Figure 1-3. The correspondence of
the respective modelling approaches is not strict: for example, cell patterning in the fracture gap (Figure 1-3-A2)
can also be described by a continuum approach (Figure 1-5-B2).
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Continuum modelling of tissues

Cell patterning and extracellular matrix organisation on a macroscopic tissue scale can be described
efficiently using homogenised cellular and ECM properties. Continuum mechanics provides a
framework in which the average tissue response in a volume element is given by a set of constitutive
equations. These equations describe growth, mechanical response, diffusion and tissue evolution as a
function of the local mechanical, chemical and biological environment (Cowin 2004). Once
appropriate constitutive laws have been derived, the equations are either solved exactly for simple
tissue geometries, or are implemented into finite element calculations. Such approaches have been
successful in modelling bone healing, tissue remodelling (e.g. Figure 1-5-B1) and tumour growth,
amongst many other examples. For a recent review of continuum approaches to tissue growth

remodelling and morphogenesis see Ambrosi et al. (2011).

Growth

Tissue growth is strongly coupled to the local availability of nutrients and growth factors as well as
the local mechanical environment. Two main approaches have been used to model the growth rates of
tissues as a function of mechanics and chemistry. On the one hand, there are phenomenological
models, inspired from experimental observations, describing local tissue growth rates as a function of
local loading (Frost 1987). On the other hand, growth laws can be derived from more fundamental
considerations, such as mass and energy balances (Garikipati 2009). Growth itself is either treated as a
surface phenomenon by apposition of new material on the tissue surface, lending itself to lattice based
models, or as a local volume change or “eigenstrain” within the material requiring equations for
mechanical equilibrium to be solved for the final tissue state. Some of the earliest work on tissue
growth appeared in the field of bone, with the phenomenological observations that bone responds to
its mechanical environment by depositing new bone when stressed and removing bone when unloaded
(Roux 1881; Wolff 1892). These ideas have been successfully implemented into finite element
calculations and used to investigate trabecular bone remodelling which couples local tissue changes to
the local stress/strain state (Frost 1987; Huiskes et al. 2000; Weinkamer et al. 2004; Adachi et al.
2010). These models, although not describing individual cellular responses, are still capable of
explaining the emergence and maintenance of trabecular architectures and its adaptation to changing

external loading.

Bulk or interstitial growth is treated mathematically as a local deformation. Commonly the
deformation tensor is decomposed into an eigenstrain (or stress-free strain) arising from local growth,
and an elastic strain coming from the confinement of growing tissue by the surrounding tissue and
substrate (See Ambrosi et al. (2011) for more detailed discussions). In addition to a phenomenological
approach, some attempts have been made to derive growth laws based on thermodynamic
considerations (Epstein and Maugin 2000; Ambrosi and Guana 2007; Ambrosi and Guillou 2007;
Garikipati 2009; Dunlop et al. 2010). This gives growth laws consistent with the laws of
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thermodynamics but still requires a certain phenomenological input in the descriptions of the energy
and mass balances. Such methods describing energy dissipation in tissues have been used to model
the mechanics of tumour growth (Ambrosi and Preziosi 2009) and to extract free energy rates from

experimental observations of tumour spheroids (Narayanan et al. 2010).

Tissue evolution

In addition to volumetric growth, tissues also evolve via cell patterning and differentiation, and
through the deposition, ageing and remodelling of the surrounding ECM. One example for the
importance of patterning of growth and differentiation is bone regeneration. The local mechanical
response of tissue around bone implants combined with histological examinations has been used to
develop a model for tissue types change as a function of local shear strain and fluid flow rate
(Prendergast et al. 1997). This model for tissue differentiation has been applied to describe
angiogenesis in the gap between the bone and the implant (Checa and Prendergast 2009). A similar
approach has been used to describe the temporal tissue patterns in bone fracture healing (Figure 1-5-
B2), taking experimental data from tissue cultures in a bio-reactor (Matziolis et al. 2006) as a basis for

phenomenological laws of tissue differentiation (Vetter et al. 2011).

The mechanical response of tissue in such models is often simplified as a linear elastic isotropic
material, as a poroelastic medium (Cowin 1999), or as a swellable gel (Wu and Kirchner 2010). The
respective constitutive laws are then solved numerically using finite element methods (FEM). That
way, global boundary conditions such as forces, deformations or geometrical constraints can be
translated into local mechanical stimuli that determine cell response and matrix organisation. This
approach works very well under defined mechanical and geometrical conditions, such as in contractile
cell sheets in-vitro. The distribution of tensional stresses derived from FEM calculations compares

well with patterns of cell proliferation (Nelson et al. 2005) and differentiation (Ruiz and Chen 2008).

Various continuum-based approaches have been proposed to model the reorganization of the
extracellular matrix in response to cell-generated or externally imposed forces (Barocas and
Tranquillo 1997; Driessen et al. 2004; Garikipati et al. 2006; Kuhl and Holzapfel 2007; Kroon 2010).
The anisotropy of the matrix due to fiber alignment is usually treated as a continuum property and can
be related to a microscopic description based on discrete elements that represent collagen fibres (Kuhl

and Holzapfel 2007).

Models based on discrete elements can be efficient in describing structural properties without the need
to explicitly model individual fibres on the microscopic scale. For example, discrete structures made
out of struts and tensed cables can predict relationships between different parameters of the system,
such as internal pre-stress and stiffness (Stamenovi¢ and Ingber 2009). Geometrically constrained
collagen gels seeded with contractile cells are well described by a cable model (Figure 1-3-B3 and 1-

5-B3) with elements that resist elongation but not compression (Bischofs et al. 2008). The same
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approach works on the length scale of individual cells and predicts the radius of arcs between

adhesion points.

The internal contractility and fibrous structure of the cytoskeleton or ECM leads to an apparent
surface tension. Hence, the macroscopic shape of a contractile cell or tissue under geometrical
constraints can be described by an even simpler approach based on a modified Young-Laplace law
(Bischofs et al. 2009). This leads to another class of models that describe the emergent behaviour of

multicellular tissue entirely in terms of interfacial properties.

Interfacial modelling

As tissues can be viewed as viscous fluids, their behaviour can be greatly simplified by reducing the
tissue description to that of its internal and external interfaces whose motion is controlled by
interfacial energies. For this, models originally developed to study phase transformations can be
adapted. While in most cases surface tension dictates the patterning, additional features such as the
effect of chemical gradients can also be taken into account (Nelson 2009). The description of the
interface between a tissue and its surroundings can either be completely sharp or change continuously,

with the actual tissue boundary being defined by a threshold (Thornton et al. 2003).

Sharp interfaces

Sharp interface models can accurately reproduce cell sorting and tissue patterning by using surface
tension as the driving force of interfacial motion, neglecting any further biological or mechanical
details of the system. The evolution of cell clusters towards spheroids for example is well described
by models that use cell-cell and cell-medium interfacial energies calculated from experiments
(Manning et al. 2010). A similar approach was used to predict the soap-bubble-like patterning of cone
cell assemblies in Drosophila eyes (Hayashi and Carthew 2004), in which interfacial motion is driven
by adhesion and membrane elasticity (Figures 1-3-C1 and 1-5-C1) (Hilgenfeldt et al. 2008). Steinberg
(1962) and his successors showed the determining role of surface tension in cell sorting (Foty et al.
1996) and motion of sheets of cells (Forgacs et al. 1994). These phenomena are essential during
gastrulation and early stages of embryo development when sheets of different types of cells and
different tissues with different properties self-organise to form complex organs. A minimisation of
surface tension gives rise to a link between surface curvature and growth. Another more direct way to
model the effect of interfacial energy on pattern formation is therefore to quantify the geometry of the
interface and make it evolve toward a more stable configuration. In the context of tissue production by
cells, it was shown that the local motion of the tissue interface is proportional to the local curvature
(Rumpler et al. 2008) (Figures 1-3-C3 and 1-5-C3). A simple model in which local interfacial motion
is proportional to the local curvature gave good predictions of both the kinetics of growth and the

evolution of the shape of the tissue interface.
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Diffuse interfaces / Phase field methods

Rather than defining exactly the location of the interface, it is possible to allow the interface to extend
smoothly over a region of finite width on either side of the interface. This has the advantage of
avoiding the explicit treatment of the boundary conditions at the interface making the method
adaptable to mechanical, physical or chemical problems. These level-set methods (Osher 2001) are
common in materials science for modelling complex non-linear problems dealing with moving
boundaries like nucleation and growth phenomena in solidification or phase separation processes
(Thornton et al. 2003; Moelans et al. 2007). Such models have been used to study critical size defects
in wound healing (Javierre et al. 2008) and underline the impact of the geometry of the wound on the
healing process (Arciero et al. 2011) (Figure 1-5-C2). Level set methods are also used to model
tumour growth and invasion. Complex arrangements of proliferating and apoptotic cells embedded in
a matrix of healthy cells are reduced to simple systems with boundaries (Travasso et al. 2011). During
tumour growth, modelling the interfacial motion between different tissue types (healthy/cancerous or
cancerous/necrotic) helps to understand their separation and organisation in different phases. The
model predicts the evolution of tumour morphology and the critical curvature of the interface leading
to invasive growth, and estimates the impact of the distribution of biochemicals. The model has also
been applied to angiogenesis by coupling chemotaxis and cell proliferation to describe the formation

of ramified capillary networks (Travasso et al. 2011).

Conclusions / Outlook

Despite the complexity of the biological, chemical and mechanical processes behind multicellular
tissue organisation, the previous examples have shown that tissues can be modelled as active materials
obeying physical laws. This paper has briefly reviewed recent literature on the physics of how
individual cells interact with each other through mechanical forces, giving rise to emergent tissue
behaviour at macroscopic length scales (Figure 1-6). The theoretical concepts and modelling tools
discussed in this paper are also applied successfully in a wider range of biological fields than
mentioned here, such as plant development (Dumais et al. 2006), bacterial (Petroff et al. 2010), and
insect colonies (Camazine et al. 2001). Both experiments and theoretical studies on cell and tissue
behaviour have been discussed, since the combination of both is fundamental to gain new

understanding in such complex biological systems.
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Figure 1-6: From individual cells to emergent properties

Individual cells generate and sense forces. Mechanical interaction between cells through cell-cell contacts or via
the extracellular matrix gives rise to emergent properties such as cell patterns, matrix organization, or surface-
tension.

The behaviour of individual cells is influenced by mechanical signals: the cell cycle and cell fate
depend on mechanosensitive pathways. Moreover, cells are not just sensors, but are also actuators and
producers of force. When many cells are mechanically linked directly or via extracellular matrix, the
response of individual cells to mechanical signals is transmitted to other cells and leads to a feedback
loop, extending the interaction range. In multicellular tissues, cooperative behaviours emerge such as
mechanically patterned proliferation and differentiation, extracellular matrix alignment, or curvature-
controlled tissue growth. This gives rise to order over distances much larger than the range of

interaction between individual cells.

Cell patterning can be theoretically described by agent-based models that include active cell-level
behaviour as well as interaction between cells. Higher-level physical models ignore the behaviour of
individual cells and use continuum mechanics to describe tissue shape and structure. At an even more
abstract level, many phenomena can be understood by treating multicellular tissues as active viscous
fluids, controlled by an effective surface tension. This allows tissues to be described solely via the
interface without looking at the detailed tissue behaviour in the bulk. Further work is still required to
develop novel approaches to describe and average the active contractile behaviour of cells within a
tissue. Appropriate averaging procedures such as those found in statistical physics are not yet standard

for collections of cells.
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The emergence of collective behaviour due to cell-cell interactions based on “smell” and “touch” is an
area where modelling based on statistical physics and materials science seems to be a promising
approach. In particular, the cross-talk between biochemical and mechanical cell signalling and how
this leads to the emergence of tissue structure is far from being fully understood. The elucidation of
the intracellular processes clearly requires detailed analysis based on molecular biology coupled with
theoretical approaches. As was shown in this short review, reductionist treatments where cells are
described as automats, with predictable responses to chemical and mechanical stimuli, give
reasonable accounts for collective behaviour found in morphogenesis or regeneration. Comparing
such models to experimental studies will in turn allow us to infer what the cell responses need to be in
order to lead to the emergence of collective behaviour. More generally, the concepts presented have
many applications ranging from developmental biology (Mammoto and Ingber 2010), to regenerative
medicine (Hutmacher 2001), biomimetic materials science (Fratzl 2007) and diagnostic tools for

disease (Suresh et al. 2005).
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Transition to Chapter 2

The preceding review about “the physics of tissue patterning and extracellular matrix organisation”
showed that many experimental works and computational studies have been performed to understand
the influence of mechanical and geometrical cues on cellular responses at the sub-cellular, cellular and
multicellular scales. On the tissue level, quantitative evaluations of these observations are still
missing, although in-vivo and in-vitro experiments revealed some influence from the physical
properties of a substrate on the organisation of the cells and the extracellular matrix. Alternatively,
modelling methods based either on the behaviour of individual cells or on the global properties of the
tissue, were used to derive the changes in the living material. It was highlighted that understanding
quantitatively the influence of the physical cues at the tissue level, which still constitutes a gap in this

field of research, could then be possible by combining experimental and modelling works.

The in-vitro cell culture system proposed by Rumpler et al. (2008) is particularly interesting to
investigate and quantify the influence of geometry on tissue growth. Moreover, the curvature-driven
growth model they proposed, describes qualitatively the deposition of bone tissue by pre-osteoblasts
on three-dimensional surfaces. Based on these promising results, the initial goal of the present thesis
was to develop a computational tool to simulate curvature-driven growth on digital images. In that
way, tissue patterning derived from the model could be compared quantitatively to the evolution of
the tissue-medium interfaces extracted from the experimental images. In order to explain this purely
geometrical model on a biological basis, we suggested comparing curvature-driven growth to a simple
geometrical construction based on the elongated shape of the contractile cells. Moreover, bone like
geometries, namely cylinders and semi-cylinders to mimic osteons and hemi-osteons respectively,
were proposed to be used in the computational and the experimental models. Tissue shapes predicted
and obtained in-vitro were then compared to in-vivo patterns known from bone remodelling

examples.

The article presented in the next chapter reports and discusses the experimental and computational

results obtained when addressing these first objectives.
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Abstract

This study investigates how substrate geometry influences in-vitro tissue formation at length scales

much larger than a single cell.

Two-millimetre thick hydroxyapatite plates containing circular pores and semi-circular channels of
0.5 mm radius, mimicking osteons and hemi-osteons respectively, were incubated with MC3T3-El
cells for 4 weeks. The amount and shape of the tissue formed in the pores, as measured using phase
contrast microscopy, depended on the substrate geometry. It was further demonstrated, using a simple
geometric model, that the observed curvature-controlled growth can be derived from the assembly of
tensile elements on a curved substrate. These tensile elements are cells anchored on distant points of
the curved surface, thus creating an actin “chord” by generating tension between the adhesion sites.
Such a chord model was used to link the shape of the substrate to cell organisation and tissue
patterning. In a pore with a circular cross-section, tissue growth increases the average curvature of the

surface, whereas a semi-circular channel tends to be flattened out.

Thereby, a single mechanism could describe new tissue growth in both cortical and trabecular bone
after resorption due to remodelling. These similarities between in-vitro and in-vivo patterns suggest

geometry as an important signal for bone remodelling.

My contribution

I performed the cell culture experiments, analysed data, implemented the computational tools to
measure curvature and simulate curvature-driven growth, proposed the chord model, did the

mathematical demonstration, contributed to the structure of the ideas and wrote the manuscript.
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Introduction

Cells are not only sensitive to biochemical signals (Ben-Shlomo et al. 2003), but also to the
mechanical properties (Discher et al. 2005) and the geometry (Nelson et al. 2006) of their
environment. They detect and respond to these physical characteristics at different length scales. On
the sub-cellular level, cells sense and integrate mechanical information via their Focal Adhesions
(FAs). These complexes of proteins link the extracellular environment to the cytoskeleton and enable
cells to both apply and “feel” forces (Bershadsky et al. 2003). The internal cytoskeletal stress is
constantly tuned by actin fibre remodelling and acto-myosin contractility (Pellegrin and Mellor 2007),
giving rise to a mechanical homeostasis in the cell (Schwarz et al. 2006). This in turn enables the
geometrical (Vogel and Sheetz 2006; Cavalcanti-Adam et al. 2007) and physical (Discher et al. 2005)
properties of the underlying extracellular matrix (ECM) or substrate to be sensed. The information is
then transmitted to the nuclei (Wang and Suo 2005) allowing cells to adapt proliferation (Nelson et al.
2005), differentiation (Engler et al. 2006), apoptosis (Chen et al. 1997), spreading (Théry et al. 2000),
migration (Harland et al. 2011), ECM production (Brock et al. 2003), and orientation during mitosis
(Théry et al. 2007). As cells are linked directly via cell/cell contacts or indirectly via the ECM, they
can mechanically communicate with each other (Cai and Sheetz 2009) and synchronise their
individual decisions to act in a collective way giving rise to cell patterning (Nelson et al. 2005; Ruiz
and Chen 2008) and ECM organisation (Latimer and Jessen 2010; Kollmannsberger et al. 2011)

during morphogenesis for example (Patwari and Lee 2008).

At the tissue level, the influence and emergence of mechanical properties have been investigated in
the context of cancer research (Paszek et al. 2005), cardio-vascular disease (Peyton et al. 2007) and
tissue engineering (Freed et al. 2009). While a lot of studies on porous scaffolds also revealed an
effect of porosity and pore size on cell adhesion, proliferation and matrix deposition (see e.g.
Zeltinger et al. (2001) and St-Pierre et al. (2005)), relatively few focused on quantifying the role of
scaffold curvature on tissue growth kinetics (Bischofs et al. 2008; Rumpler et al. 2008). In one study,
Ripamonti and co-workers compared tissue growth in natural bone structures and artificial
hydroxyapatite scaffolds implanted in-vivo (Ripamonti 2009), and showed preferential tissue
production in concave areas of the scaffolds, as also observed in-vitro (Graziano et al. 2007). The
kinetics of in-vitro bone tissue growth was also measured in pores of controlled geometries in another
study (Rumpler et al. 2008). In their work, they showed that the thickness of tissue produced by
osteoblasts depended on the local surface curvature. This led to the description of tissue development
in terms of curvature-controlled tissue growth (CCTG), which gave good predictions of the tissue
shape. Since this description is purely geometric, additional studies are required to elucidate the
potential effects of mechanical and biological processes involved in the interfacial motion of tissue

(e.g. cell proliferation and ECM production).
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A classic example of the interaction between geometry and tissue growth can be found in the process
of bone remodelling (Robling et al. 2006) which allows bone to renew and to adapt to slowly
changing mechanical environments. During bone remodelling, three cell types are involved:
osteocytes sense mechanical loads in existing bone (Owan et al. 1997; Nicolella et al. 2006; Bonewald
and Johnson 2008) and forward the signal to osteoclasts which resorb old or damaged bone, and to
osteoblasts which produce new collagenous tissue called osteoid. By definition, resorption and
deposition are two processes that locally change the surface geometry of the bone tissue. In cortical
bone remodelling, osteoclasts resorb bone, leaving cylindrical pores called osteons (Parfitt 1994).
These are then refilled by osteoidal tissue with a central blood vessel, the Haversian canal
(Kerschnitzki et al. 2011b). During the remodelling of trabecular bone however, osteoclasts dig out
small semi-circular channels or grooves called resorption pits or trails which can be seen as hemi-
osteons, that are later refilled with osteoid by the osteoblasts (Parfitt 1994). Despite the continually
changing local geometry, the mean curvature of the trabecular bone surface is tightly controlled
(Jinnai et al. 2002b). Indeed, the signals responsible for such a precise spatial orchestration of the cells
on the millimetre scale are still unclear. For instance, it is not clear why osteoblasts stop tissue
production once a hemi-osteonal lacuna is filled. This provides a strong motivation to understand the

influence of geometry on tissue deposition during bone remodelling — the goal of this paper.

Besides the quantitative description of tissue deposition on bone-like substrates, the present study
proposes a new physical explanation of how the organisation of contractile cells leads to CCTG, as
observed by Rumpler et al. (2008). Circular pores and semi-circular surfaces were designed in
hydroxyapatite scaffolds to mimic osteons and osteoclastic resorption pits (hemi-osteons),
respectively, and the scaffolds were incubated with MC3T3-E1 pre-osteoblast cells. In order to
quantify geometry evolution on experimental images, a computational tool based on the approach of
Frette et al. (2009) was used to measure the curvature profiles and integrated into an algorithm for
CCTG. In this paper, CCTG is shown to be equivalent to a simple geometrical construction
representing the organisation of individual tensile elements and called the chord model. This new
approach enables curvature-controlled tissue growth to be interpreted as the result of the superposition
of linear elements such as stretched cells and collagen fibres. By comparing a simple geometrical
model to experiments, this paper also highlights that the sum of mechanical and biological processes
responsible for tissue growth responds to simple geometrical rules giving rise to the patterns observed
in-vitro. This suggests geometry as a key regulatory element for the tight control of tissue deposition

during bone remodelling.
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Material and methods

Production of the hydroxyapatite (HA) plates

HA plates (2mm thick) containing circular pores and semi-circular vertical channels (nominal
diameter 1mm) were made by slurry casting. The moulds were designed using the computer-aided
design (CAD) software Alibre Design (Alibre Inc., Richardson, TX) and produced with a three-
dimensional (3D) wax printer, Model Maker II (Solidscape Inc., Merrimack, NH) as described in
(Manjubala et al. 2005) (Figure 2-1A). The moulds were filled with a HA slurry made of 15g of
methacrylamide monomers (MAM), Sg of N-N’-Methylenebisacrylamide (BMAM), 75g of water and
12.5g of Dextran for 300g of HA powder, and crosslinked with ammonium persulfate and N,N,N’,N’-
Tetramethylethylenediamine (TEMED). The structures were slowly air dried, pre-sintered and finally
sintered as done in (Woesz et al. 2005) (Figure 2-1B).

Cell culture

Murine pre-osteoblastic cells MC3T3-E1 (provided by the Ludwig Boltzmann Institute of Osteology,
Vienna, Austria) were seeded with a density of 10° cells/cm? on the surface of the HA scaffolds and
cultured for 28 days in a-MEM (Sigma-Aldrich, St. Louis, MO) supplemented with 10% foetal calf
serum (PAA laboratories, Linz, Austria), 0,1% ascorbic acid (Sigma-Aldrich, St. Louis, MO) and
0,1% gentamicin (Sigma-Aldrich, Steinheim, Germany) in a humidified atmosphere with 5% CO, at
37°C (Figure 2-1C).

Imaging and analysis
Each pore was imaged every 3 to 4 days using a phase contrast microscope (Nikon Eclipse TS100,
Japan) equipped with a digital camera (Nikon Digital sight DS 2Mv) (Figure 2-1D). All pictures were

taken with a 4x objective, yielding the final image resolution 1mm=205pxI.

The digital images were semi-automatically binarised using Image] (National Institutes of Health,
Bethesda (Rasband 2008)). The contrast in the images enabled scaffold and tissue (black in the

binarised images) to be distinguished from the medium (white).

Measurement of the tissue production

Tissue production in the pores was quantified by determining the projected tissue area (PTA) formed
in the pores (Figure 2-1D). As this measurement is two-dimensional, it is only a proxy for quantifying
the volume of growth into the depth of the pore. The free section of a pore, corresponding to the white
regions in the binarised images, decreases with time. The PTA was then calculated by subtracting the
binarised image at an initial time point from the image at the time of interest. As cells needed time to
settle and start tissue deposition, the initial pore section was taken on the fourth day after seeding

(D4).
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The experiments presented here included 6 pores for each shape: circular pores (CIR) and semi-
circular channels (SC). Two other sets of experiments repeated in the same conditions showed similar

results (data not shown).

A - Mould printing: Rapid prototyping

Dissolving I

Support wax

Support wax 7
Build wax

Casting
B - Scaffold production

Drying HA slurry
+

Sintering

1100°C

C - Cell culture D - Phase contrast microscopy

MC3T3-E1
Pre-osteoblasts

105 cells/cm?

28 days

Every 3 or 4 days

Figure 2-1: Experimental protocol

A - Moulds were produced by rapid prototyping. A build wax (blue) was used to print the mould in 3D. A
support wax (red) was added to reinforce the object while printing, and then removed by dissolution. B -
Hydroxyapatite slurry was cast into the moulds, slowly dried and sintered. C - Pre-osteoblast cells were seeded
(10° cells/cm?) on the scaffolds and cultured for 28 days. D - Tissue growth was quantified by phase contrast
microscopy twice a week by measuring the projected tissue area (PTA) in each pore.

Immunofluorescence staining

Some scaffolds were washed with phosphate buffered saline (PBS), fixed with 4% paraformaldehyde
and permeabilized with 0.1% Triton-X100 (Sigma-Aldrich, Steinheim, Germany). After 15min
blocking in 10% blocking reagent (Roche, Germany), the samples were incubated for 1h in a 1:200
solution of myosin IIb antibody (Cell Signaling Technology, Beverly, MA) and 1h in a 1:200 solution
of anti-Rabbit IgG AF 488 (Cell Signaling Technology, Beverly, MA). Once washed in PBS, the
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tissue was stained for actin stress fibers by incubating with TRITC-Phalloidin 4 x 10®*M (Sigma-
Aldrich, Steinheim, Germany) for 40min. After fixation, some of the samples were permeabilized as
mentioned above and stained for nuclei with a 1:300 solution of TO-PRO3 (Invitrogen, Oregon, USA)
for Smin. Images of stress fibres, myosin and nuclei were obtained using a confocal laser scanning

microscope (Leica, Germany).

Curvature measurement

The curvature profile of the interface between the tissue and the medium on each binarised image was
calculated using Frette’s algorithm (Bullard et al. 1995; Frette et al. 2009) implemented in a custom
made Matlab code (Matlab 7.8.0 R2009a, MathWorks, Natick, MA). This method has an advantage
over other curvature measurements based on spline fitting (Worring and Smeulders 1993), in that it
can be applied directly to digital images coming from the phase contrast measurements. The algorithm

first located the pixels on the tissue-medium interface in the binarised image. The local curvature

K :% associated with an interface pixel was then estimated from the ratio of the number of black to

white pixels lying within a given radius from the interface:

3z A 1
k=2 2= Eq.1
. [Am 2} (Eq.D)

where A4 is the number of pixels in the mask and on the outer side of the interface, 4, ,is the number

tot
of pixels in the mask and r is the mask radius (Figure 2-2A and B). The calculation was made for all
pixels on the interface on each side of the border. The local curvature in one position of the interface
was taken as the mean value of the curvatures measured on the outer pixel and the inner pixel. In the
limit of a perfectly smooth interface and an infinitely small radius, this ratio corresponds to the local
curvature. In this paper, a positive curvature is defined as a concave surface (Figure 2-3). Average

curvatures x,, were determined along the perimeter of the pore for circles, and along a portion of the

interface in semi-circles. The precision of the measurements are discussed in the Supporting Material.

Curvature-controlled tissue growth

An equivalent of the CCTG model presented by Rumpler et al. (2008) was implemented by
incorporating the curvature estimation of Frette et al. (2009). The technique to estimate interfacial
curvature on a binary image was extended towards a description of growth by scanning the mask over
the entire image, giving “effective curvature” values for all pixels (Figure 2-2C). Assuming that
growth occurs only in concave regions, each white pixel where the effective curvature is positive was
changed to black, representing tissue deposition. The process was then iterated to describe CCTG.
This method has the advantage that growth can be directly compared with the experimental pore

geometries.
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In the approximation R >> r, the local thickness of tissue produced in one step is proportional to the
local curvature (for a proof see the Supporting Material) and compares with the description of CCTG

proposed by Rumpler et al. (2008):
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Figure 2-2: Computational methods

A-B - Principle of curvature measurement on continuous (A) and discrete (B) interfaces (adapted from Frette et
al. (2009)). The grey area represents the contributing area A4 in Eq.1 where » =8.5px/ is the radius of the

mask, A4, =" in A and A4, = Z pixels in B. C - Implementation of CCTG. The whole image was

mask

scanned with the mask (1-) and the ratio was attributed to each pixel (2-). A threshold of 0.5,
tot
corresponding to x =0, were applied: free pixels where x > 0 were filled with tissue (3-). The interface was

then updated and the entire procedure was repeated.
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Results

Tissue deposition was observed in each pore by phase contrast microscopy over a period of 28 days.

A - Phase contrast images

B - Superposition

Experimental interfaces

D7
D14
D21

Simulation on experimental images at D4

D7
D14
D21

Figure 2-3: Qualitative results, evolution of the geometry

A - Evolution of the tissue interface in a circular pore and on a semi-circular surface. Images taken at different
culture times (D4, D7, D14 and D21) during in-vitro experiments show behaviours comparable to those
observed in osteons and hemi-osteons during bone remodelling. B - The superposition of the interfaces obtained
experimentally (top) compared to the one derived from CCTG applied to the actual geometry of the
experimental pores at D4 (bottom). 7, 14 and 21 days of culture were simulated by 51; 170 and 289 steps for the
circle and 34; 153 and 272 steps for the semi-circle respectively (» = 8.5 pxl, a =17.0step / day ).

Figure 2-3 A presents images taken at different times during the culture (D4, D7, D14 and D21) and is
compared with the CCTG description in Figure 2-3B. In circular pores, tissue deposition occurred
homogeneously along the interface, leading to a uniform concentric closing of the cylinder. On semi-
circular channels, no tissue formed on the convex corners of the channel neither on the external flat

surfaces. Growth is therefore pinned within the channel, resulting in different amounts of tissue as a
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function of position in the lacuna. In contrast to circular pores, the interface of semi-circular channels

flattened with time.
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Figure 2-4: Quantitative results, curvature profile and growth rate

Quantitative analysis of tissue growth in circular pores (CIR) and on semi-circular channels (SC) of 1 mm
diameter. A - The average curvature along the perimeter of the circular pore and on a given portion of the semi-

. . . . . 1
circular surfaces was measured on experimental images at different culture times. As &, ~p =2.047Tmm™,

theoretically circular pores should be filled in about 432 steps or 25.4 days. B - The projected tissue area (PTA)
was normalised by the area of the pore (PA) at D4 (reference) and reported as a function of culture time. In A
and B, the full lines correspond to the prediction given by CCTG (r=8.5pxl; o =17.0step/day). A lag time

was used to overlap simulated and experimental data (7, - =4dayand ¢, ;- =5day). C - Growth rates

were calculated between D7 and D14 with the experimental and the simulated data as well as data simulated on
ideal geometries with a radius derived from the experimental images. ANOVA analysis showed no significant
differences between the methods used but a statistical difference in the tissue growth rates achieved in CIR and
SC ( p <0.05). Dots and error bars represent mean values and standard errors, respectively (7 = 6).

The evolution of tissue shape reveals the determining role of the boundary conditions in the interfacial
motion between 4 and 28 days. The average curvature measured on the experimental images increased
with ongoing tissue growth in circular pores, whereas curvature slowly decreased on a semi-circular

channel (Figures 2-3A and 2-4A).

On the growth curves in Figure 2-4B, the PTA was normalised by the area of the pore (PA) measured
on the fourth day of culture. In semi-circular channels, PA was taken to be the free area under the
scaffold surface (dashed line in Figure 2-5). A direct comparison of the fraction of available space
filled with tissue was then possible. The experimental data displayed a linear increase of the amount
of tissue produced in circular pores up to day 14 in agreement with previous results (Rumpler et al.
2008). Afterwards, tissue amplification slowed down. Comparison of the early growth behaviour in
circular and semi-circular channels, calculated between day 4 and day 14, revealed that tissue growth

was significantly higher in the circles compared to semi-circular surfaces (Figure 2-4C).

Although the local curvature was supposed to be the same on each point of the surface, the initial
growth rates (between D4 and D14) in a circular pore and on a semi-circular surface are different

(Figure 2-4C). A two-way analysis of variance ANOVA showed a statistical difference between the

39



Chapter 2. How linear tension converts to curvature: Geometric control of bone tissue growth

shapes (CIR vs SC) and no significant influence of the methods used (Experiment vs Simulation on
experimental shapes vs Simulation on ideal shape). All pair-wise multiple comparisons were done
following the Holm-Sidak method and p values of less than 0.05 were considered significant. The
geometry of the substrate influenced the speed of tissue production by the cells. The CCTG
description correctly predicted that the average curvature diverges as the circular pore filled whereas

it should converge toward zero (flat surface) in semi-circular channels (Figure 2-4A).

In order to compare predictions and in-vitro results, a time scale parameter « in step.day™' was

derived from the ratio between simulated and experimental growth rates measured in circular pores in

1

mm® step”" and mm® day™" respectively. The tissue growth rate was derived from the simulations

APTA
AT

performed on experimental images with »=8.5px/, =0.00167mm’ step”" and

sim

experimentally measured on the early stage (D7 to DI14) and is considered constant:

dPTAl _ 4 0284mm? day' - The time scale used in the following is thus o =17.0step.day™ .
dt

exp

Quantitative results predicted by application of CCTG on experimental images at D4 are reported in
Figure 2-4B. The simulated projected tissue areas (PTA) were normalised by the area of the
respective pores at D4 (PA) and averaged (» =6). An additional lag time was used to overlap

simulated and experimental data: ¢, ., =4day and ¢, ;- =5day. t, represents the time cells need

to spread and colonize the scaffold before starting growth and is known to depend on the geometry of
the pore (Kommareddy et al. 2010). Once the single free parameter of the calculations is fitted on the

experimental growth in circular pores (« =17.0step.day™" ), CCTG also correctly described the initial

growth behaviour on semi-circular channels (Figure 2-4A, B and C). However, it did not explain the

notable slowdown observed experimentally in both geometries from D14.

A “chord model” to explain curvature-controlled tissue growth
Although CCTG can predict both the geometry and the linear kinetics of tissue formation, it contains
no intrinsic time scale and provides no mechanistic explanation of the curvature sensing of cells and

tissue.

In the following, tissue is considered as a collection of stretched cells and fibrous ECM, and growth is
described as occurring via the assembly of such tensile elements (chords) on a surface. In this section,
it is demonstrated that CCTG is a direct consequence of this simple geometric construction. Besides
giving a mechanistic interpretation of the CCTG on the cellular level, the chord model also motivates
the interaction range (mask size) chosen for measuring curvature and thereby justifies the time scale

of the computational implementation.
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As cells are the tissue manufacturers, a geometrical description of single cells settled on a surface
(Figure 2-5) provides hints to the local dependence of tissue organisation on the geometry. Once
attached to the substrate, cells contract their cytoskeleton thus defining a new interface between the
FAs (Geiger et al. 2009). If the surface is flat or convex, cytoskeletal contraction results in a
downward motion of the cell towards the substrate (Figure 2-5A). However, if the surface is concave,

the contracting cell is stretched between the FAs and locally forms a flat interface (Figure 2-5B).

A - Convex surface

= i = == Cell
//lﬁ\ \\ - Focal Adhesion

B - Concave surface

D - Chord model
applied to a colony of cells

\\;{/
\Q:‘;y/

C - Chord model

|\>
|

Figure 2-5: A chord model to describe tissue growth

After adhering on a substrate (pink dots), a cell contracts its cytoskeleton (purple arrows) to reach a stable
tensile state. A - On a convex surface, the cell remains bent and exerts pressure on the substrate. B - On a
concave surface, cell contraction stretches the membrane and results in a local flattening of the surface. C - A
chord representing a static stretched cell defines an element of tissue, which thickness & is proportional to the
local curvature of the surface. D - A collection of stretched cells sitting on a concave surface can be seen as an
assembly of segments. Each cell locally generates a zero curvature and defines an element contributing to the
local thickness of tissue produced. With this new interface being defined, another collection of cells can settle
and contribute to tissue growth. The interfacial motion derived from this simple geometrical interpretation
compares with the experimental observations (Figure 2-3).

The chord model presented here consists of a tensile element of length / that connects two points on a
surface (Figure 2-5C) and locally defines a new interface. The effect induced in the perpendicular

direction can be described using the largest distance &, between the chord and the substrate.
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Simple geometrical relations (detailed in the Supporting Material) demonstrate that the local

interfacial motion induced by the deposition of a single chord &, is proportional to the local

curvature x = % with the hypothesis R >>/:

12
Ochora = s (Eq.3)

Combining this effect for all possible positions of the chord on the substrate predicts the location of
the interface once a collection of tensile elements has been laid down (Figure 2-5D). Additional layers

can then settle iteratively on the surface.

Equations 2 and 3 demonstrate that the superposition of tensile elements on a curved surface generates

an interfacial motion equivalent to the CCTG evolution presented earlier (Figure 2-2 and Rumpler et
al. (2008)). Using r :gl as the radius of the mask in the computational method leads to full

quantitative  consistency between the chord model and the CCTG description:

2

S =0 hord = Ocomp :%K‘. Mathematical details are provided in the Supporting Material. Moreover,

Figure 2-5D reveals that geometries derived from the chord model also compared well with the

experimental observations (Figure 2-3).

Considering cells as tensile elements, the chord model can describe tissue growth and its curvature-
driven behaviour. Additional support comes from the observation of actin fibres that indicate stresses
produced by interacting cells. These stress fibres formed rings inside circular channels (Figure 2-6B),
as previously observed (Rumpler et al. 2008), which are reminiscent of contractile actin —myosin
rings found in wound healing for other cell types (Bement 2002; Martin and Parkhurst 2004; Salbreux
et al. 2009). Actin fibres co-localizing with myosin are shown in concave regions on Figure 2-6A.
These fibres have an arrangement very similar to the chords in Figure 2-5B, supporting the idea that
cells in the tissue collectively exert tensile stress as they adhere to matrix and substrate. On convex
surfaces however, Figure 2-6A clearly shows a much lower density of contractile chords, also in
agreement with the model in Figure 2-5. A convex surface (Figure 2-6D) was also tested, and,

interestingly, only a mono-layer of tissue was observed even up to late growth stages.

Staining tissue for cell nuclei reveals a homogeneous cell density all over the projected tissue area
(Figure 2-6C). This shows that cell density is independent of curvature. Note that the global geometry
of the new interface is independent of the number of chords, i.e. cell density, in one layer. Moreover,
the geometry of a substrate is known to influence cell proliferation by determining the stress
distribution in the contractile cell layer (Nelson et al. 2005). Although no proliferation study was

performed here, the constant cell density suggests that cell proliferation adapts as the curvature
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increases and the adhesion surface decreases during tissue growth, leading to the overall constant cell

density.
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Figure 2-6. Tissue organisation

A - Tissue produced in a pore made of 4 adjacent circles and stained for actin stress fibres and myosin IIb. Actin
fibres colocalised with myosin IIb are present on the whole surface but their higher density on concave
interfaces suggests a local higher stress state of the cells. B - Tissue is made of cells and collagen. Nuclei (red),
actin stress fibres (green) and collagen fibres (visualized by polarized microscopy) are oriented parallel to the
interface. The white arrows show polarisation direction. C - The homogeneous distribution of nuclei shows that
cell density is independent of geometry and suggests a local dependence of cell proliferation on the local
curvature. D - An example of a convex HA surface (D35) on which only a mono-layer of tissue was formed.

In the computational description presented earlier, the radius of the mask defines the interaction range
around a given point and influences the precision of curvature estimation. The equivalence between

the CCTG and the chord model together with the cellular approach proposed above motivated us to

A

scale this range to the approximate length of a cell: » = 731 . For an elongated osteoblast, / ~ 50.m

but with »=8.5px/ and lmm=205pxi, the actual cell length considered here is /~47.m.

Thereby, the effective curvature values derived in the computational implementation of CCTG

represent what cells “feel” from the geometrical features of the surface.

1

In terms of PTA, the simulated growth rate in mm” .step ™" in an ideal circular pore is constant:
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APTA a?
— = — ,4
At |, (r) =27R(7)o(7) 7 3 (Eq.4)

This constant rate derived in closed convex shapes (circles) confirms the equivalence between the

chord model and the CCTG description proposed by Rumpler et al. (2008).

According to equation 4, the simulated growth rate and thus the time scale of the model depend on the
interaction range chosen. The simplest approach to determine this time scale is to assume that the
experimental growth rate is also proportional to curvature. This requires the definition of one

parameter ¢(/) that fits the time r of simulated growth in steps to the time ¢ of experimental tissue

growth in days, which leads to:

dPTA ? o’
28 a2 = i Eq.5
- a(l) 2 a(r) 3 (Eq.5)

exp

Equations 4 and 5 show that (/) scales with the inverse of the square of the interaction range chosen

in the model and can always be derived by comparing simulated and measured tissue growth rates in

the experimental pores. The interaction range being fixed to / =47m, « is a constant accounting
for the kinetics of all the biological phenomena contributing to tissue deposition (cell migration,
proliferation, ECM synthesis, etc.).

7 and ¢ being proportional, the interfacial motion derived from the model can be described as a

continuous function of time ¢ = — . To quantify kinetics, the evolution of the distance between tissue

T
(24

interface and the substrate (in mm” step™' ) was derived in an ideal pore by integrating equation 3:

_ I dRrR@® Ea.6
5(t)—a—8R(t) === (Eq.6)

This gives a solution in terms of curvature:

) P S (Eq.7)
R(t) \/1_127('02
4

at

The time needed for an ideal circle to be filled was determined for a radius equal to zero and an

infinite curvature:

4

2.2
I"kja

Lin = (Eq.8)
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Discussion

The amount and the shape of the tissue produced by MC3T3-E1 cells cultured in pores of controlled
geometries were quantified in terms of PTA and curvature on phase contrast images taken over a
period of 28 days. The chord model not only agrees with the computational implementation of CCTG
as described in Figure 2-2, but it also provides a relevant interpretation on the cellular scale of the
equivalent behaviour observed during tissue growth (Figure 2-3). Moreover, the works of Théry et al.
(Théry et al. 2006) about the shape and the stress state of a cell after spreading and contraction,
support the approach sketched on Figure 2-5.

As described earlier, one step of the computational implementation of CCTG represents roughly the
contribution of one layer of cells to the tissue thickness. In agreement with the hypothesis of CCTG,

the simulation predicts a constant tissue growth rate (in mm?.step ") in an ideal circle (Rumpler et al.
2008). This rate only depends on the cell size, arbitrarily set to 47um (Eq.7). Measuring the initial
experimental rate (in mm?®.day™') in circular pores enabled us to fit the model of growth with a

unique parameter that introduces a linear time scale by giving the number of steps needed to represent

one day of experiment: o =17.0step.day'. Although this parameter should theoretically represent

the number of cell layers deposited in one day of culture, the high value suggests that some
assumptions are too simple. For example, stretched osteoblasts in culture are probably not

homogeneous in size / and are likely to be larger than 47um . Moreover, a chord model only based on

cells implies that the contribution of the ECM is neglected although Figure 2-6B reveals the presence
of collagen fibres aligned with the interface, just as actin fibres in stretched cells. Considering larger
cells and/or adding collagen fibres in the definition of the tensile elements would increase the
simulated growth rate and decrease « toward more realistic values. Importantly, « does not interfere

with the geometrical behaviour of the interface but just rescales the evolution in time.

The circular pores and semi-circular surfaces produced in the experiments were chosen with the same
radius, i.e. the same local curvature, along the interface. Although CCTG supposes a local growth rate
proportional to the local curvature, Figure 2-4C shows a significant difference in the normalised
global growth rates ( P74/ PA) on circular pores and semi-circular surfaces. The qualitative results
(Figure 2-3) as well as the evolution of the average curvature (Figure 2-4A) suggest the importance of
the boundary conditions for the pattern of tissue deposition. As no growth occurs on the convexities
(Figure 2-6D), the tissue laid down within concavities flattens the surface in semi-circular channels,
i.e. decreases the average curvature. In circular pores however, the concentric growth increases

curvature.

To underline the determining role of the convex corners as seen in Figure 2-6, CCTG was simulated
on artificial images (Figure 2-7A-F). All geometries were based on a semi-circle ( R = 0.5mm) that is

differently linked to the surrounding flat surfaces. Figure 2-7 shows that although the local curvature
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is the same on a given portion, tissue deposition (in time and space) depends strongly on the geometry
of the surroundings. As the tissue grows, changes in the curvature profile of the interface affect both
local and global growth rates. Although the phenomenon is slightly exaggerated due to the discrete
character of the computational method (Figure 2-7A and B), it is interesting to note the slowdown of
growth when tissue reaches the convex corners. This suggests geometry as a potential signal for

osteoblasts to decrease and eventually stop tissue production when a hemi-osteonal lacuna is filled.

0.8

0,6 1

T T T

400 600 800

Time (steps)

Figure 2-7: Importance of the boundary conditions

Tissue growth (orange) was simulated on different artificial images using the CCTG description (A to F). The
predicted PTA is reported as a function of iteration steps. Each initial interface (black) contains a semi-circle
with a radius of 0.5 mm. The different boundary conditions show the influence expected on tissue growth rate
and organisation. On A, B and C, the model predicts that the sharper the convex corners, the slower the growth.
Tissue is eventually deposited on convex surfaces after the surroundings have been filled and the interface has
locally become concave (red arrows). Comparing A, D and E reveals that shifting the convex corners upward
prolongs the duration of a constant growth rate which is half of the one obtained in a full circle (F). Tissue
deposition can expand on the walls until it reaches the convex corners. From this time point (inset), the surface
joining the pinning points is minimised, which decreases the curvature and slows the growth.

Figure 2-4B reveals a slowdown of the experimental tissue growth after 18 days of cell culture that is
not predicted by the chord model fitted with a linear time scale. However, more complex scaling laws
could be used to depict the non-linearities induced as cells slow down proliferation and ECM
synthesis when they differentiate and mature (Stein and Lian 1993). For example, pre-osteoblasts
differentiate towards osteoblasts during culture and begin to synthesise alkaline phosphatase (ALP).
As the plateau often appears after 14 days of culture or later, which approximately corresponds to the
beginning of ALP synthesis by such cells (Quarles et al. 1992), the influence of the differentiation
could be a possible explanation for the decrease in tissue production. In parallel, the ECM synthesized

by the osteoblasts also undergoes maturation, whereby cross-link formation in the collagen matrix

46



Chapter 2. How linear tension converts to curvature: Geometric control of bone tissue growth

increases with culture time (Gerstenfeld et al. 1993; Saito et al. 2004). This could implement a denser
packing of the tissue and explain the plateau in PTA. As the CCTG description is intrinsically a
geometrical description, adapting the time scale would be a simple way to take the effects of cell and
matrix maturation into account. For a given interaction range, the number of steps representing one

day of culture «(¢r) would then decrease with time, and the scaling law would require an additional

time characteristic representing the slowdown of cell activity with ageing.

Alternatively, the plateau in tissue production observed after two weeks of culture may have a
geometrical origin. In the experiments, tissue is grown in 2mm thick scaffolds with straight sided
pores, and only the projected tissue area is measured on phase contrast images. Using PTA as a proxy
to quantify the amount of tissue produced in the pore implies that the local tissue thickness is
homogeneous along the third axis, which is unlikely. Indeed, cells need time to migrate and therefore
can not build the same thickness of tissue simultaneously throughout the depth of the channel.
Moreover, the extremities of the pore present convex corners in 3D and such boundary conditions are
expected to affect the growth pattern along the z-axis. As a consequence, pores are unlikely to remain
straight during growth, and a second principal curvature (different from zero) should then complete
the geometrical characterisation of the interface in 3D. Although this second principal curvature is
expected to play a role, the approaches proposed in this study assume that only one principal
curvature (in the image plane) changes during growth whereas the other remains constant and zero
(straight sided pores). The slowdown of tissue growth observed in terms of PTA could then be
explained by the emergence of a convexity (negative second principal curvature) in the z-direction
that is not taken into account in the previous calculations. Extending the CCTG description to 3D
would be of great interest to understand which combination of the two principal curvatures is relevant
for tissue growth: mean curvature, Gaussian curvature, maximal curvature, etc. As such models
predict interface evolution toward surfaces of minimal energy, this 3D mean curvature would then
decrease and tend towards zero, much akin to what is observed in trabecular bone (Jinnai et al.

2002b).

Interestingly, curvature-controlled growth is well known in physics and material sciences and has
been used to describe electrochemical coating (Sethian and Shan 2008) (Wheeler et al. 2003),
solidification (Zhu et al. 2001), and grain growth (Radhakrishnan and Zacharia 1995), for example.
Such processes come about in systems with high surface tensions, in which surface energy is linked to
curvature through the Laplace equation, as commonly seen in wetting problems (Quere 2008). Surface
tension has also been shown to be a determining factor in biology, mainly in the context of the
Differential Adhesion Hypothesis (Foty and Steinberg 2005). This interfacial characteristic is not only
responsible for self-sorting on the cell level during gastrulation (Schoétz et al. 2008) and tumour

invasion (Travasso et al. 2011) but also for tissue organisation (Bischofs et al. 2008).
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While it was known that tissue-producing cells respond to geometry (Ripamonti 2009) following a
principle of CCTG on a millimetre scale (Rumpler et al. 2008), the present study shows that the
patterns of growth obtained in circular pores and on semi-circular channels are analytically equivalent
to those derived from a simple construction based on tensile elements representing stretched cells. No
direct geometry sensing is necessary to explain the resulting curvature-controlled growth. The shape
of the surface affects the spatial distribution of FAs and thereby the shape of the contractile cells
(Théry et al. 2006) as well as the forces they sense (Vogel and Sheetz 2006) and produce (Nelson et
al. 2005). Adding a time scale enables the model to predict the kinetics of tissue deposition: faster

growth occurs in circular pores compared to semi-circular surfaces.

The chord model is able to explain the shape-dependence of growth solely in terms of tension and
curvature, without any biological mechanisms such as stress-dependent proliferation or migration.
Although such mechanisms are involved on the cellular level and need to be taken into account in a
physiological context, our results show that the interplay of contractility and geometry alone can
coordinate growth in scaffolds. This reveals a generic physical control mechanism for biological
growth processes in bone, independent of specific functional aspects and signalling pathways, that

may also be relevant to other tissue types.

The interfacial motion predicted by the model and supported by the experiments is similar to the one
occurring in osteons and osteoclastic resorption lacunae during bone remodelling: while circular pores
are filled in a concentric way, semi-circular channels are filled layer by layer until the interface
becomes flat i.e. the curvature of the surface becomes zero. This implies that osteoblasts do not need a
specific signal to stop matrix production when the resorption pit is filled, but the gradual flattening of
the bone surface during the filling process are sufficient as a cue. Interestingly, the observation that
semi-circular pores fill at a slower rate than circular ones was also made in trabecular and cortical
bone, with the filling of hemi-osteons being slower than for osteons (see e.g. (Parfitt 1984; Agerbaek
et al. 1991; Eriksen 2010)). These results strongly suggest that surface geometry is an important signal
for controlling bone remodelling. In this respect, the model may also have implications for tissue
engineering and it may be interesting to use it in the design of scaffold shapes for implants
(Hutmacher 2001; Hollister 2005; Stevens and George 2005). One major difficulty in testing the
model in-vivo is the limited amount of kinetics data available in which local growth rates within a
scaffold have been measured. It is possible that recent developments in in-vivo CT may provide

suitable data that enables a comparison with the model (Schulte et al. 2011b).

The chord model presented in this paper makes the link between the macroscopic curvature-controlled
tissue growth observed in-vitro and in-vivo, and the assembly of stretched cells and other fibrous

elements making up the tissue.
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Transition to Chapter 3

The previous paper considers the model of curvature-driven growth suggested by Rumpler et al.
(2008) to characterise bone tissue growth in in-vitro cell culture experiments. A computational
method was proposed to implement this model on discrete interfaces and enabled a direct comparison
of the simulations with the experimental phase contrast images. The curvature-driven growth model
was not only shown to describe quantitatively in-vitro bone tissue growth in straight sided pores of
controlled geometries, but was also demonstrated to be equivalent to a simple geometrical
construction based on the elongated shape of the contractile cells: the chord model. Moreover, the
patterns of growth observed experimentally were shown to compare with those known from

investigations of bone remodelling.

Now that a biological explanation has been proposed to justify the control of geometry on tissue
deposition and support has been found in comparison with natural biological processes, it is
reasonable to consider the geometry of a substrate as a determining factor controlling tissue
patterning. Therefore, the computational tool developed to simulate curvature-controlled bone tissue
growth can be used to predict growth rates obtained in pores of more complex geometries, and help to

derive design principles of scaffolds to tune tissue growth rate and patterning.

This prospect motivates the objective of the following paper, which aims at understanding how to use
the model of curvature-driven growth to design substrates expected to promote tissue deposition and

at verifying the predictions experimentally.
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Abstract

Scaffolds for tissue engineering are usually designed to support cell viability with large adhesion
surfaces and high permeability to nutrients and oxygen. Recent experiments support the idea that — in
addition to surface roughness, elasticity and chemistry, the macroscopic geometry of the substrate also
contributes to control the kinetics of tissue deposition. In this study, a previously proposed model for
the behavior of osteoblasts on curved surfaces is used to predict the growth of bone matrix tissue in
pores of different shapes. These predictions are compared to in-vitro experiments with MC3T3-E1
pre-osteoblast cells cultivated in two-millimeter thick hydroxyapatite plates containing prismatic
pores with square- or cross-shaped sections. The amount and shape of the tissue formed in the pores
measured by phase contrast microscopy confirms the predictions of the model. In cross-shaped pores,
the initial overall tissue deposition is two times faster than in square-shaped pores. These results
suggest that the optimization of pore shapes may improve the speed of ingrowth of bone tissue into

porous scaffolds.
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curvature and simulate tissue growth, derived the design principles based on geometry and wrote the

manuscript.
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Introduction

Three-dimensional scaffolds are needed for tissue engineering applications and may also help to study
the effect of the environment on tissue growth in-vitro. The material used, (Temenoff and Mikos
2000) the fabrication process (Mikos et al. 1994) and the architecture of the scaffold (Hutmacher
2000; Chen et al. 2006) are known to influence the biological interactions with the host organism.
Although all these parameters are difficult to decouple, quantifying their effects in-vitro is necessary
to understand the nature of cell and tissue responses and to design optimal scaffolds for in-vivo

experiments and applications.

Cells are known to adapt to the physical properties of their surroundings by integrating the mechanical
equilibrium established at their adhesion sites (Kollmannsberger et al. 2011). The resulting
mechanical cue is translated into a biochemical signal that triggers biological decisions of the cells
(Vogel and Sheetz 2009). As cells are mechanically attached to each other, either directly or via their
extracellular matrix, they are also able to synchronize their response on a larger scale. For example,
patterning in cell differentiation arises as a response to stiffness (Engler et al. 2006) or strain
(Marklein and Burdick 2010) patterns, and the distribution of proliferation activity also correlates

with the stress distribution in a layer of cells (Nelson et al. 2005).

Cell fate has also been investigated in three-dimensional artificial scaffolds. Adhesion, proliferation,
differentiation and mineralization of cells and tissues have been compared in several scaffolds with
varying structures (Zeltinger et al. 2001; St-Pierre et al. 2005). Recently, Kumar et al. (2011) showed
that gene expression, and thus cell differentiation, is more affected by the structural properties of the
substrate than by its composition. Furthermore, pore size and porosity need to satisfy the compromise
between a high permeability that enables cell migration and nutrient diffusion within the scaffold, and
a large surface area for cell adhesion and extracellular matrix production (Chen et al. 2006). Many
fabrication processes produce structures with random pores in a large range of sizes and
interconnectivities difficult to control. Rapid prototyping techniques are much more accurate in that
respect (Hutmacher et al. 2004). The direct printing of the scaffold enables to control the architecture

and thus many mechanical properties of the structure.

Rumpler et al. (2008) used rapid prototyping to build artificial macro-pores of different controlled
geometries and showed that cells locally respond to high curvature by producing tissue. Their
hypothesis of local tissue growth proportional to curvature has been confirmed experimentally, not
only in pores but also on open surfaces (Bidan et al. 2012b), however with the additional observation
that tissue does not grow on convexities. The interfacial evolution derived from a curvature-driven
tissue growth model matched the experimental observations as well as the in-vivo expectations when
comparing with the typical geometries involved in bone remodeling (osteon and hemi-osteon) (Parfitt

1994). An interesting consequence of curvature-driven growth was also observed by Rumpler et al.
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(2008). Despite seeing local differences in growth rates in prismatic pores with different convex
sections (circle, square and triangle) but identical surface areas, the total tissue growth was found to
be independent of the shape. This could be understood using Fenchel’s law (Aeppli 1965), which
states that the average curvature in a convex shape, is inversely proportional to the perimeter. This

would imply that the average growth rate, if curvature-controlled, would also be the same.

This paper aims at understanding how tissue production can be enhanced simply by controlling the
geometry of the surface by exploring non-convex pore geometries. The model of curvature-driven
growth as implemented in a previous work (Bidan et al. 2012b) was first used to predict growth in
pores with cross-, star- (non-convex) and square- (convex) shaped sections. The simulations predict
higher initial growth rates in non-convex shapes and even a two fold increase by growing cells in a
cross-shaped pore compared with a square-shaped pore. To verify these predictions, straight sided
pores with cross- and square-shaped sections are designed in hydroxyapatite scaffolds and incubated
with MC3T3-E1 pre-osteoblast cells for in-vitro tissue culture. Not only the motion of the tissue-
medium interfaces and the evolution of their curvature profiles compare well to the model, but also
the quantitative analysis of tissue production matches the outcomes from the curvature-controlled
growth model. Understanding the mechanisms involved in such a phenomenon is of high interest for
developing tools to design scaffolds with the optimal geometry and meeting the numerous criteria for

tissue engineering and clinical applications.

Experimental Section

Curvature-driven growth simulation
A model for curvature-driven tissue growth was proposed by Rumpler et al. (2008) and implemented
by Bidan et al. (2012b) in a Matlab (Matlab 7.8.0 R2009a, MathWorks, Natick, MA) code based on a

method for measuring curvature on digital images (Frette et al. 2009).

This computational simulation is run on binarized images of the pores in which the scaffold is black
and the medium is white. Each iteration consists in a) attributing a value of effective curvature to each
pixel representing what cells sense from the geometry of the surface, b) transforming the white pixels
having a positive effective curvature to black and represent tissue deposition in concave regions. The
process is then repeated to simulate curvature-controlled growth. To make a quantitative comparison
with the experimental results, this simple model only requires the input of a single parameter
accounting for the number of iterations needed to simulate one day of culture. This value is calculated

using the experimental growth rate measured in a convex shape, the square in this study.
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In order to be equivalent to the geometrical interpretation described previously (Bidan et al. 2012b),

when the computational tool is used for modeling purposes, the mask radius is set to » =8.5px/, i.e.

V372 times of the size of a cell (about 50um for an elongated osteoblast).

Production of the hydroxyapatite (HA) scaffolds

2mm thick HA scaffolds containing straight sided pores are produced by slurry casting as mentioned
in previous studies (Rumpler et al. 2008; Bidan et al. 2012b). Pore sections represent squares or
crosses and are normalized with respect to their perimeter (Pyegium = 4.71 mm, Py = 6.28 mm).
Molds are designed using the computer-aided design (CAD) software Alibre Design (Alibre Inc.,
Richardson, TX) and produced with a three-dimensional wax printer, Model Maker II (Solidscape
Inc., Merrimack, NH) as described by Manjubala et al. (Manjubala et al. 2005) The molds are then
filled with a HA slurry made of methacrylamide (MAM) monomers (15 g), N-N’-
Methylenebisacrylamide (BMAM) (5 g), water (75 g), Dextran (12.5 g) and HA powder (300 g), and
cross-linked with ammonium persulfate and N,N,N’ N’-Tetramethylethylenediamine (TEMED). The
structures are slowly air dried by heating the samples to 50 °C at a rate of 5 °C per day and then are
held at this temperature for one day. The dried samples are then pre-sintered at 600 °C for 48 h to
remove the wax molds and are finally sintered at 1100 °C for 24 h (Woesz et al. 2005).

Cell culture

Murine pre-osteoblastic cells MC3T3-E1 (provided by the Ludwig Boltzmann Institute of Osteology,
Vienna, Austria) are seeded with a density of 10° cells.cm™ on the surface of the HA scaffolds and
cultured for 28 days in a-MEM (Sigma-Aldrich, St. Louis, MO) supplemented with fetal calf serum
(PAA laboratories, Linz, Austria) (10 %), ascorbic acid (Sigma-Aldrich, St. Louis, MO) (0.1 %) and
gentamicin (Sigma-Aldrich, Steinheim, Germany) (0.1 %) in a humidified atmosphere with CO, (5
%) at 37 °C.

Imaging
Each pore is imaged every 3 to 4 days using a phase contrast microscope (Nikon Eclipse TS100,
Japan) equipped with a digital camera (Nikon Digital sight DS 2Mv). All pictures are taken with a 4x

objective, yielding a final image resolution of 205 pixels per mm.

Image analysis

The digital phase contrast images are semi-automatically binarized using ImageJ (National Institutes
of Health, Bethesda (Rasband 2008)). The contrast in the images is sufficient to enable scaffold and
tissue (represented in black in the binarized images) to be distinguished from the medium (represented

in white).
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Measurement of tissue growth

Tissue growth in the pores is quantified by determining the projected tissue area (PTA) formed in the
pores. As this measurement is two-dimensional, it is only a proxy for quantifying the volume of
growth into the depth of the pore. The free section of a pore, corresponding to the white regions in the
binarized images, decreases with time. The PTA is then calculated by subtracting the binarized image
at an initial time point from the image at the time of interest, and then calculating the remaining area.
As cells need time to settle on the scaffold and start tissue deposition, the initial pore section is taken

on the second day after seeding (D2).

Curvature measurement

The curvature profile of the interface between the tissue and the medium on each binarized image is
calculated using Frette’s algorithm (Bullard et al. 1995; Frette et al. 2009) implemented in a custom
made Matlab code (Matlab 7.8.0 R2009a, MathWorks, Natick, MA) as described in Bidan et al.
(2012b). Briefly, the algorithm first locates the pixels on the tissue-medium interface in the binarized
image and the local curvature x associated with an interface pixel is then estimated from the ratio of

the number of black to white pixels lying within a given radius from the interface with the formula:

K:ﬁ[i_lJ (Eq.1)
r \ A4 2

tot

where A4 is the number of pixels in the mask and on the outer side of the interface, A, , is the number

tot
of pixels in the mask and » is the mask radius. The calculation is made for all pixels on the interface
on each side of the border. The local curvature in one position of the interface is taken as the mean
value of the curvatures measured on the outer pixel and the inner pixel. In the limit of a perfectly
smooth interface and an infinitely small radius, this ratio corresponds to the local curvature. In the

context of this paper, concave surfaces have a positive curvature.

To quantify interfacial geometry at different time points, the local curvature is given as a function of
the position along the interface normalized with respect to its perimeter. In order to reduce the noise
induced on the curvature profiles by both the roughness of the experimental interfaces and the

digitalization, the mask radius » of the computational tool is set to »=14.5px/ and the resulting

profile is then smoothed using a running average algorithm with a sampling proportion of 5 % of the

total length of the perimeter.

Immunofluorescence staining

Scaffolds are washed with phosphate buffered saline (PBS), fixed with 4 % paraformaldehyde for 5
min and permeabilized overnight with 1 % Triton-X100 (Sigma-Aldrich, Steinheim, Germany) at
room temperature. Once washed in PBS, the tissue is stained for actin stress fibers by incubating with

Alexa-Fluor 488—phalloidin (Invitrogen, Molecular Probes) (3 x 10”7 M) for 90 min. Nuclei are then
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stained with TO-PRO 3 692-661 (Invitrogen, Molecular Probes) (3 x 10° M) for 5 min. Fluorescent

images of the stress fibers are obtained using a confocal laser scanning microscope (Leica TCS SP5).

Results

Predictions of the theoretical model

The model of curvature-controlled growth proposed in previous studies was applied to non-convex
geometries to predict potential changes of growth behavior in comparison to the simple shapes used
up to now (Rumpler et al. 2008; Bidan et al. 2012b). Figure 3-1 shows the growth behavior expected
in square-, star- and cross-shaped pores normalized with respect to the perimeter of their section
(Poedium = 4.71 mm). Although the interface between tissue and medium tends to adopt a circular shape
in all cases (Figure 3-1(a)), the initial kinetics of growth is expected to be significantly affected by the
geometry of the straight sided pore (Figure 3-1(b)). For example, tissue is predicted to grow twice as

fast in a cross-shaped pore as in a square-shaped pore or any other convex shape (Figure 3-1(c)).
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The computational simulation of curvature-driven growth was run on artificial images representing square-, star-
and cross- shaped pores of medium size (Pgim = 4.71 mm). (a) The tissue-medium interface evolves toward a
circular shape (b) Initial kinetics of growth are significantly affected by the geometry of the pore section before
reaching a circular interface (c) Initial growth rates calculated on the 40 first steps of the simulation suggest that
a two fold increase in tissue deposition can be expected in cross-shaped pores compared to square-shaped pores.
(Adapted from Bidan et al. (2012a))

Figure 3-1: Simulated growth

Evolution of the shape in the in-vitro system

In order to verify the predictions obtained with the model of curvature-driven growth, tissue was
cultured in 2 mm thick hydroxyapatite (HA) plates containing straight sided pores of square- (convex)
and cross- (non-convex) shaped sections normalized with respect to their perimeter. Once seeded on

the scaffolds, the MC3T3-E1 pre-osteoblasts proliferate and start to produce collagenous extracellular
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matrix (ECM). Tissue deposition was followed in each pore by phase contrast microscopy over 28

days and quantified in terms of projected tissue area (PTA).

Three sets of 5 pores of each size (Pycdium = 4.71 mm, Pjyee = 6.28 mm) and each shape (Sq stands for
square and Cr for cross) have been independently seeded and showed similar results. The paper

presents the data from one representative set.

Figure 3-2(a) shows phase contrast images taken at 4 different time points during culture (D2, D7,
D14 and D21). As already observed by Rumpler et al. in convex shapes (2008), tissue deposition
starts in the corners whereas no growth occurs on flat surfaces until the surrounding tissue deposition
modifies the local geometry. In cross-shaped pores, the concave regions of the branches are also
quickly filled with tissue. However, the 4 convex points (indicated by red circles on the figure) seem
to act as ‘flat surfaces’ since no growth occurs until local curvature becomes positive through the
global interfacial evolution. This effect of the sign of curvature has already been pointed out in
previous studies (Bidan et al. 2012b). In both cases, the tissue-medium interface evolves toward a
circle, as predicted by the model of curvature-driven growth applied to the actual geometry of the

pore, derived from the experimental images (Figure 3-2(b)).
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Figure 3-2: Tissue growth in square- and cross-shaped pores

(a) Phase contrast images of the pore taken 2, 7, 14 and 21 days after seeding the MC3T3-E1 on the scaffolds.
(b) The superposition of the interfaces obtained experimentally is compared with the predictions of the
curvature-driven growth simulation applied to the actual geometry of the experimental pore at D2. 7, 14 and 21
days of experiments are obtained with 36, 120 and 204 steps of simulation with » =8.5px/, o =12steps,

t, =4d . (c) Curvature profiles of the tissue-medium interface measured at D2, D7, D14 and D21 in a square-

(1) and a cross-shaped pore (ii). (d) Curvature profiles are measured on the interfaces predicted by the curvature-
driven growth model after 7, 14 and 21 days of culture in ideal square- (iii) and cross-shaped pores (iv). The
curvature measurements were smoothed using a mask size of » =14.5px/.
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The evolution of the geometry was quantified in terms of curvature. Figure 3-2(c) presents the
curvature profiles measured on experimental images taken at different time points. The behavior
compares well with the interfacial curvature profiles measured on images obtained with the curvature-
driven growth model applied to ideal square and cross shapes (Figure 3-2(d)). The 4 peaks of
curvature characterizing the corners of a square-shaped pore vanish as the tissue grows; the curvature
profile of the interface flattens and becomes characteristic of a circle. In a cross-shaped pore, 8 peaks
correspond to the 8 concave corners and 4 regions of highly negative curvature are related to the 4
convex corners. As in the square, all the peaks — whatever their sign — tend to vanish and curvature
profiles become smooth as tissue is deposited. Note that differences in curvature values are due to the
imperfections of the HA scaffolds, and that the final profiles are not totally smooth due to the discrete

character of the binarized images.

Structure

The organization of the cells and collagen fibers within the newly formed tissue was investigated
qualitatively using immunofluorescence methods. On Figure 3-3(a), nuclei staining (red) reveals the
homogeneous distribution of cells within the tissue whereas actin fibers (green) are mostly

concentrated and highly oriented along the tissue-medium interface.

In larger pores, polarized microscopy enables to image the preferential orientation of the fibrous
extracellular matrix deposited by the cells. As shown on Figure 3-3(b), collagen fibers deep in the
tissue are oriented parallel to the substrate, whereas those at the interface have a direction similar to

the cells.
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Figure 3-3: Investigation of tissue structure

(a) Whatever the geometry of the pore, cells
are homogeneously distributed in the tissue
(nuclei in red) but actin concentration is
much higher at the interface which tends to
be circular. (b) Polarized microscopy reveals
collagen fibers having the same orientation as
the cells, i.e. parallel to the tissue-medium
interface. (c) The geometrical construction
that considers tissue as an assembly of tensile
elements representing contractile cells (Bidan
et al. 2012b) applies to convex and non-
convex geometries. (d) Tissue stained for
actin fibers reveals stretched cells organized
along the interface as predicted by the chord
model.
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Kinetics of bone-like tissue growth

Kinetics of new tissue formation within the pores of the scaffolds was followed in the in-vitro system
by measuring the projected tissue area (PTA) on phase contrast images taken twice a week. As
predicted by the model of curvature-driven growth in ideal shapes (Figure 3-1), Figure 3- 4(a) and 3-
4(b) reveal that after any time of culture, more tissue has been produced in the cross- than in the
square-shaped pores, and this for two different pore sizes (Pjyge = 6.28 mm and Peqivm = 4.71 mm
respectively). Reporting tissue growth rates calculated between D4 and D14 also confirms that initial
growth rates are almost two times faster in cross- than in square-shaped pores, independent of the size
(Figure 3-4(c) and 3-4(d)).
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Figure 3-4: Tissue growth kinetics

Growth kinetics measured in square- and cross-shaped pores of large (a) and medium (b) size. Experimental and
simulated growths are reported in terms of projected tissue area (PTA) (« = 12steps, t, = 4d ). Growth rates

are calculated between D4 and D14 with experimental and simulated data in large (c) and medium (d) pores.
ANOVA analysis shows no significant differences between the methods used (Exp, Sim) but a significant
difference in the tissue growth rates achieved in square and cross ( p < 0.05). Dots and error bars represent

mean values and standard errors respectively (72 = 5).
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Additionally, Figure 3-4 shows that the model of curvature-driven growth applied to the actual
geometry of the pores, also predicts quantitatively the growth behavior for the first two weeks of cell
culture. The model is fitted with a single parameter which sets the time scale of the simulation and is
calculated with the experimental tissue growth rate in a square-shaped pore. For this set of

experiments, 12 steps of simulation represent 1 day of culture (& =12steps). A lag time 7, =4d

accounting for the time that cells need to settle was incorporated to overlap the curves.

Discussion

In this study, a curvature-driven growth model (Rumpler et al. 2008; Bidan et al. 2012b) was applied
to different (non-convex) geometries. The growth behaviors obtained by computational simulations
were verified experimentally using an in-vitro tissue culture system that offers the possibility to vary
the geometry of a substrate in a controlled way, independently of the chemistry. Not only the
qualitative and quantitative geometrical evolution of the tissue-medium interface, but also the faster
tissue generation by MC3T3-E1 cells in non-convex-shaped pores (cross) could be derived from the

simple hypothesis that the local growth rate is locally proportional to the curvature (if it is positive).

Despite a well-defined experimental protocol, some limitations remain. The hydroxyapatite scaffolds
produced by casting and sintering present the expected geometry on the millimeter scale, but the
roughness of the surfaces is difficult to control, especially in non-convex shapes. This drawback also
justifies the necessity of a computational tool able to quantify the geometry in terms of curvature
profile and apply the curvature-controlled growth model directly on experimental images, and

therefore take into account the interfacial defects.

Convex versus partially non-convex pores
To get a simple analytical estimate of the growth rate based on local curvature, we use the following

considerations. In non-convex-shaped pores, the growth law can be written as:

dS _ {M , K > O (qu)

E_ 0 ,x<0

Or in terms of projected area:

dPTA,, Px’ (P .
%o _p a5 _p gt (py=oml PRae@® | 5 v (Bq3)
dt dt 27

ave

with & (P) being the positive curvature averaged over the perimeter P of the section.

ave
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The calculation of x, (P) is based on the demonstration of Fenchel’s law (see Supporting

pore

Information). As is proportional to P.x, (P), which turns to be constant and characteristic

ave

. . . Px (P) .
of the shape but not the size neither the proportions, x™ = %() is defined as a constant
V4

. . . . . *
dimensionless value characteristic of the “non-convexity” of the shape. x* =1 for convex shapes

and % >1 for non-convex shapes (Figure 3-6(a)).

In cross-shaped pores, the curvature is negative in 4 points, positive in the 8 right angle corners and
null elsewhere. In squares, the curvature is positive in the 4 right angle corners and null elsewhere. If
the negative curvature plays no role in the growth rate, then the positive curvature averaged on the
perimeter in the cross is twice the one of a square and growth should be twice faster. Both simulation

and experiments meet this prediction.

Gradual slowdown of growth rates

The patterns obtained with the curvature-controlled growth model and the ones observed in the
experiments can also be derived from the simple geometrical construction using tensile elements
(Bidan et al. 2012b). In essence, this model represents a cell by its internal actin filaments (stress
fibers) connecting adhesion sites of the cell. This “chord model” explains intrinsically not only the
absence of growth on convexities but also the faster tissue growth and the higher tissue organization
in non-convex shapes (Figure 3-3(a)). This approach is further supported by actin stained tissues
showing cells locally oriented parallel to the tissue-medium interface (Figure 3-3(a) and 3-3(d)).
Considering that this preferential organization is also followed by the collagen fibers synthesized by
the cells during tissue growth (Figure 3-3(b)), one could transfer the geometrical construction to the

tissue level in a similar way to the cable model of Bischof et al. (2008).

The curvature-driven growth model predicts a decrease in tissue growth rate in cross-shaped pores as
soon as the tissue-medium interface becomes convex. However, as already observed in similar
experiments, the tissue growth slows down after 18 days of culture, independently of the shape of the
pore. Three main hypotheses have been proposed to explain this phenomenon (Bidan et al. 2012b).
i) Ageing and differentiation affect the proliferative activity of the cells and thus their ability to
produce tissue. ii) Not only cells mature, but also the ECM they produce. With maturing collagen
cross-links the matrix could become locally denser, which may be implemented into the model as a
gradual reduction of the growth rate. iii) Considering the projected tissue area to quantify growth
supposes that tissue grows homogeneously all along the height of the three-dimensional pore, which is
unlikely. Therefore, one needs two principal curvatures to describe the geometry of the interface

along the vertical axis, and they are likely to be of opposite sign.
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To discuss this last point further, one can analytically estimate the impact of the convexity appearing

in the third dimension in a cylinder of radius R,. As depicted on Figure 3-5(a), if the inward

curvature is approximated by a circle (red), the two principal curvatures at the point M are:

K l>0
"R
“ =—2(R°—_R)Lz<0 (Eq4)
(RO_R)2 +7

where R is the radius of the pore at time ¢ and L is the depth of tissue deposition. Mean curvatures

_ K|+ K,

H in each point of the interface in the middle plane are lower than the one measured on the

projection ( «, ) and, therefore,
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Figure 3-5: The impact of the third dimension

The effect of the curvature in the third dimension may be partly responsible for the slowdown of growth
observed experimentally on the projected plane. (a) Schematic representation of tissue repartition in the pore
with the associated geometrical descriptors in the middle plane. (b) A numerical derivation was done with

A =0.01mm’ timeunif', L =2mm in pores of medium and large sizes. The dashed line indicates a linear
growth.
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PTA(t) can be derived numerically from Eq.5 and some results presented in Figure 3-5(b) show,

indeed, a slowing down of the growth that is not predicted by the two-dimensional model but appears

in experiments.

Although the observations and calculations proposed in this paper are simple, they have important
consequences for the design of tissue engineering scaffolds. For example, the results suggest that for
purely convex channels, the rate of new tissue growth in a single pore is independent of size and
geometry. This implies that pore shape can be modified to satisfy other criteria (e.g. strength, fatigue
resistance, permeability, etc.) (Gibson 2005) without changing the rate of tissue ingress. Moreover,
introducing non-convexities into the pore shapes can greatly increase the growth rate (by a factor of 2
in the case of cross-like pores) giving a new opportunity to optimize the architecture of scaffolds for

tissue repair.

Towards optimizing pore geometry in a scaffold

Integrating a scaffold in a host organism often implies to produce as much tissue as possible in a short
time. In that respect, a lot of highly non-convex pores would be useful. However, having small pores
filling fast and completely with agglomerates of cells is also not desired. Indeed, diffusion of nutrients
would be impaired and cell viability affected. Moreover, cells also need space to migrate and lay
down extracellular matrix. Pores should then be large enough to guarantee a good permeability and

leave room for the formation of new tissue and angiogenesis (Melchels et al. 2011).

As shown in this study, the geometry of individual pores not only influences density, permeability and
the amount of tissue produced in the scaffold, but also the speed and repartition of tissue deposition.
In the cross-shaped pore, for example, tissue is generated with a high rate in the branches in a first
stage, which could help anchoring the scaffold faster in the host organism. As the interface smoothens
and becomes circular (convex), the growth rate slows down, leaving time and space for exchanges

through the pore. Experimentally, the slowdown occurs a bit earlier for the reasons discussed above.

These principles apply to single pores and, when up-scaling them to scaffolds with multiple pores, one

has to consider that geometry also determines the number of pores 7 which geometrically fit in a

pores

scaffold with defined size 4, and porosity ¢ :

¢ Apore (Eq.6)
= n .
pores lsca/f q

Therefore, the global tissue growth rate in a scaffold can be estimated as (based on Eq.3):

dPT dPTA ore ASCCI *
dfn)t = np()r@b' dtp = ¢ ff 27Z-M+ (Eq'7)

pores
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This can be rewritten in terms of the circularity C, which is a dimensionless shape factor that can be

used to describe the pores. This value depends on the geometry but not on the size:

A
where P is the pore perimeter. Figure 3-6(a) classifies pore shapes with respect to their “non-
convexity” and their “circularity”, two geometrical parameters that influence respectively tissue
growth rate in an individual pore and the global porosity of a scaffold made of those pores. The global

tissue growth rate can then be expressed as a function of the scaffold and the pores characteristics:

dPTA,, ) 1Y x™
——= =87 UM, ) — | — Eq.9
dt T (¢ uaﬁ’{[ﬂ j( C J ( q )

Eq.9 shows that the global tissue growth rate in the scaffold is a product of independent terms

characterizing 1) cell activity, ii) scaffold properties, iii) pore size and iv) pore geometry.

Figure 3-6(b) shows how the total tissue growth rate depends on the size and the geometry of the
pores. The initial tissue growth rate is considered, i.e. the growth rate achieved until the interface
becomes convex. In a plate-like scaffold of a given area (20 mm?) and given porosity (0.9), small and

non-convex pores give rise to higher growth rates (white areas on the bottom right).

However, a common concern in tissue engineering is the permeability of the scaffold to guarantee cell
migration as well as nutrient and waste diffusion necessary for cells to survive. Tissue engineering
literature suggests that pores should be at least 300 um large to ensure a good permeability of the
scaffold (Hutmacher et al. 2007). For each shape, the size of the inner circle is taken as a limitation
for pore size. An inner radius of 150 pm leads to the minimum relevant perimeter. Maximum realistic
initial growth rates are estimated for each shape (small shapes on Figure 3-6(b)). Considering this
aspect, the fastest initial growth rate can be obtained using regular crosses with thick branches. The
circular interface being quickly reached, the amount of tissue produced at that high rate is however
low. The remaining space and the slower growth from this time point could be profitable for

angiogenesis and facilitate diffusion as the pore is closing.

All these calculations assume that the totality of the scaffold area can be covered by assembling pores

of the same shape. This statement is true for squares, triangles and regular crosses with & =0.33.
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Figure 3-6: Classifying geometries

(a) Pore shapes can be classified using the “non-convexity” which determines tissue growth rate in the pore and
the “circularity” which influences the number of pores fitting in a scaffold. (b) Contour plot representing the
influence of pore geometry and pore size on the total tissue growth rate in a 20 mm? scaffold with a porosity of
0.9. Grey level decreases with the growth rate. For each shape, the dot shows the perimeter corresponding to an
inner radius of 150 um (considered as the limit for good permeability properties). In that respect, smaller
perimeters are not relevant for tissue engineering purposes.
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However, it is known that the maximum density achieved by packing circles in a hexagonal
arrangement on a surface is 0.90 and star shapes are also not likely to be packed in an optimal
arrangement. It is therefore relevant to envisage scaffolds containing pores of different geometries and
sizes. Few large highly non-convex shapes can promote the anchoring of the scaffold at the early time
points and facilitate diffusion as growth progresses, whereas smaller (mainly convex) pores fitted in
between can provide additional surfaces for cells to deposit tissue with a slower rate, but that will also
support integration of the implant in the host body. The total initial tissue growth rate obtained in such
a scaffold can be estimated by adapting Eq.9:

o

dPTA,, s 1 | x,
2Tt 8724 2 = = Eq.10
d1 T scaff i ¢Z£EZJ( C J ( q )

i

with ¢, the contribution of the shape i to the global density.

Conclusion

This work lays stress on the determining role of the geometry of a substrate on the kinetics of tissue
deposition. We show that tissue growth can be promoted simply by tuning the curvature of the
surfaces where cells deposit their extracellular matrix. A simple geometrical model based on the
tensile behavior of the cells, which leads to curvature-controlled growth, can predict both the kinetics
achieved and the distribution of tissue deposition. As such simple principles could be of high interest
for tissue engineering, we propose some methods to optimize pore design when considering a porous

scaffold intended for tissue repair.
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Transition to Chapter 4

So far, it was shown that tissue formation in three-dimensional pores can be quantitatively predicted
by a computational model of curvature-driven growth. A simple geometrical construction made of
clongated contractile cells was demonstrated to be quantitatively equivalent to curvature-driven
growth, which goes towards giving a biological explanation of this physical law. Moreover, this
description could explain the patterns observed in osteons and hemi-osteons during bone remodelling
(Chapter 2). Applying the model to more complex geometries revealed that tissue is expected to grow
faster in cross- than in square-shaped pores. In-vitro experiments confirmed that tissue growth can be
enhanced simply by tuning the shape of the pores and design principles were suggested to optimise
scaffolds geometry for tissue regeneration (Chapter 3). Together, these studies have shown the
interesting implications of the present research both for basic understanding of bone remodelling and

for tissue engineering.

A further step in the understanding of how the geometry of the substrate controls tissue growth
consists in understanding the biological mechanisms that lead to such a simple geometric model of
tissue formation. Preliminary structural investigations of the tissue indicated that the cytoskeletal
pattern corresponds to the expectations given by the chord model and that the collagenous

extracellular matrix tends to follow this organisation (Chapter 2 and 3).

The next manuscript focuses on the understanding of tissue organisation by detailing the structural
analyses of the tissue during growth. As forces are powerful signals for cells to communicate over
large distances (Chapter 1) and cell contractility is the main hypothesis of the chord model (Chapter
2), the role of mechanics in tissue organisation was also investigated by disturbing the internal

mechanical state of the cytoskeletal network.

The data reported in this fourth chapter result from preliminary experiments and are exclusively
qualitative. However the effects appeared to be clear enough to draw some initial conclusions, which
are therefore reported in the following chapter in the form of a paper. Further work is under way to
quantify the tissue organisation before submitting this manuscript for publication in a scientific

journal.
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Abstract

Bone is a complex tissue that contains cells, collagenous matrix and mineral particles and the
organisation of these elements helps determine the mechanical properties of the living material.
Understanding the mechanisms controlling tissue organisation would therefore add to the general
knowledge about various biological processes involving bone (re)modelling. In this study, we
investigated the organisation of a non-mineralised bone tissue produced in-vitro. MC3T3-E1 pre-
osteoblasts were cultured on hydroxyapatite scaffolds containing millimetre-sized pores in which
three-dimensional tissue was produced. After different times of growth, samples were fixed, stained
for actin and observed by confocal laser scanning microscopy. In some experiments, fluorescent
labelled fibronectin was added to the medium in order to follow its incorporation in the fibrous
matrix. Collagen fibrils were imaged by second harmonic generation (SHG) microscopy. The
apparition of the cytoskeletal network prior to the fibronectin and collagen fibres as well as their co-
alignment, suggest that the internal structure of the tissue depends on the organisation of the cells. As
forces are known to be an effective signal for cell communication at larger scales, the mechanics of
the actin network was disturbed by different methods (blebbistatin, pronase and collagenase
treatments and micro-sectioning) in order to estimate the role of the cytoskeletal stress state in tissue

organisation. It appears that tension developed by contractile cells is required for tissue organisation.
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I was involved in experimental design, performed the cell culture and tissue treatments, analysed data

and wrote the manuscript.
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Introduction

Bone is a complex tissue consisting of cells, collagen and other extracellular proteins like fibronectin,
which is reinforced by nanosized carbonated hydroxyapatite mineral particles (Weiner and Wagner
1998; Fratzl and Weinkamer 2007; Frantz et al. 2010). As in all composite materials, the arrangement
of these components, especially the orientation of collagen (and mineral), determines the shape, the
mechanical properties and thus the function of the bone tissue (Seto et al. 2008; Dunlop and Fratzl
2010). Because bone tissue is organised during morphogenesis and growth and because bone healing
and remodelling processes are the only truly regenerative processes in the human body, the
understanding of these biological phenomena both inspires and profits from the research on the
fundamentals of tissue formation (Parfitt 1994; Liu et al. 2010a). Tissue engineering also benefits
from this knowledge since tissue growth prior to mineralisation is responsible for implant integration
into the living organism and thereby supports the recovery of the original functions of the organ
(Hutmacher et al. 2007). It is thus of high interest to understand the mechanisms controlling the
synthesis of bone tissue and particularly the organisation of the extracellular matrix (ECM) and its

evolution during growth.

Despite this interest in tissue formation, the mechanisms organising the extracellular components of
bone on scales much larger than a cell are still under discussion. Two main hypotheses have been
proposed in the literature and essentially differ in their interpretation of the role that cells play in the
active organisation of collagen. The in-vitro experiments from Bouligand, Giraud-Guille and co-
workers hint that spontaneous self-organisation of collagen, much akin to that observed in liquid
crystals, can lead to the complex structures observed in bone (Bouligand.Y 1972). Other ex-vivo and
in-vitro experiments, which investigate how cells arrange themselves with respect to the extracellular
matrix suggest that cells actively control ECM formation (Trelstad and Hayashi 1979; Sivakumar et
al. 2006; Pazzaglia et al. 2010; Pazzaglia et al. 2011; Petersen et al. 2012; Yamamoto et al. 2012).

In 1972, Bouligand et al. observed biological structures (in arthropod cuticle, ascidian tunica and
dinoflagellate chromosomes) that are remarkably similar to cholesteric meso-phases observed in
liquid crystals (Bouligand.Y 1972). Further work by Giraud-Guille and co-workers showed that
collagen behaves as liquid crystal (see e.g. Giraud-Guille et al. (2008)) and thus can also
spontaneously arrange itself in structures similar to those found in bone without the existence of cells
(Giraud-Guille 1998). In bone matrix, longitudinal sections often reveal arc structures corresponding
to a “twisted plywood” architecture of the collagen fibrils (Giraud-Guille 1988). Based on these
observations, the internal organisation of bone tissue was proposed to result from the self-organisation

of a collagen network acting as a scaffold that controls in turn later cell patterning in the tissue.

On the other hand, as cells synthesise and assemble the extracellular components, they are also

expected to control the arrangement of the ECM (Sivakumar et al. 2006). However, this proposition
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assumes that cells can first organise themselves on the tissue scale, before producing and mineralising
the ECM. As forces are recognised to be powerful signals enabling cells to communicate and
synchronise over large distances (Kollmannsberger et al. 2011), it is important to understand cell
mechanics (Fletcher and Mullins 2010) when investigating bone tissue organisation. The shape of a
cell is determined by its actin cytoskeleton, the organisation of which depends on the spatial
distribution of the adhesion sites and on the internal cytoskeletal stress (Théry et al. 2006; Bischofs et
al. 2008). Cells experiencing mechanical stimuli can adapt their shape and recover their mechanical
equilibrium (Schwarz et al. 2006) by regulation through actin fibre remodelling and acto-myosin
contractility (Pellegrin and Mellor 2007). Many studies showed that cytoskeletal organisation depends
on mechanics at the single cell level but only a few extended their models to a multicellular level and
hardly any included the ECM. Although the mechanisms are still unclear, it is often assumed that cells
actively organise or remodel fibronectin and collagen fibres on the tissue level (Sivakumar et al. 2006;

Yamamoto et al. 2012).

So far, none of these two theories have been clearly proved or rejected by experiments due to the
difficulties in observing live cells inside bone. Indeed, in-vivo investigations of bone tissue are not
adapted to separate clearly the components and especially to conclude which of the components has
been ordered first. The collagen self-organisation experiments were performed in-vitro and without
cells (Bouligand et al. 1985), which is not representative of the physiological conditions encountered
in bone. Likewise, no in-vitro system clearly showed the active synthesis and large-scale organisation
of collagen by bone cells. One reason could be that cells cultured in-vitro usually only grow a
monolayer on two-dimensional surfaces and show no real organisation, on three-dimensional surfaces

however, cells and tissue behave differently (Cordonnier et al. 2010).

The in-vitro protocol proposed by Rumpler et al. (2008) is ideally suited for such investigations.
Indeed, three-dimensional non-mineralised bone tissue can be grown by pre-osteoblasts seeded on
scaffolds containing pores of controlled geometries. With this system, tissue growth was shown to be
controlled by the curvature of the substrate. It was then demonstrated that representing a contractile
cell by a tensile element and tissue by an assembly of chords is sufficient to explain the curvature-
driven growth behaviour of these three-dimensional tissues (Bidan et al. 2012b). Interestingly, basic
structural investigations of the tissue produced in various pores revealed a co-alignment of the

cytoskeletal and collagen networks (Bidan et al. 2012c).

The aim of this paper is to explore further the internal structure of the tissue produced with such a
system. The sequence of events taking place during bone tissue growth before mineralisation will be
particularly in focus in order to find out how cells and extracellular components arrange with respect
to each other. The role of mechanics in the organisation process is assessed by impairing the
contractility of the cells and the stability of the tissue via biochemical and mechanical treatments and

analysing the subsequent structural changes.
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Materials and methods

Tissue production

The tissue investigated in this study was deposited by bone cells seeded on 2mm thick hydroxyapatite
(HA) scaffolds containing straight-sided pores of different controlled geometries. These substrates
were produced by casting HA slurry in wax moulds designed by rapid prototyping. More details about
scaffold fabrication can be found in previous works (Woesz et al. 2005; Rumpler et al. 2008; Bidan et
al. 2012b). Murine pre-osteoblastic cells MC3T3-E1 (provided by the Ludwig Boltzmann Institute of
Osteology, Vienna, Austria) were seeded with a density of 10° cells.cm™ on the top of the HA
scaffolds and cultured in alpha-MEM (Sigma-Aldrich) supplemented with 10% foetal calf serum
(PAA laboratories), 0.1% ascorbic acid (Sigma-Aldrich) and 0.1% gentamicin (Sigma-Aldrich). Cells
in culture were incubated at 37°C in a humidified atmosphere with 5% CO, and the culture medium

was changed every 3 to 4 days over a period depending on the experiment.

Cell organisation

After the culture time of interest, the scaffolds were washed in phosphate buffered saline (PBS). The
tissue was then fixed in 4% paraformaldehyde for 10min at room temperature, permeabilised in 1%
Triton X100 (Sigma-Aldrich) at 4°C overnight and washed again in PBS. The cytoskeletal actin stress
fibres were stained in a solution of Alexa-phalloidin fluorescein isothiocyanate (488nm) (Invitrogen,
Molecular Probes) at 3 x 10”M concentration for 90min. The samples were then incubated for 5 min
in TO-PRO 3 692-661 (Invitrogen, Molecular Probes) at 3 x 10°M for staining cell nuclei. After a last
wash in PBS, the tissue was imaged with a fluorescent confocal microscope (Leica TCS SP5), using

488nm and 633nm lasers to visualize actin and nuclei respectively.

Visualisation of fibronectin organisation

Because of the difficulty for certain staining molecules to diffuse homogeneously throughout fixed
thick tissues, no protocol was applicable to stain for fibronectin in the tissues investigated in this
paper. To overcome this limitation, cells were provided fluorescent labelled fibronectin in the culture
medium to be incorporated into the fibronectin fibres they synthesise and assemble (Smith et al.
2007). The fibronectin used in this experiment was isolated from human plasma (Swiss Red Cross)
using gelatin-sepharose chromatography. For fluorescent labelling on free amines, fibronectin was
incubated with a 60-fold molar excess of Alexa 488 succinimidyl ester (Molecular Probes) for 1h, and
dialyzed overnight in PBS to remove free dye, following published protocols (Smith et al. 2007). The
final protein concentration and labelling ratio were quantified in a Nanodrop UV-Vis

spectrophotometer (Thermo Scientific).

In the regular supplemented medium described above, fibronectin (labelled and unlabelled) was added
to reach a concentration of 50pg.mL™" with 90% excess of unlabelled fibronectin. Different scaffolds

received this particular medium for 3 days after various times of culture (day 3, 10 and 16).
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In those particular samples, overlapping of fluorescent signals was avoided by staining actin with
phalloidin tetramethylrhodamine (560nm) (Sigma-Aldrich) at a concentration 2 x 10*M for 90min.
Images were taken using a LEICA SP5 confocal microscope equipped with a Mai Tai HP multiphoton
laser and a 25x water immersion objective. Emitted light from the samples was detected using a Non
Descanned Detector (NDD) for actin signal as well as an internal photomultiplier detector (PMT) for
fibronectin signal. Laser power and NDD parameters were optimized for three-dimensional image

stack recording by z-value dependent linear compensation for imaging each of the different pores.

Collagen organisation

Due to the non-linear optical properties resulting from their non-centrosymmetric structure, collagen
fibrils can be imaged by Second Harmonic Generation (SHG) microscopy, which does not require any
staining (Zoumi et al. 2002; Friedl et al. 2007). Images were taken using the same equipment set at
890nm. The specific SHG signal scattered by the collagen fibres was collected around 445nm (two

times the energy of excitation) with a NDD detector.

Treatments to test mechanics
In order to investigate the role of mechanics in the stability of the tissue, the following treatments

were performed on living tissues cultured for 35 days.

To estimate the effects of contractility, some samples were incubated 24h in supplemented culture
medium containing the myosin II inhibitor blebbistatin at 20uM. At that point, some of them were
fixed whereas others were put back in regular supplemented medium for additional 24h before
fixation. As cells need to adhere and pull to develop forces and shape their cytoskeleton, it was
interesting to impair the stability of their surroundings and observe their response. Some samples were
therefore incubated for 30 min either in 0.1% pronase (Roche) or 0.1% collagenase (Sigma-Aldrich)
diluted in PBS to disrupt cell-cell contacts or extracellular matrix network respectively. Some of them
were then fixed, whereas the others were put back in regular culture conditions for 24h before
fixation. Additional samples were incubated in pure PBS as a control. After each treatment, actin and

nuclei were stained following the protocol described above.

Tissue organisation was also impaired mechanically by micro-sectioning of living tissue performed
under a bright field microscope equipped with a laser (P.A.L.M. Microbeam, Zeiss). Linear sections
were done perpendicular to the tissue-medium interface. The length of the section was not
standardized but chosen depending on the local tissue thickness. The changes in tissue shape were
simultaneously imaged under the microscope (Hitachi HV D30). After being cut, some samples were
put back in regular culture conditions and the healing process was followed by phase contrast

microscopy (Nikon Digital sight DS 2Mv) over 3 days.
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The contribution of cell contractility in the global reaction of the tissue was assessed by performing
micro-sectioning on living tissues treated overnight with supplemented medium containing

blebbistatin at 20uM and on non-treated tissue for the control.

Results

Structure

In order to investigate the structure of tissue, cell culture experiments in 3D scaffolds were performed
following the protocol established by Rumpler et al. (2008) and used by Bidan et al. (2012b and
2012c¢). Samples were fixed at different time points and various visualisation techniques were applied

to observe cell and tissue organisation.

Collection of elongated cells

Figure 4-1: Cells organisation

Fluorescent confocal images of bone tissue produced in-vitro by MC3T3-E1 cells and stained for actin with
Alexa 488 (green) and nuclei with TO-PRO3 (red). Samples were fixed after 2 days (a) to show the chord like
organisation of the cells, which occasionally pulled out of the surface by associating forces (b). Scaffolds fixed
after 35 days of culture reveal the organisation of the cells in the tissue at a later stage of growth (c). Throughout
the culture time, cells at the interface tissue-medium have an elongated morphology (d), whereas cells
embedded in the bulk appear more spread in three dimensions (arrow).
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Scaffolds containing triangular pores were fixed after 2 days and 35 days of cell culture, stained for
actin (green) and nuclei (red), and imaged with a fluorescent confocal microscope (Figure 4-1). After
the first days of culture, a few cells have settled on the surface and adopted an elongated morphology
giving rise to a characteristic organisation that tends to smooth the interface in the corners (Figure 4-
1(a) and (b)). At later stages of growth, cells close to the substrate are still aligned along the scaffold-
tissue interface whereas cells on the surface align along the tissue-medium interface and form an actin
ring (Figure 4-1(c)). As highlighted on Figure 4-1(d), the actin pattern in this region is highly
oriented, which suggests that the forces created and experienced by the cells are highly anisotropic. In
contrast, cells embedded in the tissue deep toward the corner do not show this chord like shape
anymore (Figure 4-1(c)) and rather adopt more complex shapes in this three-dimensional

environment.

Fibronectin organisation

As fibronectin staining protocols are difficult to optimize for fluorescent imaging in thick tissues, the
organisation of fibronectin fibres by the cells was assessed using labelled fibronectin incorporated in
the medium after different time of culture. After fixation and staining of the samples for actin fibres,
fluorescent confocal imaging enabled the visualisation of the actin (green), the labelled fibronectin

(red) and collagen fibres (white) simultaneously (Figure 4-2).

Some samples received labelled fibronectin after 3 days of culture in regular medium. One was fixed
and stained one day after (Figure 4-2(a)). Cells use the fibronectin molecules from the medium to
synthesize fibronectin fibres. Although the fibronectin fibres are not as highly organised as the actin
pattern, one can still notice a general coalignment but not co-localization (as evidenced by the small
amount of yellow pixels) of the two networks: the fibres close to the scaffold are parallel to the
interface substrate-tissue whereas those produced by the cells on the surface align with the curved
tissue-medium interface. When the sample was fixed and stained one week after incorporation (Figure
4-2(b)), no labelled fibronectin was left for cells to produce labelled ECM since very little signal can
be observed close to the interface. However, it is important to mention that regular culture medium
also contains fibronectin and that cells synthesise their own fibronectin as well. Indeed, fibronectin
staining performed after regular culture revealed some signal close to the interface, but a lack of

diffusion of the stain inside the tissue limits the use of these data (data not shown).

Other samples received labelled fibronectin after 10 days of regular culture. In the scaffold fixed one
day later (on day 11), although the weak fluorescent signal is slightly higher along the tissue-medium
interface, the labelled fibronectin has been incorporated in fibre formation throughout the tissue
(Figure 4-2(c)). Again, the overall pattern of the fibronectin network appears to follow actin
organisation: aligned along the interfaces and slighly more disorganised in the bulk. A last scaffold

was fixed on day 17, i.e. one week after incorporation of labelled fibronectin (Figure 4-2(d)). Like in
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the previous example, the fluorescent signal emitted by the fibronectin exists all over the tissue but is
weak. Indeed, after 10 days of culture, the same amount of fibronectin was shared between a much
higher number of cells. As such, the concentration of labelled fibronectin used to build a fibre, and
thus the intensity of the corresponding fluorescent signal, was much lower. The incorporation of
labelled fibronectin throughout the entire tissue indicates a continous (re)modeling of the ECM even

long after deposition.

In each scaffold, collagen was imaged using SHG. Before 11 days of culture, the tissue does not
contain collagen fibres that are large enough to generate such a signal. However, after 2 weeks of
growth, collagen becomes visible in the mature tissue close to the scaffold and its orientation follows

the general trend observed in the actin and the fibronectin patterns (Figure 4-2(d)).

| (b) D10

Fn 488 added on D3

(d) D17

Fn 488 added on D10

Figure 4-2: Fibronectin organisation

Fluorescent labelled fibronectin (red) was added to the culture medium 3 days ((a) and (b)) and 10 days after
seeding the cells. Tissue was then cultured further for 1 day ((a) and (c)) or 1 week ((b) and (d)) for labelled
fibronectin incorporation before being fixed and stained for actin (green) and imaged by fluorescent confocal
microscopy. Collagen (white) was also visualised by collecting the SHG back scattered signal around 445nm.
The labelled fibronectin was taken up by the cells and incorporated in the fibrous ECM they produced. The
organisation of the fibronectin fibres is similar to the actin pattern.
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Collagen organisation

The extracellular matrix produced by MC3T3-E1 cells not only contains fibronectin but also collagen.
The triple helical and asymmetric nature of the collagen molecules enables the observation by using
the SHG effect induced under excitation with photons of specific wave length (890nm). The collagen
pattern obtained could be compared with the organisation of the cells on samples stained for actin

cytoskeleton with Alexa-phalloidin 488.

Whatever the shape of the pore investigated, triangle- square- and cross- shaped pores (Figure 4-3(a),
(b) and (c) respectively), collagen was only observed in “matured” tissue, i.e. in the corners, whereas
the region along the tissue-medium interface is empty of thick ECM fibres. It is important to mention
that no signal does not necessarily mean that no collagen has been produced but rather that the

collagen fibrils are not thick enough to be detected by SHG yet.

The collagen fibres synthesised and assembled by the cells co-align with the actin pattern. Namely,
fibres deep in the bulk follow the orientation of the substrate whereas they tend to become parallel to

the tissue-medium interface when approaching the actin ring.

Figure 4-3: Collagen organization

Tissue fixed after 35 days of culture was fixed and stained for actin. Fluorescent confocal microscopy performed
with a multiphoton laser enabled to co-localise the actin pattern (green) with the organization of the collagen
fibres (white) visualized using SHG. In triangles (a), squares (b) and crosses (c), the orientation of the fibrous
ECM made of collagen co-aligns with the cells.

Tissue mechanics

The organisation of the fibrous elements contained in the ECM compares with the arrangement of the
cells, which can be described with the chord model presented in (Bidan et al. 2012b). As the ability
for cells to adopt an elongated shape through contraction is the main requirement for this model,
various experiments were performed to verify the importance of mechanics in the control of tissue

stability and patterning.

77



Chapter 4. Bone tissue organisation: cells, fibronectin, collagen, who’s first?

Inhibiting contractility with blebbistatin

Samples were temporarily incubated in blebbistatin to inhibit cell contractility. Phase contrast
microscopy (Figure 4-4(a)) enabled the impact of such a treatment to be followed on the overall
pattern of the tissue whereas samples fixed at different stages of the treatment and stained for actin
and nuclei revealed cell behaviour (Figure 4-4(b)). After 30min of incubation, no dramatic change
was observed on the tissue pattern, but the smoothness of the tissue-medium interface is affected as
the cells on the surface tend to lose their elongated shape. The corresponding actin pattern is indeed
much blurred compared the one obtained in control conditions, characterising the lack of force
generation by the cells. These effects are even more discernible on the tissue level after 24h of
treatment in blebbistatin. Live imaging showed that under blebbistatin treatment, cells stop any kind
of motion activity (data not shown). However, when the sample is put back 24h in culture medium
after 24h of treatment, cells contract again, recover a chord like shape and thereby redefine a smooth

tissue-medium interface.

30min 24h 24h Blebbistatin
Blebbistatin Blebbistatin + 24h Medium

(a) Before

(b) 30min 24h Blebbistatin Contral i Fediim
_ Blbbistatin + 24h Medium

Figure 4-4: Effect of contractility inhibition

Living tissue was incubated in culture medium containing 20uM blebbistatin and observed with phase contrast
microscopy at different stages of the treatment (a). Samples fixed before and after recovery ion fresh culture
medium were stained for actin (green) and nuclei (red) and compared to a control scaffold grown only in
medium.
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Laser cutting and wound healing

Another way to investigate the internal stress state of the tissue is to damage it locally by means of a
laser, and observe how it reorganises. Figure 4-5(a) shows a laser cut performed on fresh tissue grown
in a small triangular pore. Although the section was linear and perpendicular to the tissue-medium
interface, the resulting “wound” presents a large opening angle, which appeared already after the first
layers of cells have been damaged. It appears that the higher forces are generated at the tissue-medium

interface, as cutting deeper into the tissue did not enlarge the angle much further.

Once a wound was generated, it was possible to replace the living tissue back into regular cell culture
conditions and follow how the remaining cells and overall tissue adapted to the new geometrical
configuration. On Figure 4-5(b), tissue grown in a small circular pore was sectioned perpendicularly
to the tissue-medium interface on about 75um in length, and imaged at different time points after cut.
In this sample, the local thickness of tissue produced and the curvature of the interface was much
lower than in the previous example. However, the wound created was about twice as large. Shortly
after the cut (10min) the cells disturbed in their adhesion rounded up along the interface. After 1h,
cells had locally reorganised on the surface and slightly smoothen the angular region of the interface,
on which rounded cells were still sitting. One day later, the tissue-medium interface had become
smooth at the wound site, although the tissue had not recovered its original properties, as evidenced
by the local differences in phase contrast. Three days after the cut, the wound was healed and its

location could hardly be detected.

Figure 4-5: Laser cutting experiment

Tissue grown for 35 days in a small trigular pore was locally cut by successive linear sections performed under a
microscope equipped with a micro-laser. The opening of the interface characterises stress release (a). Tissue
grown for 35 days in a small circular pore was kept in normal culture conditions 3 days after undergoing a 75um
cut. The healing process of the wound could be observed by phase contrast microscopy (b).

79



Chapter 4. Bone tissue organisation: cells, fibronectin, collagen, who’s first?

Laser cutting under blebbistatin VS control

As tissue is not only composed of cells that are actively exerting forces, but also ECM elements that
provide an intrinsic elasticity to the tissue, combining blebbistatin treatment and laser cutting
experiments enabled to estimate the relative contribution from the active and the passive components.
A linear cut was performed in a small circular pore containing tissue grown for 35 days and treated
for 20h with 20uM blebbistatin. The shape of the wound site was compared to the one created in a
control sample grown for 36 days in regular culture medium (Figure 4-6 (a) and (b)). In both cases,
the tissue-medium interface adopted a V-shape, but the opening angle was much smaller in the treated
tissue, i.e. when cell contractility was impaired. This comparison suggests that the stress state of the
tissue grown by the cells is the result of the stretched state of the cells and their elastic extracellular

matrix plus the active pulling of the cells themselves (Figure 4-6(c)).

Control ' Blebbistatin treated

I
I
I
I
I
I
I
| Elasticity
I

I

I

()

Figure 4-6: Inhibit contractility and cut

After 35 days of growth in small circular pores, tissue was incubated in 20uM blebbistatin diluted in 10%
medium overnight (~20h) and cut perpendicularly to the tissue-medium interface perpendicularly (a). The
wound created did not open as large as in the control kept in medium (b). This experiment enabled to visualise
the relative contribution of the active contraction of the cells and the passive elasticity of the ECM to the
internal stress stored in the tissue (¢).

Biochemical treatments to impair mechanics

Since cells are known to be contractile, another way to disturb the mechanics of the tissue they build
was to impair cell-cell contacts or to disrupt the ECM network they adhere on. Therefore, biochemical
treatments were performed on living tissues grown for 28 days in regular cell culture conditions as
described earlier. Changes in tissue patterning and cell shape were observed by mean of phase

contrast microscopy and immuno-fluorescent staining respectively (Figure 4-7).
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(a)

Before

30min

30min
+90min medium

30min
+24h medium

(b)

30min

30min
+24h medium

Pronase

Collagenase

PBS (control)

Figure 4-7:
Biochemical
treatments to impair
tissue mechanics

Living tissues grown
for 35 days were
treated with 0.1%
pronase or 0.1%
collagenase diluted in
PBS for 30min.
Control experiments
were performed in
PBS. The changes in
tissue behaviour were
observed by phase
contrast microscopy
(a). Samples were
fixed at two stages of
the treatment (i.e.
before and  after
recovery in fresh
medium), stained for
actin  (green) and
nuclei (red) and
visualized with a
fluorescent confocal
microscope to relate
changes in the tissue
to cell response (b).
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In contrast to samples kept in PBS (control), the tissue-medium interface of the scaffolds incubated
for 30min in pronase got rougher as the cells adopted a more globular shape. When put back into
regular medium though, the smoothness was recovered as the cells reformed the contacts digested by

the pronase, and the tissue kept on growing.

In a similar way, a sample treated with collagenase revealed slight changes in tissue properties as
characterised by the local changes in contrast after 30min of incubation. Although cells kept an
elongated shape, some cell-ECM contacts were destroyed and the cells did not remain flattened on the
interface while they contracted. As seen on the phase contrast images, this effect was even clearer
when tissue was put back into culture medium for a short time after treatment, since cells could
contract in a regular way again but no new ECM had been produced yet. After 24h of recovering in
medium, the differences in phase contrast showed that the fast increase observed in projected tissue
area was due to tissue deformation rather than growth. The cells sitting on the surface recovered

similar shape and organisation as in the control experiment.

A control experiment in PBS insured that the changes in tissue and cell behaviour were not an effect

of culture medium deprivation during the treatment.

Discussion

In this study, three-dimensional bone tissue was built by MC3T3-El cells seeded on scaffolds
containing pores of controlled geometries. The internal structure of this tissue was investigated with
immunofluorescent staining and multiphoton confocal microscopy. Cells are the first elements
appearing in the tissue and turn out to have an elongated shape. Later on, actin, fibronectin and
collagen fibres show a similar organisation: parallel to the surface of the substrate close to the scaffold
and parallel to the tissue-medium interface when approaching the centre of the pore. As cells are
responsible for synthesising the ECM, it is important to understand how they organise their actin
cytoskeleton over large distances in order to clarify the mechanisms involved in the assembly and
alignment of fibronectin and collagen fibres throughout the tissue. For this, biochemical and

mechanical treatments are performed on the tissue obtained.

Structure
The analysis focuses on the three main structural components of non-mineralized bone tissue: cells,

which are characterised via their actin cytoskeleton, fibronectin and collagen fibres.

When a cell adheres on a substrate, which can be the stiff scaffold or a previous layer of tissue, the
actin cytoskeleton contracts via myosin motors and adopts a shape determined by the spatial
repartition of the adhesion sites (Théry et al. 2006). On curved surfaces as in the three-dimensional

pores, the actin fibres span over the long distances (up to 75-100um) that separate the adhesion sites
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and get an elongated shape when observed in the projection of the pore (Figure 4-1(a)). The adhesion
between several cells can even lead to spanning of gaps over much larger distances (Figure 4-1(b)),
which would induce tissue detachment later on, as additional layers of cells adhere. Such behaviour
justifies the hypothesis of the chord model proposed in Bidan et al. (2012b), which can describe the
patterning and the kinetics of tissue growth exclusively based on the contractile character of the cells
(Figure 4-8(a)). The elongated shape of the cells parallel to the tissue-medium interface after 35 days
of culture (Figure 4-1(d)), confirms that the cytoskeletal structure follows the predictions of the chord
model all along the growth process of the tissue (Figure 4-8(b) and (c)). However, when cells get
embedded in the mature tissue, they adopt a different morphology characteristic of a three-

dimensional adhesion pattern (Cukierman et al. 2001) (Figure 4-1(c) arrow).

Cell culture experiments performed with labelled fibronectin incorporated in the medium show the
presence of fibronectin all over the tissue. In the samples fixed one day after incorporation, the
integration of labelled fibronectin in the fibres along the tissue-medium interface (Figure 4-2(a) and
(b)) suggests that cells rapidly start to assemble fibronectin into fibres as they settle and adhere on the
tissue surface. Indeed, this fibrous protein is known to be essential for cells to generate traction forces
via stabilization of the focal adhesion (Hocking et al. 2000). In general, a co-alignment between the
actin and the fibronectin patterns can be observed. As fibronectin fibres are very extensible (Klotzsch
et al. 2009), they are likely to be highly deformed by the contractile actin network (Tan et al. 2003;
Corin and Gibson 2010). With such a spinning process, the cells can shape a fibronectin web similar

to the actin network but not as ordered (Figures 4-2(c) and 4-8(c)) (Sivakumar et al. 2006).

When collagen is assembled into fibrils, it produces SHG signals under multiphoton excitation at
about 840nm (Zoumi et al. 2002). SHG images taken at different culture stages (10, 17 and 35 days on
Figure 4-2(b), (d) and 4-3 respectively) reveal a progressive apparition of collagen fibres in the tissue.
Their formation starts in the corners and toward the scaffold after 2 weeks of growth. Interestingly,
this time point corresponds approximately to the secretion of alkaline phosphatase by the cells, which
indicates their differentiation into mature osteoblasts (Quarles et al. 1992). Although additional
staining for collagen would be needed to detect the formation of fibres of size below the detection
threshold of the SHG imaging, it seems that the assembly and maturation of collagen into thick fibres
does not occur instantaneously together with the other extracellular proteins but rather takes place
progressively after cell proliferation, adhesion, contraction and differentiation (Owen et al. 1990; Shea
et al. 2000) (Figure 4-8(c)). Their orientation follows the actin pattern, regardless of the initial
geometry of the substrate (Figure 4-3). It is important to mention that the absence of SHG signal close
to the tissue-medium interface shows the absence of collagen fibrils, but collagen can be still be

present in a non-assembled state (Velling et al. 2002).

Collagen fibres are recognized to contribute to the mechanical stability of the tissue not only because

of their relatively high stiffness compared to the other passive ECM fibres (Guthold et al. 2007), but
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also through their organisation (Dunlop and Fratzl 2010). In bone for example, the orientation of the
collagen fibrils determines the orientation of the mineral particles (Wang et al. 2012) that reinforce
the mechanical properties of the biological material in the direction of loading (Seto et al. 2008).
More generally, the internal organisation of a collagenous matrix is related to the function of the
tissue. In cornea for example, optical (Daxer and Fratzl 1997) and mechanical (Boote et al. 2005)
properties also highly depend on collagen orientation. Understanding the mechanisms that control
ECM organisation during bone tissue growth would then help to explain the complex hierarchical

structure of this organ (Fratzl and Weinkamer 2007).

(a) Contractile Actin (b) Extensible Fibronectin (c) Stiff Collagen

N/

Actin

Adhesion Contraction

—_— — Fibronectin e Collagen

Figure 4-8: Evolution of tissue structure during growth

The adherent and contractile cells first form a cytoskeletal network under tension (a). These same cells
proliferate and rapidly deposit extensible fibronectin fibres parallel to their actin network (b). After two weeks,
stiffer collagen fibrils are also produced by the mature cells and co-aligned with the actin and fibronectin
networks (¢).

As mentioned in the introduction, the active role of the cells in the organisation of collagen is
currently discussed in the literature. On one hand, the in-vitro self-organisation of collagen in the
absence of cells suggests that complex patterns similar to those observed in bone can be produced
through spontaneous organisation of the fibres (Bouligand.Y 1972; Giraud-Guille 1988; Neville 1993;
Besseau and Bouligand 1998; Giraud-Guille et al. 2005). On the other hand, the in-vitro cell cultures
performed here reveal the apparition of an organised cytoskeletal network prior to the appearance of
ordered fibrous ECM (Figures 4-3 and 4-8). The alignment of the collagen fibres with the contractile
actin network and the binding fibronectin web (Kadler et al. 2008) supports rather an active control of
bone matrix organisation by the cells (Velling et al. 2002; Pazzaglia et al. 2010; Pazzaglia et al. 2011;
Yamamoto et al. 2012). Considering the organisation principles of the first network in place, i.e. the

actin network, may help to clarify its role in guiding the internal structure of the entire tissue.
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Active organisation of the cytoskeletal network

Although many studies present evidences for organisation via mechanics principles at the single cell
level, only a few extended their investigations to a multicellular level (Nelson et al. 2005) and hardly
any tackled in detail the tissue level. On a two-dimensional substrate, a single cell actively spans its
actin cytoskeleton between the adhesion sites (Théry et al. 2006), the radius of curvature of an actin
bundle between two anchorage points being proportional to their spacing (Bischofs et al. 2008).
Following this principle of “adhesion-contraction”, a cell sitting on stiff curved substrates is expected
to adopt a chord-like shape (Bidan et al. 2012b). To explore the hypothesis that mechanics plays an
important role in integrity and organisation during bone tissue growth, cell contractility, cell-cell
adhesion and collagen stability were chemically impaired, in order to disturb the internal stress of the

actin network and observe tissue response.

The use of blebbistatin to inhibit the myosin IIb molecular motors and thus cytoskeletal contractility
triggered the loss of the elongated shape of the actin fibres, especially along the tissue-medium
interface. However, the recovery of the original actin arrangement after 24h incubation in fresh
medium (Figure 4-4(b)) proves that the contractility of the actin cytoskeleton is essential for cells to
actively insure the proper internal organisation of the network they form (Bar-Ziv et al. 1999; Théry et
al. 2006) (Figure 4-9(a)). Although no quantitative measurements have been performed, live imaging
experiments revealed that blebbistatin also stops cell motion along the tissue-medium interface (data
not shown). Likewise, impairing cell adhesion or disrupting the ECM with pronase or collagenase
respectively, modifies the shape of the tissue-medium interface as well as the actin pattern (Figure 4-
7(b) and 4-9(b-c)). Because the cytoskeleton is an active scaffold responsible for cell shape (Bar-Ziv
et al. 1999; Théry et al. 2006; Pollard and Cooper 2009); the cytoskeletal network can be considered
as an active scaffold responsible for tissue shape (Bischofs et al. 2008). Altogether, the experiments
involving the impairment of the internal stress state of the cytoskeletal network showed that the shape
and the structure of the tissue depend on the mechanical tension build by the actin fibres. Defects in
tissue mechanics, artificially induced in our experiments, are also known to be involved in many
diseases (Ingber 2003). This suggests that cells need cell-cell contacts as well as a stable underlying
substrate to adhere on, in order to develop the mechanical tension essential to organise a healthy

tissue.

Consequences at the tissue scale

Once the cells adhere and organise a cytoskeletal network through contraction, they produce or recruit
from the plasma ECM proteins like collagen and fibronectin, and assemble them into a dense network
which constitutes the non-mineralised bone tissue (Sivakumar et al. 2006; Moretti et al. 2007,
Bentmann et al. 2010). Although cells are known to interact individually with these ECM proteins
(Danen and Yamada 2001; Hynes 2009; Grinnell and Petroll 2010), how the contractile activity of the

actin network influences the organisation of the ECM fibres at the tissue scale is still not clear.
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Fibronectin retains important biological functions (Singh et al. 2010) through the mediation of cell-
matrix contact via integrins (Danen and Yamada 2001). For example, Vogel and co-workers showed
this extracellular component acts as a mechanotransducer that converts mechanical stimuli into
biochemical cues (Vogel 2006). Indeed, unfolding mechanisms of fibronectin fibres affects cell
behaviour not only via changes in the local mechanical properties of the ECM (Halliday and Tomasek
1995; Vogel and Sheetz 2009) but also directly through exposure of domains that are biologically
active (Baneyx et al. 2002). By such mechanisms, binding domains for collagen precursors can also
be exposed and facilitate the formation of fibrous ECM (Kadler et al. 2008; Singh et al. 2010). In
general, fibronectin and collagen production and polymerisation were shown to be tightly
interdependent (Velling et al. 2002; Shi et al. 2010) and to have an important feedback on cell
behaviour (Sottile et al. 2007).

Once in place, the collagen network behaves like a passive scaffold on which cells and fibronectin can
adhere (Gelse 2003), and serves a mechanical function. Indeed, tissue deformation resulting from the
collagenase treatment showed that the ability of the ECM to resist the cytoskeletal tension is also
essential to guarantee the integrity of the tissue (Figure 4-7(a)). The shrinkage of the circular interface
can be interpreted as a consequence of the tension generated by the contractile actin bundles along the
tissue-medium interface (Figure 4-7(b)) as less resistance is applied by the disrupted collagen network
(Figure 4-9(c)). Repeating this experiment with different concentrations of collagenase or impairing
collagen synthesis by depriving the cells in ascorbic acid during growth (Chan et al. 1990), would
help to estimate the role of the passive ECM fibres (mainly collagen) in the stability of the tissue.

Inspired by experiments performed on the fibre and cell levels (Kumar et al. 2006; Tamada et al.
2007), tissue was micro-sectioned after 35 days of culture. Again, the opening of the wound generated
by a linear cut was characteristic of the release of internal stress (Figures 4-5(a) and 4-9(d)). Although
such experiments need to be repeated and quantified, comparing a micro-sectioning experiment
performed on a living tissue treated with blebbistatin and a non-treated living tissue, shows that not
only the actin network but also the passive ECM matrix are under stress (Figure 4-6) (Kraning-Rush
et al. 2011). One can then speculate that when the organisation of the actin fibres has been adapted to
optimise stress distribution with respect to the local boundary conditions, the cells under tension
substitute the active cytoskeletal network by an intermediate fibronectin web followed by a passive
stiff collagen scaffold. The ECM would have the same optimal organisation as the cytoskeletal

network and carry in its intrinsic elasticity the stress released by the cells during their formation.

As tissue is a tight assembly of contractile cells, biologically active fibronectin fibres and stiff
collagen fibrils, diverse representations are proposed to model tissue behaviour under different
stimuli. For example, because the fibronectin and collagen fibres co-align with the actin network, the
chord model used to describe cell organisation in the tissue (Bidan et al. 2012b), can be extended to

the fibrous components of the ECM. This idea was already suggested in previous works (Bidan et al.
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2012c) after visualising the global collagen orientation with polarised microscopy. Comparable
behaviour between the cell level and the tissue level were already pointed out by Bischofs et al.
(Bischofs et al. 2008) and described with a cable model. In contrast to the chord model, which
superimposes tensile elements under equilibrium, the cable model considers their interaction as a
network. The tension, generated by an actin bundle (cable), contributes therefore to the final shape of
the whole system, and disturbing single cells or their contacts would lead to the reorganisation of the
whole network of actin, fibronectin and collagen fibres. As such, like cells, tissues may also be

viewed as tensegrity structures (Stamenovi¢ and Ingber 2009).

(a) Blebbistatin (b) Pronase

Adhesion

Actin

Contraction >

Fibronectin

Collagen

Figure 4-9: How the organised tissue reacts to mechanics?

The mechanical treatments performed on the living tissue are represented schematically. Blebbistatin (a) and
pronase (b) treatments mainly affect the cells close to the tissue-medium interface, whereas collagenase disrupts
the stiff collagen network, which releases the cytoskeletal tension by a rapid change of the tissue pattern (c). The
opening of a wound created by micro-sectioning also characterise the internal stress state of the cellular and
extracellular networks (d).

One limitation of such models remains in their two-dimensional character. Although geometrical
constrains give the actin network a particular shape and direct their mechanical tension, cells are
known to pull in three dimensions (Legant et al. 2009; Trepat et al. 2010). The optimal tissue
organisation and following growth would then be driven by the geometry of the 3D surface. In that
respect, the computational model of curvature-driven growth derived from the chord model, was

recently extended to three dimensions (Appendix A).
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Interests of the work and outlook

This work relates multicellular cytoskeletal alignment and final tissue structure by showing that
cytoskeletal and early as well as later matrix structure (fibronectin and collagen respectively) are
following each other. As such, the chord model extended to the fibrous ECM can be applied to
different situations involving tissue deposition. For example, the simple geometrical construction
justifies the presence of an actin ring along the tissue-medium interface in the context of wound
healing (Bement 2002; Salbreux et al. 2009). Although wound healing in 2D has been explained by
cell crawling (Anon et al. 2012), in a wound or a fracture created on a three-dimensional surface, cells
don’t have a substrate to migrate directly in the gap, but need to develop other mechanisms. The
healing experiment performed with micro-sectioning on living tissue (Figure 4-5(b)) suggests that
cells close the wound via the “adhesion-contraction” principle and layers of ECM are subsequently
deposited to recover the original structure of the tissue. The modification of the mechanical properties
of the tissue with maturation was observed in other in-vitro systems (Cao et al. 2006; Petersen et al.

2012) but also during the early stages of bone healing in-vivo (Vetter et al. 2010).

In this paper, structural investigations of a three-dimensional non-mineralised bone tissue produced
in-vitro coupled with biochemical and mechanical treatments demonstrated that during tissue growth,
cells first order themselves by building up mechanical stress in their cytoskeletal network and then
assemble the fibronectin and the collagen fibres with a similar organisation. Such observations
strongly support the active participation of the cells in the organisation of the extracellular matrix.
Moreover, the simple representation of the tissue proposed in the present work can explain in-vitro
and in-vivo observations and constitutes therefore a step forward in the understanding of tissue
organisation (Figure 4-8) and mechanics (Figure 4-9). Although the experimental model used in this
work only accounts for “early” growth stages before mineralization, it still makes sense to infer that
the collagen structure “frozen” by mineralization determines (or at least contributes to) the structural
order in bone, and other types of collagenous/mineralized tissues (Wang et al. 2012). The geometrical
principle presented as the chord-model could therefore be helpful to explain the particular orientation
of collagen in bone tissue (Wagermaier et al. 2006) and also inspire tissue engineers to design
scaffolds that would guide tissue orientation toward the optimal arrangement adopted in natural

growth (Cipitria et al. 2012).
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The main goal of the thesis was to understand how the geometry of a substrate controls tissue growth
and its organisation. The previous chapters have presented some of the results from the last three

years in the form of four papers (Chapters 1 to 4).

Back to the objectives

The scope of the thesis was highlighted by a literature survey, which showed the importance of
physics in cells and tissue patterning (Chapter 1). This review demonstrated that the impact of
geometry has been investigated at sub-cellular, cellular and multi-cellular levels, but only a small
amount of research has been done at the tissue scale. Although clinicians could observe some effects
in-vivo (Ripamonti 2009; Schuckert and Osadnik 2011), the influence of millimetre sized geometrical
features of the substrate had never been quantified before. In this thesis, in-vitro tissue culture
experiments coupled with computational simulations confirmed that a model of curvature-driven

growth is not only relevant to describe quantitatively tissue growth on complex surfaces (Chapter 2),

but can also be applied to optimize the geometry of scaffolds that promote tissue formation (Chapter

3). Moreover, a simple geometrical construction inspired by the elongated shape of the contractile
cells — the chord model — was proposed as an alternative method to describe tissue deposition and was
demonstrated to be mathematically equivalent to the curvature-driven growth model (Chapter 2). This

step towards understanding the cellular mechanisms involved in tissue patterning and organisation

was first supported by preliminary structural investigations of the tissue (Chapter 3), and then
confirmed by a deeper (but qualitative) analysis of cells and ECM organisation and by highlighting

the role of the internal mechanical stress in tissue stability (Chapter 4).

As the papers presented in this cumulative thesis already discussed individually the results, this
general discussion section rather focuses on i) possible improvements of the system to access three-
dimensional information about tissue growth, ii) new directions for research inspired by the outcomes

of the thesis, and iii) potential implications of the work.

Exploration in the third dimension

Although the experimental setup proposed by Rumpler et al. (2008) combined with the computational
methods developed in this work constitute a powerful approach, limitations remain. The following

paragraphs discuss the restrictions imposed by the system and propose potential solutions.
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Confocal microscopy: Analysis of tissue structure in three dimensions

During the cell culture experiments, monitoring tissue growth by phase contrast microscopy gives
access to the evolution of the tissue-medium interface in projection only, meaning that growth along
the vertical direction cannot be assessed. Therefore, the effect of the geometry in the third dimension
has been limited by using straight sided pores. Although the chord model and the implementation of
curvature-driven growth are two-dimensional, they describe both qualitatively and quantitatively the
kinetics and patterning of tissue formation observed on the phase contrast images. Indeed, as the cells
are initially seeded on the upper surface of the scaffold, the tissue is not expected to grow
homogeneously all along the pore as it was assumed but rather faster on the top. Observing the
evolution of the tissue-medium interface in the third direction would be useful to refine the models
and may explain some remaining differences with the experimental data. An example discussed in the

papers is the slowdown of tissue growth occurring after two weeks of culture (Chapters 2 and 3).

Among the different methods tested to analyse the tissue produced in HA scaffolds in three
dimensions, the most instructive results came from a combination of actin staining and confocal laser
scanning microscopy (Appendix D1 and D2). This technique enables the optical sectioning of a three-
dimensional fluorescent object. Unfortunately, the depth of measurement is limited by the loss of
signal in the dense tissue and a maximum depth of 200um, i.e. one tenth of the total height of the
pore, could be reached using multiphoton microscopy (Appendix D3). Despite this limitation, imaging
at different heights within a pore gives a better representation of at least the top part of the three-

dimensional tissue (Figure E-1(a)).

The image resulting from the maximum projection of the entire stack represents the pattern of actin as
one would see if looking through the pore. With this method, pores containing a reasonable amount of
tissue often revealed a twisting pattern of the cytoskeletal network as the actin fibres appear to be
arranged in a spiral way (Figure E-1(b)). Interestingly, a spontaneous chiral organisation by cells was
already observed during in-vitro experiments performed on two-dimensional toroidal fibronectin
patterns (Wan et al. 2011) and the twisting direction was cell type dependant. In order to quantify the
orientation of the actin fibres on the maximal projection fluorescent images, a computational tool was
implemented in Matlab (Mathworks) (Appendix E2). Further quantifications are required to be
statistically relevant but the actin spiralling in the three-dimensional bone tissues produced in this

work is mostly directed clock-wise (Figure E-3).

A three-dimensional reconstruction of the actin pattern can also be derived from the set of images
obtained by optical sectioning. This representation reveals that the straight actin fibres at the tissue-
medium interface are not totally perpendicular to the vertical direction, which explains the chiral
pattern observed on the maximum projection (Figure E-1(c)). Cells seem to prefer an oblique
orientation in the third dimension, which differs from the hypothesis of the chord model but can still

be represented as a tensile element in the projection plane. Interestingly, the right-handed spiralling of
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the actin fibres in three-dimensional bone tissue produced in-vitro resembles the collagen and mineral
orientation measured in osteonal bone (Wagermaier et al. 2006). In principle, second harmonic
generation microscopy (SHG, Appendix D3) could be used to determine whether collagen fibrils
follow the same patterns. Unfortunately, SHG signal is only emitted by thick fibrils present in mature
tissue and quickly decreases as one penetrates in the tissue. Therefore no conclusion on collagen

chirality in this in-vitro system has been drawn so far.

It is also possible to get orthogonal slices from such a reconstruction, i.e. vertical optical sections of
the tissue. Although the loss of signal limits the depth of measurement within the pore, a typical
asymmetric pattern is regularly observed on tissues imaged by multiphoton microscopy (Figure E-2).
Tissue thickness is higher towards the top of the scaffold and the tissue-medium interface is convex
along the z-axis. Such results meet the speculations made in Chapter 2 and 3 when discussing the two-

dimensional models.

Altogether, these observations motivate the development of the computational tools and experimental

methods for further investigations in three dimensions.

Material development: Adaptation of the substrate to microtome sectioning

The influence of the local curvature of the surface on cell fate and gene expressions is also a recurrent
topic of discussion (Levina et al. 1996; Vogel and Sheetz 2006). Indeed, many studies showed that the
geometry of a substrate determines the stress distribution in a cell sheet as well as the concentration
profiles of the surrounding biochemical factors, and thereby influences local proliferation (Nelson et
al. 2005), differentiation (Ruiz and Chen 2008) and protein synthesis (Nelson and Bissell 2006).
However, the biological responses of the pre-osteoblasts in the three-dimensional tissue could not be
addressed with this experimental system for different reasons. The limited amount of tissue produced
in one pore prevents the measurement of gene expression by mRNA analysis. Moreover, relevant
information would rather come from comparing gene expressions between different regions within a
single pore, for example by looking on curved and flat surfaces of the scaffold, on the tissue-medium
interface and in mature tissue in the bulk. An alternative to local mRNA analysis would then be to
map the presence of characteristic proteins in the tissue. For example, the distribution of alkaline
phosphatase and osteocalcin would reveal the differentiation stage of the pre-osteoblasts in different
regions of the tissue (Quarles et al. 1992; Attawia et al. 1995). Unfortunately, the high number of cells
embedded in the dense ECM prevents most fluorescent molecules to diffuse properly throughout the
thick tissue. Many staining techniques are therefore not adapted to such studies yet and none can be
used for quantitative measurements. The difficulty to assess cell proliferation constitutes therefore a
major weakness of the system since counting the cells or incorporating BrdU (Inkson et al. 2009) for
labelling divided cells are methods that are not applicable to the three-dimensional tissues formed in

the scaffolds. The limited diffusion of staining molecules in thick tissues also justifies the alternative
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protocol used in Chapter 4. The fluorescent labelled fibronectin added to the culture medium was
indeed directly incorporated in the ECM by the cells during synthesis, which enabled structural

investigations of the thick tissue.

Sectioning the scaffold would be an efficient solution to overcome the problem of diffusion, as the
access of the staining molecules to the proteins targeted would be largely facilitated on a slice of
tissue. However, hydroxyapatite scaffolds are too stiff and brittle to be cut without damaging the
tissue in the pores. Decreasing the mechanical mismatch with embedding techniques was also
ineffective and softer materials were thus considered to replace hydroxyapatite. Beyond being
biocompatible, this material should be adapted to the scaffold production process, withstand a
sterilization protocol as well as the cell culture conditions and be suitable for a final sectioning.
Among the various polymers used as substrates for cell culture experiments, a few were considered to

produce the three-dimensional scaffolds. Three attempts are presented in the following.

Polyurethane (PU) was shown in a previous study by Kommareddy et al. (2010) to be a suitable
substrate to investigate the effect of material stiffness on three-dimensional tissue growth. This work
concluded that the elasticity of the substrate influences the lag time before cells start to deposit tissue
but does not affect the subsequent tissue growth rate. As such, no extensive changes in growth
behaviour are expected from changing hydroxyapatite to a softer scaffold material. Unfortunately the
complex fabrication process of PU scaffolds would limit the variety of pore geometries to be

designed. Other alternatives were therefore explored.

Polyacrylamide (PAAm) is a particularly attractive hydrogel due to i) the simple chemistry of its
polymerisation, ii) its biocompatibility and iii) its high water content leading to similar mechanical
properties as the tissue. PAAm is thus a good candidate for scaffold fabrication, cell culture and
sectioning by cryo-microtomy. As detailed in the protocol of Wang and Pelham (1998), mixing
solutions of acrylamide and bis-acrylamide with an initiator (ammonium peroxodisulphate, APS) and
a cross-linker (N,N,N,N-tetramethylethylenediamine, TEMED) leads to spontaneous polymerisation
at room temperature. Compression tests showed that the elasticity of the gels produced was under
100kPa. This is rather soft but still appropriate for growing collagenous tissues (Engler et al. 2006).
The mixture was poured in wax moulds produced by rapid prototyping, which were removed by
dissolution in tetrahydrofuran (THF) after polymerisation of the gel. The resulting PAAm scaffolds
were extensively washed in water and PBS before being sterilised under UV light and incubated with
MC3T3-E1 cells. In general, an inhomogeneous adhesion pattern was observed on the flat top surface
of the scaffold and the tissue produced in the pores was often detached from the substrate after a
couple of days, i.e. once the resulting forces generated by the cells became too strong for the weak
adhesion (Legant et al. 2009). The regular coating techniques used to functionalise the substrate were
not adapted to the confined surfaces in the pores such as fibronectin or collagen covalent coating by

photo-activation of Sulfo-SANPAH (sulfosuccinimidyl-6(49-azido-29-nitrophenyl-amino) hexanoate)
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(Wang and Pelham 1998) or did not improve the adhesion of the tissue in the pores like coating with
PDDA (poly(diallyldimethylammonium chloride)) (Nichols et al. 2009). The weak adhesion of cells
on soft substrates often limits the use of such material for tissue culture experiments (Engler et al.
2004; Schwarz 2007). However, a few samples endured the fixation step after 20 days of growth and
could be further analysed. Cryo-sectioning at -20°C was a successful technique to slice PAAm
scaffolds horizontally or trim them vertically to expose tissue pattern in the longitudinal direction. A
histological staining for alkaline phosphatase (ALP) on a single slice revealed the presence of
differentiated cells all over the tissue except along the tissue-medium interface (Figure E-4), where
the cells seem to be still in a proliferation phase (Stein et al. 2004). Interestingly, the structural
analyses performed in Chapter 4 showed a lack of SHG signal from collagen along the tissue-medium
interface. A reason could thus be the limited ability and amount of time given to those “young” cells
to assemble thick collagen fibres in contrast to the mature osteoblasts present in the bulk of the tissue
(Figure 4-3). Finally, immunofluorescent staining for actin on the longitudinal section of the pore
confirmed the asymmetric pattern of the tissue and a maximum projection showed the preferred

oblique orientation of the cells hinted by previous optical sectioning (Figure E-5).

Polydimethylsiloxane (PDMS) is another soft material often applied to biological studies (Sia and
Whitesides 2003). PDMS scaffolds have been produced using metallic moulds and covalently coated
with fibronectin (Pompe et al. 2003) by the group of Prof. Carsten Werner at the Leibniz-Institut fiir
Polymerforschung in Dresden. Identical cell culture experiments were performed on these substrates
and although some pieces of tissue were still partially detached from the surface, an improvement was
observed compared to the other soft materials. Moreover, the tissue formed in the pores appeared to
be stable during sectioning by cryo-microtomy and further staining could be performed (Figure E-6).
Despite the ideal distribution of stain all over the slice of tissue, a concentration of the actin signal
along the tissue-medium interface was still remarkable. These first results suggest that the actin ring
previously observed on confocal images of the three-dimensional tissue can indeed be attributed to the
higher concentration of actin stress fibres along the interface, and not only to a higher concentration of
staining agent. As discussed in the previous chapters, such a contractile ring was already observed in
the different contexts of wound healing (Abreu-Blanco et al. 2012), dorsal closure during drosophila
morphogenesis (Kiehart et al. 2000) or in in-vitro actin/myosin gels (Backouche et al. 2006), and is
explained by an enhanced concentration of myosin along the interfaces (Figure 2-6). It is also
important to note the presence of fibronectin all over the cross section of tissue: in the bulk as well as
on the tissue-medium interface. Indeed, this staining method supports the results obtained by
incorporating labelled fibronectin during tissue culture experiments as reported in Chapter 4, and
confirms thereby the early production of fibronectin in the tissue growth process (Hocking et al.

2000).
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The replacement of hydroxyapatite by a soft gel appears to be a promising solution to overcome the
two limitations of the experimental system mentioned above: the difficulty to observe tissue patterns
in three dimensions and the restricted structural investigations due to the lack of diffusion of staining
molecules within the tissue. The preliminary results obtained by optical and microtome sectioning

strongly encourage further efforts to develop the system in that direction.

Directions of research

Although the methods presented in the last section are still in development to produce reproducible
and relevant outcomes, the few results harvested so far gave important hints about the three-

dimensional structure of the tissue and opened some doors for further investigations.

Geometry: Extension of the chord model into 3D

The first interesting observation in three dimensions is the organisation of the cells. Indeed, the chiral
actin pattern appearing on most of the maximal projections generated by confocal microscopy
corresponds to the alignment of the elongated cells in a particular direction, which is not along the
vertical axis of the pore nor in the horizontal plane (Figures E-1 and E-5). Although no extension of
the chord model has been proposed to describe tissue growth in three dimensions yet, it is important
to mention that the actin pattern of the tissue-medium interface strikingly resembles a hyperboloid
surface, which is generated by the rotation around a vertical axis of a segment directed in three
dimensions (ruled surface) (Appendix E-4). Interestingly, this simple geometrical construction based
on the arrangement of chord-like objects in three dimensions accounts not only for the chiral pattern

observed on projections but also for the convexity that appears along the z-axis (Figure E-7).

In order to develop this idea, it is necessary to understand what triggers the cells to spiral in a
preferred direction while migrating on the scaffold. Although this symmetry breaking has already
been observed on two-dimensional substrates, its origin is still unclear (Huang et al. 2005; Wan et al.
2011). Therefore, traditional techniques used to track collective cell migration on two-dimensional
substrates (Angelini et al. 2011) need to be adapted to the three-dimensional system in order to assess
the individual and collective behaviour of the cells at the early stages of growth both on the top of the
scaffold and on the curved surface within the pore. According to the theoretical model of Biton and
Safran (2009) the evolution of cell orientation, and thus the direction of migration, is expected to
correlate with particular lines of the tissue-medium interface. Analysing the three-dimensional
curvature of these lines would suggest optimal boundary conditions for the cells to achieve their
mechanical equilibrium and may provide hints to develop a three-dimensional chord model for tissue

growth.
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Comparing cell organisation with similar patterns observed in Nature, e.g. in bone (Wagermaier et al.
2006) and in wood (Lichtenegger et al. 1999), would also add to the understanding of the general

mechanisms involved in tissue formation.

Computer simulation: Extension of the curvature-driven growth model into 3D

In Chapter 2, it was demonstrated that the pattern of growth derived from the chord model in two
dimensions is equivalent to the predictions of a computational model of curvature-driven growth. It
was discussed and detailed with an analytical model proposed in Chapter 3, that a model of growth
driven by the mean curvature in three dimensions (the average of the two principle curvatures) is
expected to account for the apparition of the convexity along the vertical axis of the pore. In contrast
to the chord model the computational method used to simulate curvature-driven growth on a two-
dimensional surface has already been adapted to three dimensions. The details of this three-

dimensional model as well as the first results are presented in the paper attached in Appendix A.

Briefly, the mean curvature of the surface described in a three-dimensional digital array was estimated
using the discrete method of Bullard et al. (1995), and similar laws as in the two-dimensional model
presented in Chapter 2 were applied for the interfacial motion. If the positive mean curvature of the
three-dimensional surface is taken as the driving force for tissue deposition, growth is described by
the Laplace law and the shape of the tissue-medium interface evolves toward a surface that minimises
the interfacial energy (Plateau 1894). The resulting catenoid (a minimal surface) presents a negative
second principal curvature, which indeed appears along the vertical axis in the computational
simulation (Figure A-6). Such an effect explains the slowdown of growth observed in the
experiments. Additionally, the asymmetry of the patterns obtained by optical and microtome
sectioning in the longitudinal direction (Figure E-5) can be derived when implementing cell migration

from the top surface of the scaffold toward the bottom of the pore (Figure A-7).

Whether a three-dimensional chord model based on the formation of hyberboloids can be equivalent

to a curvature-driven growth that generates catenoids, still needs to be demonstrated.

Tissue mechanics: Estimation of the internal stress state and mechanical properties

As discussed in Appendix A, the observed curvature-driven growth behaviour suggests that the
interfacial motion is driven by an effective surface tension (Plateau 1894) resulting from the
combination of adhesion and cytoskeletal tension generated by the contractile cells (Manning et al.
2010). Measuring surface tension would then provide additional information to make the link between
the geometry of the substrate to the local cell activity and tissue growth. Unfortunately, most of the
techniques available, like tissue surface tensiometry (TST) developed to quantify the role of surface
tension in self-sorting in embryonic tissues (Foty et al. 1994; Foty and Steinberg 2005), are not

applicable to tissues confined in small pores (Janmey and Schmidt 2006).
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However, other methods can be considered to estimate the internal stress on the tissue as well as the
effective mechanical properties of the ECM. In principle, Fluorescence Resonance Energy Transfer
(FRET) measurements on labelled fibronectin could be used to map the contractile activity of the cells
in the tissue (Legant et al. 2012). Also, some techniques can be inspired by studies of cell mechanics
like the incorporation of fluorescent magnetic beads in the tissue (Fabry et al. 2001) or the use of
atomic force microscopy (Alcaraz et al. 2003) for local mechanical tests (Janmey and Schmidt 2006).
To assess the collective contractile forces generated by the cells as the tissue is growing, fluorescent
beads can also be incorporated into soft viscoelastic scaffolds to be able to track their deformation as a
function of surface geometry (Franck et al. 2007). In general, the few techniques that enable to
quantify mechanics of living soft matter seem difficult to apply for local measurements in the thick
three-dimensional tissues produced in the scaffolds (An et al. 2009; Legant et al. 2009; Maskarinec et
al. 2009).

The micro-sectioning experiments presented in Chapter 4 constitute therefore an interesting
alternative to get hints about the global mechanical state of the living tissue. Once the internal stress
has been measured with the methods mentioned above, quantifying the effective mechanical
properties may be possible by comparing tissue reaction after laser cutting, with finite element
simulations based on a continuum mechanics model that considers tissue as a homogeneous soft
material responding to thermodynamic laws (Dunlop et al. 2010; Ambrosi et al. 2011). In such
experiments, controlling cell contractility with blebbistatin would enable to decouple the stress
actively built by cells (Winer et al. 2009) and the stress passively stored in the intrinsic elasticity of

the actin fibres and the ECM (Guthold et al. 2007).

Cell biology: Application to different cell types

In this work, the cell culture experiments were exclusively performed with the murine MC3T3-E1
pre-osteoblast cell line. The conclusions reported in this thesis are therefore focused on bone tissue.
However, according to the chord model, the curvature-driven growth behaviour should be common to
all contractile cells that adopt an elongated shape on curved surface through adhesion and contraction.
The same tissue growth experiments performed with other types of contractile cells would verify if
the knowledge acquired in this study can be generalised to other tissue types than bone and other
species than mouse. Differences in kinetics of growth are expected due to differences in cell size

(Chapter 2, Appendix A) but the tissue formed should have the same geometrical characteristics.

A set of experiments was performed with a fibroblast cell line (NIH3T3) by Vanessa Gering. They
revealed similar external and internal patterns as with osteoblasts and even comparable growth rates
as those reported in Rumpler et al. (2008) (Appendix F1). These first results suggest that the principle

of curvature-driven growth can be applied to other soft tissues than bone.
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Also, smooth muscle cells being much longer than fibroblasts and osteoblasts, they would enable to
verify the relation between tissue growth rate and cell size expected from the derivation of the chord
model (Chapter 2). Moreover, playing with the ratio between the size of the cell and the size of the
geometrical features would help to estimate the limit of curvature sensing expected from the

computational methods presented in Chapter 2 and further discussed in Appendix A.

In order to look for further applications of this research, Prof. Carsten Werner and his group offered to
perform identical tissue culture experiments with human mesenchymal stem cells (hMSCs).
Interestingly, the use of hMSCs differentiated towards an osteogenic lineage showed similar
behaviour as with the osteoblasts and fibroblasts cell lines, whereas hMCSs differentiated toward an
adipogenic lineage only formed a monolayer on the surface of the hydroxyapatite scaffolds (Appendix
F2). Considering that adipocytes contractility is limited (Kilian et al. 2010), these results significantly

support the hypothesis of the chord model, which can only describe tissue grown by contractile cells.

The growth behaviour of the undifferentiated hMSCs being unclear (Figure F-2), extra experiments
are needed to draw conclusions on the ability for the hMSCs to build tissue through adhesion and
contraction as described by the chord model. Nevertheless, it would be interesting to verify if the
geometrical features of a three-dimensional surface can locally influence natural cell differentiation
similarly to what Engler et al. showed on substrates of different stiffnesses (Discher et al. 2005) and
Ruiz et al. showed on two-dimensional fibronectin patterns of different geometries (Ruiz and Chen

2008).

Implications of the study

Estimating the influence of geometry on tissue formation and clarifying the physical and biological
mechanisms involved, adds to the understanding of biological processes and may even be applied to
better control tissue regeneration in the future. This work is therefore of high interest for both

fundamental medical research and tissue engineering.

Basic understanding of biological processes
Indeed, as it was already discussed in the individual papers, the conclusions of our studies can explain

observations made in-vivo in various contexts and clarify some aspects of biological phenomena

(Ripamonti 2009; Schuckert and Osadnik 2011).

During bone remodelling for example, it is known that the osteoclasts, which removed old and
damaged bone, use biochemical signalling pathways to activate the osteoblasts, which lay down new
bone tissue (osteoid) in the lacunae (Parfitt 1994; Eriksen 2010). However, such a mechanism does
not explain the end of bone synthesis by the osteoblasts and their conversion to lining cells once the

geometry of the surface has been recovered. In cortical bone, the cylindrical osteons have a central
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blood vessel, which may prevent further deposition of osteoid. On the surface of trabecular bone
though, the pits or trails left by the osteoclasts are open on one side but are still not overfilled by the
osteoblasts. This can be observed on in-vivo data collected in mice during time laps experiments
(Schulte et al. 2011a). The geometric control of tissue growth demonstrated in this study suggests that
tissue deposition slows down and eventually stops as the curvature of the surface decreases towards
zero (Chapter 2). As the average of the surface mean curvature of trabecular bone was shown to be
close to zero (Jinnai et al. 2002a), the recovery of the original shape of the surface would correspond
to stopping tissue growth activity. Although somewhat larger, the circular and semi-circular straight
sided pores used in the experiments presented in Chapter 2 are reminiscent of the geometry of osteons
and hemi-osteons. Interestingly, the growth patterns and kinetics obtained in-vitro compare
qualitatively to those observed during bone remodelling: the concentric growth in osteon-like pores is

faster than the layer by layer deposition on hemi-osteon-like surfaces (Parfitt 1994; Eriksen 2010).

These results are not only valuable to explain the final shape of the bone, but also the internal
organisation of its constituents. Indeed, ex-vivo investigations suggested that the arrangement of the
osteoblasts, which is guided by the shape on the underlying substrate, determines the orientation of
the collagen fibres subsequently deposited in the matrix (Kerschnitzki et al. 2011b). Furthermore, in-
vitro and cell-free experiments revealed that not only collagen fibres can spontancously organise
themselves with a twisted plywood architecture like in bone (Bouligand.Y 1972; Giraud-Guille 1988),
but also that the same collagen fibres act as a scaffold to organise spontancously minerals
subsequently precipitated in solution (Wang et al. 2012). This particular architecture is characterised
in osteonal bone by a regular twisting of the mineralised collagen fibrils inside the lamellae
(Wagermaier et al. 2006). Although characterising the migration of osteoblasts has not yet been
achieved in-vivo, three-dimensional investigations of the tissue grown in-vitro suggest that the bone
forming cells, or at least the cytoskeletal network, also spontaneously adopt a chiral organisation in
the pores (Figure E-1). It may then be legitimate to ask whether the liquid crystal model proposed for
collagen organisation would also apply to the cells themselves (Giraud-Guille et al. 2008). A detailed
characterisation of the actin network as proposed in the previous section should provide elements to
answer this question. Moreover, observing slices of tissue produced in three-dimensional soft
scaffolds by SHG confocal microscopy may reveal if the collagen network assembled in-vitro by the

cells also present a right-handed chiral organisation.

Bone healing is another biological process that may benefit from this research. Indeed, bone
formation after osteotomy in sheep was shown to occur in two waves: in the first wave fast growing
but poorly organised tissue is formed to stabilise the fracture, whereas remodelling allows more
organised lamellar bone to form in the second wave and thereby recover optimal mechanical
properties (Liu et al. 2010a). As cells need tension to organise themselves and the ECM components

(Chapter 4) on a long range, they require a substrate to adhere on and which is stiff enough to resist
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the cytoskeletal contractile forces (Bischofs and Schwarz 2003). This condition justifies the formation
of this primary endogenous scaffold on the cellular level. The stabilisation phase occurring during
bone healing was also observed in other contexts of fast bone growth (Kerschnitzki et al. 2011a;

Krauss et al. 2011).

Tissue engineering

By improving the understanding of biological processes that involve tissue formation, this research
can lead to interesting applications for tissue engineering. For example, it was demonstrated in
Chapter 3 that tissue growth in a pore can be promoted by optimising the geometry of the surface. The
model of curvature-driven growth describing this phenomenon was used to derive design principles
for scaffolds intended for regeneration purposes. Interestingly, this geometrical model contests the
idea of using implant structures similar to trabecular bone, which average surface mean curvature is
zero (Jinnai et al. 2002a). According to the ideas developed in this thesis, such geometries would not
be adapted to a fast integration of the substrate. For example, in-vitro experiments performed on
minimal surfaces (gyroid structures) showed cells adhering but no tissue formation in the pores
(Melchels et al. 2010). More generally, the geometrical principles derived from the present work may
help to select the optimal technique used for scaffold production, the geometry of the surface as well
as the size and the homogeneity of the pores being highly dependent on the fabrication process

(Hutmacher 2001).

In-vivo investigations already suggested that the shape of the scaffold dictates the organisation of the
mineralised tissue deposited by the cells (Cipitria et al. 2012). The structural analyses reported in
Chapter 3 and 4 showed that this control occurs on the cellular level by constraining the long range
organisation of the cytoskeletal network. Another interest to consider geometry in scaffold design
would be to target an optimal internal organisation of the primary tissue. The mechanical properties
being close to the original ones (Fratzl and Weinkamer 2007), this should promote a faster recovery of

tissue functions.

Finally, it is interesting to note that although the new generations of biomaterials for medical devices
are developed based on complex associations of biocompatible materials with biologically active
components (Huebsch and Mooney 2009), this thesis suggests coming back to a rather simple design

parameter: geometry.
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Conclusions

The present thesis focuses on understanding how the geometry of a substrate controls tissue growth
and tissue organisation. The experimental and computational works accomplished along this doctoral

period led to the following conclusions.

- Physics, and especially mechanics determines cells and tissue patterning. This was
supported by a literature survey of the topic and provided the background motivation of the present

study. (Chapter 1)

- Tissue growth on complex surfaces is described quantitatively by a model of curvature-
driven growth. This was confirmed by coupling in-vitro tissue culture experiments with

computational simulations. (Chapter 2)

- The physical principal of curvature-driven growth is relevant to describe the biological
process of tissue deposition. Indeed, curvature-driven growth was demonstrated to be equivalent to a
simple geometrical construction inspired by the elongated shape of the contractile cells: the chord

model. (Chapter 2)

- The curvature of bone surface potentially regulates bone remodelling. The geometrical
model was shown to describe the different growth patterns and kinetics observed in osteons and hemi-

osteons. (Chapter 2)

- Geometry is a factor promoting tissue formation in-vitro. The faster growth predicted by
the models in non-convex shaped-pores was confirmed experimentally. Design principles were

proposed to optimize the geometry of tissue engineering scaffolds. (Chapter 3)

- Substrate geometry dictates the internal organisation of the tissue. A qualitative co-
alignment of the extracellular matrix with the cytoskeletal network suggests that the chord model can
be extended to the tissue level. Although the images are convincing, quantitative evaluations are still

required. (Chapters 3 and 4)

- Cells actively organise their extracellular matrix. The contractile cells build an actin
network, which acts as an active scaffold for subsequent collagen deposition. Impairing the
mechanical state of the cytoskeletal network led to the loss of tissue organisation and stability. These

effects are also qualitative and still need to be quantified. (Chapter 4)

- The mean curvature of a three-dimensional surface controls tissue growth in three
dimensions. An extension of the computational model to three dimensions predicted growth patterns

that were observed in preliminary three-dimensional analyses of the tissue (Appendix A, Chapter 5).
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Outlooks

The work reported in this thesis led to interesting conclusions about how geometry controls tissue
growth and organisation and generated additional questions. Potential directions of the future research

could be the following.

- Adapt the in-vitro experimental system to three-dimensional analyses of the tissue.
Although the in-vitro tissue culture in HA scaffold was three-dimensional, most of the analyses were
done on two-dimensional images of the projection of tissue formed in the pores. Optical sectioning
performed by confocal microscopy gave interesting preliminary results about the three-dimensional
structure but limitations in the depth of focus prevent further investigations. An optimal alternative
would be to section the scaffold with a microtome in order to access tissue pattern in the vertical
direction. For this, HA needs to be replaced by a softer material that fulfils many criteria imposed by

scaffold fabrication, in-vitro culture and sample analysis.

- Quantify the evolution of cell and extracellular matrix organisation in three
dimensions. As discussed in the last chapter, confocal analyses of the tissue suggest a possible
extension of the chord model in which cells have a preferential orientation in three dimensions. A
thorough investigation of the chiral organisation of the actin network is necessary to detail the model
and potentially show an arrangement comparable to the collagen fibres, like in bone. The evolution of
the tissue-medium interface in three dimensions could then be compared to the computational model

of curvature-driven growth in three dimensions. (Appendix A)

- Evaluate the mechanical properties of the tissue. Because mechanics was shown to play a
major role in cell and ECM organisation, it is important to evaluate the internal stress state as well as
the effective mechanical properties of the tissue. This can be achieved for example by impairing the
mechanical stability of the tissue and quantifying the resulting deformations of the ECM or of the soft

substrate with live or time lapse imaging.

- Compare different cell and tissue types. Finally, the impact of this research can be
broadened by using other cell types than MC3T3-E1 pre-osteoblasts. As such, growth kinetics and
mechanical properties of different tissue types, including stem cells, can be investigated to verify the

general character or refine the parameters of the geometrical models proposed in this thesis.

According to Francesco Pampaloni, “The third dimension bridges the gap between cell culture and
live tissue” (Pampaloni et al. 2007). Hence, these further efforts to improve the in-vitro tissue culture
system are essential to improve the relevance of the findings for both fundamental research and tissue

engineering.
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Abstract

Biological processes are controlled by the biochemical composition and the physical properties of the
environment. For example, geometrical features have been shown to influence cellular, multicellular
and tissue behaviour. Moreover, the properties of these soft living materials affect their surface
tension and thus, their shape. Two-dimensional models of geometry-driven growth suggest this
interplay as responsible for the excellent control of tissue patterning throughout life. In this study, a
digital 2D model of curvature-driven growth applicable to images from tissue culture experiments is
extended to 3D. Artificial geometries were used to test the relevance and the precision of the
simulations. The implementation of cell migration was also explored to better simulate the in-vitro 3D
system. By using CT data as initial conditions, this model could help in understanding to what degree
surface curvature controls many biological processes such as morphogenesis, growth, bone healing,

bone remodelling and implant integration.

Abbreviations

2D Two-dimensional

3D Three-dimensional

PTA  Projected Tissue Area

My contribution

I implemented computational model in 3D and the description of cell migration, analysed the results,

structured the ideas and wrote the manuscript.

105



Appendix A. A three-dimensional model for tissue deposition on complex surfaces

Introduction

The development of tissues and organs is well known to be controlled by chemical gradients, which
direct migration, proliferation and differentiation of the cells (Wartlick et al. 2011; Kuchen et al.
2012), but it is also well recognized that mechanical control plays an important role in this process
(Mammoto and Ingber 2010). The main biological event showing this tight control is morphogenesis.
In healthy embryos, stem cells are systematically arranged in space and differentiated towards
functions required to give rise to the future organisms. Besides being genetically controlled, cells are
recognised to integrate the mechanical stimuli of their environment and adapt their chemical and
mechanical responses accordingly (Thompson and Bonner 1992). For example, the differential
adhesion hypothesis is a powerful physical model that explains cell sorting in the initial stages of
morphogenesis based on the differences in the surface energy of the different types of cells (Steinberg

1962; Foty and Steinberg 2005).

Bone remodelling is another biological process that involves tissue production on substrates with
different geometries. Bone forming cells — the osteoblasts — refill the cylindrical and hemispherical
lacunae left by the bone resorbing cells — the osteoclasts — in cortical and trabecular bone respectively
(Parfitt 1994). Despite the continuous remodelling process throughout life, some geometrical features
of the surface of trabecular bones are conserved, for example the average mean curvature is close to
zero (Jinnai et al. 2002b). Such surfaces are known to minimise surface energy and therefore suggest

physical principals to be involved in the geometric control of cell organisation and tissue production.

Healing processes are also typical examples of the coordination of cells to build an organised tissue
from a random geometry. In wound healing, the combination of proliferation, migration, matrix
synthesis, and the contraction of epithelial cells enables the hole to be closed and the epidermis to be
reconstituted (Martin 1997). During bone healing, cells are closing the gap in several phases of tissue
formation and remodelling in order to recover the original shape as well as the original mechanical
properties of the bone (Liu et al. 2010a). In-vivo bone healing in the presence of a scaffold shows a
control of cells and matrix organisation due to the geometry of the underlying substrate (Cipitria et al.

2012).

Many in-vitro studies have been performed to identify the signals responsible for the geometric
control observed in various biological processes. Mechanotransduction pathways enable cells to
trigger biological responses from physical stimuli (Vogel and Sheetz 2009). For example, the
elasticity of a substrate drives cell differentiation toward specific types that match this stiffness
(Discher et al. 2005; Engler et al. 2006). Similarly, cell proliferation increases with the strain state of
the underlying material (Nelson et al. 2005). In terms of patterning, the spatial distribution of the
adhesion sites defines cell shape (Théry et al. 2006) and determines whether a cell grows or undergoes

apoptosis (Chen et al. 1997). The curvature of the substrate, but not the sign, also determines cell
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orientation (Kemkemer et al. 1999; Biton and Safran 2009). Moreover, cell migration is not only
affected by the stiffness of a substrate (Harland et al. 2011) but also by its geometrical features
(Kaiser et al. 2006). Through contact guidance, cells progress faster on curved surfaces, independent
of the sign of the curvature, and in the direction of minimum curvature (Rolli et al. 2010). On a larger
scale, geometry controls tissue growth rate and patterning in pores of controlled shapes (Rumpler et
al. 2008; Kommareddy et al. 2010; Bidan et al. 2012c¢). Kollmannsberger et al. provide a review of the
experimental systems used to investigate the physical principles involved in cell and tissue patterning

(Kollmannsberger et al. 2011).

This article also presents simple models capable of explaining the patterns observed in in-vitro and in
in-vivo experiments. From cellular automata to continuum modelling to interfacial motion, different
modelling methods have been used by a variety of groups to estimate the impact of physical cues on
the macroscopic behaviour of living tissues. Mechanics can efficiently explain the long range
synchronisation of the cells as well as the tight control of the physical properties of the biological

material generated (Schwarz et al. 2006).

Cellular automata consider physical laws acting at the cell level. Agent-based models (Drasdo et al.
2007), cellular Potts models (Krieg et al. 2008) and vertex models (Farhadifar et al. 2007) have been
used to describe different biological processes such as tumour growth, embryonic development,

wound healing, cell sorting and morphogenesis.

Since tissues are made of cells and extra cellular matrix proteins that are mechanically connected by
focal adhesion complexes (Schwarz and Bischofs 2005), it has been proposed to treat them as a
continuous material (Ambrosi et al. 2011). Continuum modelling can be used to determine the global
behaviour of a tissue responding to local changes. Because the mechanical equilibrium is locally
disturbed, forces propagate throughout the material to reach a new stable state. This method has been
applied to tissue growth (Frost 1987; Dunlop et al. 2010; Gamsjéger et al. 2012) and evolution of the
callus during fracture healing (Vetter et al. 2012).

The recurrent role of surface tension in biological phenomena gives rise to even simpler models in
which tissues are considered as viscous fluids. Although interfacial modelling can be extended to
more complex systems (Travasso et al. 2011), it aims to reduce complex biological processes to
simple interfacial problems. For example, Rumpler et al. (2008) hypothesised that tissue growth on a
surface is driven by the minimisation of surface tension and proposed a model of curvature-controlled
tissue growth. In order to implement such a model on experimental images, computational techniques
based on previous papers (Bullard et al. 1995; Frette et al. 2009) have been applied to measure

curvature on 2D digital images and to perform the interfacial motion accordingly (Bidan et al. 2012b).

Our goal is to broaden the understanding of the influence of geometry on patterning and kinetics of

tissue deposition in biological organisms. In this paper, we extend the computational implementation
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of the 2D model proposed in our previous study (Bidan et al. 2012b) to 3D, with the aim to improve
the description of earlier in-vitro tissue growth experiments (Rumpler et al. 2008; Kommareddy et al.
2010; Bidan et al. 2012b and 2012c). The interfacial motion is now considered to be locally
proportional to the mean curvature of the 3D surface describing the tissue interface. We first highlight
the effects of this new hypothesis on the growth behaviour predicted using the previous 2D model in
the different pore shapes. Particular geometries that would evolve towards minimal surfaces were also
tested to confirm that the 3D computational implementation proposed here indeed describes a
curvature-driven growth model. Moreover, additional growth simulations were performed in order to
better understand the link between the size of the geometrical features of the surface and the
sensitivity of curvature control for the interfacial motion. Finally, the surface where growth is actually
happening — the active surface — was progressively expanded from the top toward the bottom of the

pore in order to account for cell migration along the z-axis.

In addition to discussing the new features and the limitations of the 3D computational model for tissue
growth, this paper shows that such a simple geometrical model can explain observations from in-vitro
experiments. Some predictions from the simulations can also be used to design new experiments that

would extend the validity of the model.

Methods

Background of 2D curvature-driven growth model

The computational model for tissue growth presented in this paper is an extension of the method
proposed in Bidan et al. (2012b) to model curvature-driven growth on digital images. In the 2D
version, the straight sided pore was represented by its cross section: a binary image represented the
substrate (scaffold or tissue) in black and the free space filled with culture medium in white. The
image was scanned using a circular mask in order to derive a map of effective curvatures, based on

the formula proposed by Frette et al. (2009):

3z A 1

tot

r and A, being the radius and the area of the mask respectively and A the area of the mask on the

tot
outer side of the interface. Empty pixels with a positive effective curvature (concavities) were filled

with tissue.
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Extension of curvature-driven growth model to 3D

In the 3D version, a spherical mask was used to scan a binary 3D array representing the pore in the
scaffold (Figure A-1(a) and (b)). Bullard et al. (Bullard et al. 1995) proposed a similar formula to
derive the mean curvature of a 3D surface:

1 « +x 16( V 1
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tot

r and V.

»: being the radius and the volume of the mask respectively and ¥ the volume of the mask

on the outer side of the interface.

(a) Curvature estimation (d) Move the interface
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(b) Scan the 3D array (c) Map the effective curvature

Figure A-1: Principle of the 3D computational model

(a) On a 3D surface (example in grey), the local mean curvature is proportional to the fraction of a spherical
mask centred in the point of interest that remains on the outer part of the surface (7 is the red part of the sphere,
V,or 1s the total sphere volume i.e. the sum of the red and yellow parts) (Bullard et al. 1995). (b) In order to
model growth on a discrete lattice, a discretised spherical mask is used to scan the 3D arrays representing the
pores. (c¢) A 3D array containing this volume fraction representing effective curvature values is derived. (d)
Growth laws are applied: “the interface is moved until the effective curvature is null” or “tissue is deposited
where the effective curvature is positive”. Growth is simulated by scanning the new 3D arrays obtained after
each iteration step.
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Due to the similarity in the equations for estimating curvature in 2D and 3D, the computational
implementation demonstrated to model curvature-driven growth in 2D could be readily adapted to 3D
(Figure A-1). The main hypothesis in the implementation was that the mean curvature (the average of
the two principle curvatures) controls interfacial motion in the 3D, much akin to the way the Laplace
law describes membrane pressure as a function of its curvature (Plateau 1894). Empty voxels with a
positive effective mean curvature (concavities) were filled with tissue (Figure A-1(c) and (d)). As
demonstrated on spherical surfaces (see supplementary materials), the local interfacial motion
obtained was proportional to curvature. The projected tissue area (PTA), which was measured
experimentally in previous studies, was taken to be the number of pixels filled with tissue in the

projection plane (Figure A-1(d)).

In both 2D and 3D, the size of the mask was scaled to the size of a cell and the dimensions of the
initial geometries were based on the experimental systems (Rumpler et al. 2008; Bidan et al. 2012b
and 2012c¢). In this work, 205 pxl represented 1 mm, as given by the typical resolution of the pictures
taken by phase contrast microscopy. The diameter of the mask was set to 17 pxl, which account for
the interaction range of cells being about 50 um long such as osteoblasts spread on a surface.
Additional studies with various mask sizes were done to test how the sensitivity of curvature sensing
influences growth rate and the patterning predicted by the model. Masks with 11, 15, 17 and 27 px1 in
diameter were used, which correspond to elongated cells of about 30, 40, 50 and 75 pm in length

respectively.

Implementation of a changing scanning volume

In the in-vitro experimental system we aimed to describe, cells were seeded on the top of the scaffold.
Due to migration, the active surface — i.e. the surface where cells were present and could build tissue —
progressively increased as the cells crawled towards to bottom of the pores. In this 3D model for
tissue growth, a time dependent scanning volume was implemented to investigate the impact of cell
migration and the resulting inhomogeneity in cell and tissue distribution along the vertical direction.
The growth law was initially applied in a limited volume at the top of the pore. This volume was then
enlarged towards the bottom of the pore with increments of 0.5, 1 or 2 vxl/step of simulation (Figure
A-2). An infinite migration speed corresponds to the assumption that cells cover the whole scaffold

from the beginning of the growth process.

As cell migration breaks the symmetry of the initial conditions, tissue area was measured on each
plane of the scaffold and the maximum value was taken to be the PTA. Note that changing the height
of the pore is not sufficient to account for the right boundary conditions in the pore: the convex
corners at the bottom front of the scanning volume would not have the same effect as the flat vertical

surfaces in the real pore.
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Figure A-2: Implementation of a changing scanning volume

In the experiments, cells are initially seeded on the top surface and then progressively migrate into the pore. By
progressively increasing the surface covered by cells in the model (the scanning volume), it is thus possible to
investigate the consequences of these more realistic conditions on tissue patterning. In the first step of the
model, only the first upper layer of voxels is scanned with the mask. This tiny volume where curvature is
estimated and interfacial motion possible is then extended toward the bottom of the pore by a given number of
voxels per step, i.e. with a given effective “migration” speed.

Results

The 3D model as described in the method section was applied to geometries inspired by the
experimental systems of previous studies (Rumpler et al. 2008; Kommareddy et al. 2010; Bidan et al.
2012b). Outputs were compared to the 2D version of the computational model and the influence of the
size of the scanning mask was investigated. The consistency of the outputs with a curvature-driven
growth process was also verified. Finally, the consequences of the implementation of a changing

scanning volume were examined as they could predict effects of cell migration on tissue deposition.

Comparison 2D and 3D

The comparison between the PTA predicted by the 2D and the 3D models reveals an overestimation
of growth in the 2D description. As shown on Figure A-3(a) in the corner of a square shaped pore, for
the same initial geometry, more empty pixels are filled in one step with the 2D model (light grey) than
the 3D model (dark grey).

This difference can also be observed and quantified by reporting the evolution of the PTA predicted
by both 2D and 3D models (Figure A-3(b) and (c)). Whatever the shape of the straight sided pore
considered, the growth rate derived by the 2D model is always higher. The ratios of the initial growth
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rates were calculated on the 30 first steps of simulation, i.e. at a stage where the curvature of the

interface in the third dimension is still negligible (Table A-1).

Cir S Sq S CrS CirM SqM CrM
2.63 1.32 1.31 (192) 1.32 1.33

dPTA4, ), ]
dPTA,,

Table A-1. Ratios of the initial growth rates obtained with the 2D and the 3D models run over the first 30 steps in
different shapes.

Square and cross shaped pores show about 30% difference in the growth rates obtained, for both small
and medium sizes. In cylinders however, the growth curves (Figure A-3(b) and (c)) are such that this

difference is much higher in both small and medium pores.

Indeed, the predictions obtained in cylinders are not really intuitive. First, contrary to the square
shaped pores, the growth predicted in small cylinders is not linear: the initial growth is slower and a
slight delay is observed in comparison to the 2D model. Possible reasons for this difference are
discussed later. In larger cylinders (medium size), growth stops after a couple of steps with both 2D
and 3D methods. Stop of growth also occurs in medium sized square shaped pores, after a bit of tissue
has been deposited in the corners (Figure A-3(c)). These events suggest that the concavity of the
interface becomes too low to be detected with this computational method, using this size of mask (17

pxl in diameter).

The general behaviour of the growth simulated with the 3D model and quantified in terms of PTA is
comparable to the output of the 2D model. Therefore, except in case of early growth abortion, growth
curves can still be fitted to experimental data. The 33% difference mentioned earlier would be
intrinsically corrected by the choice of the time scale on a convex pore (Bidan et al. 2012c). When
evaluated in terms of tissue volume (TV), tissue deposition shows the same trends of evolution
(Figure A-3(d) and (e)), with a further but slower growth after pore closure. Quantitatively, one can
verify that the initial growth rate estimated in cross is twice as fast as in square shaped pores in both
2D and 3D models (Table A-2). As this relation also applies for tissue volume estimations, using PTA

as a proxy for the volume of tissue deposited in the pore is therefore relevant.

Cir S Sq S CrS CirM SqM CrM
%&[1 07 mntstep™| 0.586 1.22 2.53 0.0036 1.22 2.45
t
deﬁ[l 0 mm step™ | 1.10 2.28 4.74 0.0037 2.28 4.57
t

Table A-2. Initial growth rates in terms of projected tissue area (PTA) and tissue volume (TV) obtained with the
3D model run over the first 30 steps in different shapes.
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Figure A-3: Comparison of the PTA evolution predicted by the 2D and the 3D models

(a) For the same initial conditions (corner of a square shaped pore), a difference in the local interfacial motion
can be observed. The effects on the evolution of the PTA were investigated in small (b) and medium (c) pores.
With the 3D model, the evolution of tissue volume is predicted in small (d) and medium (e) pores.

Influence of the size of the mask

As the radical differences in behaviour predicted between cylindrical and square shaped pores of
small size and medium size can not be explained by the laws of curvature-driven growth, they are
probably consequences of the approximations induced by the digital character of the models. It is
therefore essential to understand the influence of the size of the digital masks used to scan the

pixelated surfaces and derive curvature.

Figure A-4 shows growth curves predicted by the 2D model performed with two mask sizes (11 pxl
and 27 pxl in diameter), both different from the one used up to now in the context of tissue growth
studies (17 pxl in diameter) (Bidan et al. 2012b and 2012c). Larger mask diameter yield higher
growth rates. It is also interesting to note that the linear behaviour of tissue growth expected in
cylindrical pores can be properly simulated with a 27 pxl mask, but not with smaller ones. In small
square and small and medium cross shaped pores, growth curves show an early arrest of interfacial
motion, before pore closure (insets Figure A-4). As this phenomena only happens with small masks
(Figure A-4) and/or a large pores (Figure A-3(c)), the factor of size between the geometrical features
of the surface and the mask seems to be the determining quantity. If the radius of curvature is too

large compared to the mask, the surface is considered flat and no evolution is performed. Moreover,
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this phenomenon might be enhanced by the digital character of the simulation, which particularly

affects cylindrical pores.
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Figure A-4: Influence of the size of the circular mask used in the 2D growth model

Influence of the size of the circular mask on the PTA evolution in small (a) and medium (b) pores.

800

The 3D computational model was therefore applied to cylinders of small and medium sizes, using

different spherical masks of various diameters. The size ratios (pore diameter/mask diameter) are

reported together with the corresponding growth curves on Figure A-5. It appears that for any size

ratio below 12, no growth is simulated.
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Figure A-5: Influence of the size of the spherical mask in the 3D growth model

On the evolution of PTA in circular pores. The ratio between the size of the mask and the size of the geometrical
features is calculated for each case. Note that for ratios greater than 12, no growth is observed.
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Special surfaces

It is important to verify that the 3D model run with a 17 pxl large mask is able to predict a curvature-
driven behaviour. For this purpose, the model was applied to a series of arrays representing small
circular pores R =0.5mm with different heights L. Figure A-6(a) shows that if the pores are high
enough (L =2mm), the growth expressed in PTA tends to be linear until closure. However, in
smaller pores, growth pinning on the top and bottom edges induces a negative curvature along the z-
axis as tissue is deposited (Figure A-6(c)). The local mean curvatures get smaller and the interfacial

motion slows down until reaching equilibrium, and the PTA progression decelerates until reaching a

plateau.
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Figure A-6: Looking for minimal surfaces

Small cylinders with different heights were used to check if we can reach an equilibrium shape corresponding to
a minimal surface. Growth rates in PTA obtained with the 3D model (a) are compared to the theoretical
calculations of curvature-driven growth in a cylinder proposed in Bidan et al. (2012¢) (R=0.5mm,
A =0.01mm/ timeunit) (b). Tissue patterns predicted with the computational model (c) show the pinning of
growth on the upper borders and the apparition of a convexity along the z-axis, which decreases the mean
curvature and therefore slows down or even stops the growth ( L =0.5mm).
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In Bidan et al. (2012c¢), a simple theoretical approach of 3D curvature-driven growth was proposed

and gave rise to the following law:

dPTA dR?

pore

_ 2(Ry—R)R
dt

= 27RAH(R) = 271 l-—=—x (Eq.3)
(R~ R + -

A numerical derivation of PTA(¢) has been performed in the same cylinders and results are reported

on Figure A-6(b). Deceleration - and eventually the end - of growth occurs in pores of small aspect
ratio. According to the theory of curvature-driven growth, in case of non-closure of a cylindrical pore,
the final shape is a catenoid. Due the digital character of the model however, growth may be stopped
as soon as the surface becomes “flat enough”, or curvatures no longer become measurable with the
mask used. For example, in the smallest pore ( L =0.5mm), the two principal curvatures of the final

surface are not equal with opposite signs Figure A-6(c).

Implementation of a changing scanning volume

Figure A-7 shows growth behaviour predicted by the 3D computational model of curvature-driven
growth, in which a changing scanning volume of the 3D surface has been implemented. The extension
of this volume represents cell motility toward the bottom of the pore where the speed of migration is
varied between 0.5 and 2 voxels per step (vxl/step). An infinite speed corresponds to the static case
when cells are assumed to cover the whole surface from the beginning of the growth (no changing

scanning volume).

In order to understand the changes of growth behaviour observed during the evolution of the PTA
(Figure A-7(a)) and tissue volume (Figure A-7(b)), snapshots of the 3D surfaces were taken at
different time steps (100, 200, 300, 400, 600 and 800) and combined to yield the representations of
growth pattern along the vertical axis in a circular pore (Figure A-7(c)) and in a cross shaped pore

(Figure A-7(d)), both along the vertical axis (i) and in projection (ii).

The implementation of this dynamic feature has a strong influence on the kinetics of interfacial
motion. A lower speed of progression of the scanning mask decreases the initial growth rate, both in
terms of PTA (Figure A-7(a)) and tissue volume (Figure A-7(b)). However, once the scanning volume
covers the entire surface of the pore, the volume of tissue deposited per step of the simulation is
comparable to the static case (Figure A-7(b)). The experimental pores modelled in this study are 2mm
i.e. 410 pxl high. In circular and square shaped pores, one can observe a linear behaviour similar to
that of the static case from steps 205 and 410 for progression speed of 2 and 1 vxl/step respectively.
With a progression speed of 0.5 vxl/step however, 820 steps are needed to reach the scanning of the
whole surface and the linear part does not appear in our time frame of simulation. Once the pores are

closed (Figure A-7(c)), i.e. the PTA is maximal; the increase of tissue volume becomes much slower.
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Growth was simulated in circular, square and cross shaped pores, by using the 3D model supplemented by the
implementation of a changing scanning volume. The growth was quantified in terms of PTA (a) and tissue
volume (b). The evolution of the interface along the vertical axis of circular pores reveals a break of symmetry
in the patterning (c). In cross shaped pores, symmetry breaking is enhanced and pore closure (d(i)) can happen
in the section plane before the scanning volume covers the entire vertical surface (d(ii)). Colour bar indicates the
simulation time in steps.
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In the cross shaped pores, the initial growth rate in terms of PTA decreases with the progression speed
of the scanning volume, which yields to the loss of linearity without radically changing the behaviour
of the growth curve (Figure A-7(a)). This contrasts with the evolution of the volume of tissue in a
cross shaped pore (Figure A-7(b)), which takes on a sigmoid shape under dynamic scanning. Thus,
the time point when the projection of the interface becomes a circle is just visible in the static case.
When performed with a slow progression speed of the scanning volume (0.5 vxl/step), the simulation

predicts a linear growth after the two-dimensional closure of the pore (Figure A-7(d)).

According to the patterns of growth obtained (Figure A-7(c) and (d)), the model predicts that
migration would be responsible for the asymmetry of the pattern along the vertical direction of the
pore. The interfacial motion in the radial direction starts earlier on the top of the pore (where the
initial scanning volume is acting) and then spread toward the bottom as a wave. In that particular case,
tissue thickness is no longer homogeneous along the vertical axis of the pore and the PTA is no longer

proportional to the volume of tissue deposited (Figure A-7(c) and (d))

Discussion

In this paper, we propose an extension of the computational model of curvature-driven growth
presented in a previous study (Bidan et al. 2012b) to 3D. The predictions derived with this discrete 3D
model were first compared to the 2D version on simple geometries. Keeping in mind that this tool was
designed to predict and describe tissue culture experiments (Rumpler et al. 2008; Kommareddy et al.
2010; Bidan et al. 2012b), additional simulations were performed in order to understand the
importance of scaling (size of the mask and of the geometrical features), and eventually to relate it to
the in-vitro system (cell and pore sizes). Working in 3D also enabled us to implement a progressive
scanning region to account for cell migration into the pore. In this section, the relevance, the validity

and the potential applications of such a tool are discussed.

Energy minimum surfaces

The role of surface tension is omnipresent in biology and at different length scales (Thompson and
Bonner 1992; Kollmannsberger et al. 2011). Soft biological tissues are even occasionally considered
as viscous fluids responding to the same physical laws (Ranft et al. 2010). Surface tension (N/m), or
surface energy density (J/m?), reflects the tendency of the surface of a material (liquid) to contract
through the cohesion of the molecules present close to the interface. Alternatively, it represents the
energetic cost of a surface. In a homogeneous and isotropic material in a given medium, the surface
tension is constant and the total interfacial energy depends on the amount of interface and therefore,
on the curvature. Any homogeneous material tends to adopt a shape that minimizes the energy of its
interface with the surrounding matter. Interfacial motion is therefore favoured in the direction which

decreases surface area, and thus energy, which is the same as the direction that decreases local
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curvature. As such, in systems with a large surface energy, interfacial motion is often described by
curvature-driven growth models. Such models have been successfully applied in 2D to biological
processes in order to highlight the role of geometry in tissue growth and patterning (Bischofs et al.
2008; Rumpler et al. 2008; Bidan et al. 2012b). Considering the 2D sets of data available (projection
of prismatic pores), there was no ambiguity on the choice of the curvature: it was defined as the
inverse of the radius of a circle locally fitted to the moving interface (Worring and Smeulders 1993).
However, 3D interfaces, as those moving in 3D tissue growth, have two principle curvatures: the

maximal and the minimal curvatures x; and x,, which are orthogonally directed. In principle, the
maximal curvature, the minimal curvature, the Gaussian curvature K =./x;-x, or the mean

+ K,

K . : : .
curvature H=—1—-2 could all be used in an implementation of a curvature-driven growth model.

However, the Laplace equation for membranes states that surface tension induces a pressure

discontinuity, which is proportional to the mean curvature of the interface between the two media:
Ap =yl + 1, )= 2/H (Eq.4)

If one considers this pressure difference as a description of one of the driving forces for interfacial

motion, the local growth rate can be assumed to be proportional to the local mean curvature H .

Each system governed by such a law evolves toward a minimal surface (with zero mean curvature) to
minimise the interfacial energy. In that respect, it is interesting to remind the reader that trabecular
bone has been shown to be a complex structure, whose interface presents close to zero mean surface
curvature everywhere (Jinnai et al. 2002b). Such observations suggest that a 3D curvature-driven
growth model could provide a more realistic description of the formation of biological materials. It
would not only help in understanding biological processes further, but also provide new realistic tools

and principles to use in the context of tissue engineering.

30% difference between 2D and 3D

Similar to the 2D implementation of the discrete curvature-driven growth model, the motion of the
interface in the 3D version is based on the calculation of effective curvatures, estimated from discrete
(pixelated) images. It was demonstrated in a previous paper (Bidan et al. 2012b), supplementary
materials) that the interfacial motion in the 2D computational model is proportional to the local

curvature:

2
r

5Comp2D = ? K (EqS)

r being the radius of the scanning disk, and « the local curvature.

Likewise, one can also demonstrate that the interfacial motion predicted by the discrete method

extended to 3D is:
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2

r (K +K
6C0mp3D:?H:7[ 12 2) (Eq6)

r being the radius of the scanning sphere, x, and x, the local principal curvatures and H the mean
curvature. The details of the demonstration are available in the supplementary materials. Note that the
use of a spherical mask enables the derivation of the mean curvature (Bullard et al. 1995) and gives

rise to a growth law comparable to the Laplace equation (4).

As the geometries used in the simulations represent pores, which are normalized with respect to their
perimeter, the ratio of growth rates in PTA in a given shape is obtained with the ratio of interfacial

motions derived with the two methods:

§Comp2D _ iﬁ (Eq 7)
5Comp3D 6 H

At the beginning of the growth, when x, =x and x, =0, H= g , one can predict the difference
observed between the two models:

1)
dPTAzD _ Comp2D :i:133 (qu)
dPTA3D 5Comp3D

As this 33% difference could be measured from the initial growth rates predicted in prismatic pores
with the computational models (Table A-1), this discrete method can be considered relevant to
describe curvature-driven growth in terms of PTA on 3D digital surfaces. Moreover, the results are
comparable to the predictions obtained with the 2D model, as long as the curvature in the third
direction is low enough to play a minimal role, i.e. at the original stage of growth (Figure A-3).
Therefore, except in the case of early growth arrest in the simulation, which is due to our limitation in
resolving curvature (see below and Figure A-3(c)), the predictions in PTA established with the 3D
model can also be fitted to experimental data. The 33% difference mentioned above would be
intrinsically corrected by the choice of the time scale on a convex pore (Bidan et al. 2012b and

2012¢).

Minimal surfaces

The two models of curvature-driven growth show comparable results when quantified in PTA, but it
is necessary to verify whether or not the 3D version generates the expected patterns along the vertical
direction. Indeed, the evolution toward minimal surfaces should induce the appearance of a convexity
along the vertical axis of the prismatic geometries. Although only the horizontal principal curvature
was available in the 2D computational model, the second principal curvature could be estimated. This
was done using an arc of a circle joining the upper surface, the interface in the middle plane (read on

the projected image) and the lower surface. The analytical relation (3) couples the deceleration of
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interfacial motion in the middle plane of the pore with the decrease of the mean curvature (Bidan et al.

2012¢).

In the 3D computational model however, no deceleration was observed on the growth curves derived
from the simulations performed in 2mm high pores (Figure A-3). As the appearance of the negative
curvature highly depends on the boundary conditions of the surface, the simulation was run on a series
of cylinders with different aspect ratios (Figure A-6) and revealed that plateaus of growth appear for
smaller pores (Figure A-6(a)), similar to the predictions of the analytical model (Figure A-6(b)).

The interfacial motion in the cylinders leads to complete filling of the channels, except in the smallest
pore (R =0.5mm, L = 0.5mm), where the interface ceases to move after a certain time. In this case,
the boundary conditions imposed enable the interface to reach a configuration of minimal energy
without evolving toward the complete flattening of the upper and lower faces of the pore. This surface
would have a zero mean curvature at every point on the interface and be called a catenoid. Although
such geometry would be predicted from theoretical grounds, the pattern simulated with the discrete
3D computational model only approximates a catenoid in shape (Figure A-6(c)). It is likely that this

arises due to the discrete nature of surface curvature estimation, as discussed in the following section.

Compromise between sensitivity and resolution

To quantify the role of geometry on tissue growth, it is necessary to tightly couple simulations and
experiments. The curvature-driven growth model established in our works was therefore implemented
directly on experimental images. As pointed out by Worring and Smeulders, although several
techniques are available to measure curvature, all imply considerable approximations when it comes
to use them on discrete (pixelated) geometries (Worring and Smeulders 1993). Although the methods
of Frette et al. (2009) and Bullard et al. (1995) used in the present work are well adapted to measure
curvature on 2D images and mean curvature in 3D arrays respectively, difficulties remain. Low
curved surfaces (large circle) are locally drawn as flat and curvature estimation would need a large
scanning mask (Figure A-8(a)), whereas the measurement of high curvatures (roughness) is more

precise with a smaller scanning mask (Figure A-8(b)).

It is clear that both the resolution of the image and the size of the mask used to estimate the curvature
of the interface influence the predictions of this computational model of curvature-driven growth. For

a given resolution (1lmm=205px/ in this study), a compromise has to be made when choosing the

size of the scanning mask. A large mask detects much lower curvatures but the local curvatures are
estimated on larger portions of the interface, increasing thereby the approximation. On the contrary, a
smaller mask enables to resolve more accurately the curvature profile of the interface, but is also more

sensible to the artefacts induced by digitalisation (Figure A-8(d)).
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(a) Digital interface (b) Small Curvatures (c) Large Curvatures

2r=11pxl

2r =17 pxl

2r =27 pxl

Figure A-8: A compromise between sensitivity and resolution

(a) A small circular pore drawn on a digital image ( R =102pxl/) shows flat parts of its interface. (b) On digital

images, the curvature can only be detected and the interface moved, if the mask is large enough. (c) In regions
of high curvature (roughness), a smaller mask will be more accurate to resolve the curvature profile. If growth is
simulated with a large mask, curvature is estimated on a larger interaction range, the roughness of the initial
interface is quickly filled with tissue during the first steps and the surface becomes smooth. The difference
between digital and smooth circle and thus the approximations on curvature measurements, increase as the
diameter of the mask gets smaller.

The size of the mask
Although the size of the scanning mask was kept constant and equal to 17 pxl in the core of the study,
some additional simulations where performed with different sizes of scanning masks in order to

understand the consequences of these effects on the prediction of growth.

2

As expected from the 2D growth law &, = %K‘ , Figure A-4 shows that besides influencing the

omp2D

precision of curvature measurements, the size of the mask also affects the prediction of the growth

rate: more tissue is deposited per step of simulation when using a larger scanning mask.

As mentioned above, smaller masks lead to an early arrest of simulated growth when the curvature of
the interface is or becomes too low to be measured as positive and triggers interfacial motion on the

digital image.

Since the 3D growth law is also dependant on the radius of the spherical scanning mask,

2
r . : : .
o = TH, the same artefacts are expected with the 3D version of the discrete computational
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model of curvature-driven growth. In Figure A-5, different combinations of circular pore size and
spherical mask size have been tested. No growth could be simulated if the radius of the pore was more
than 12 time bigger than the radius of the mask. This ratio seems sufficient to satisfy the hypothesis

R >>r necessary to get curvature-driven growth behaviour. In previous 2D simulations (Bidan et al.

V3

2012b and 2012c¢), the radius of the circular scanning mask was set to r :71 =8.5pxl, with [

representing the length of an elongated osteoblast and scaled using the resolution of the experimental

image (1mm=205pxl, [ =~ 47m). Indeed, in the tissue growth process we want to describe, cells are

the sensing and decision units. The resolution of local curvature estimation should not go below the
size of a single cell; all smaller geometrical features would be smoothed. On the other hand, the
interaction range they have to estimate local curvature, and deposit tissue in consequence, does not
exceed their length: a single cell can’t deposit tissue in regions it doesn’t cover. A better
understanding of the phenomena may be provided by the chord model described in Bidan et al.

(2012b).

These predictions suggest that the same experiment performed with contractile cells of different
average sizes would lead to different tissue growth rates. The arrest or absence of tissue growth
(Figure A-3) considered as artefacts arising from the digital character of the model could in fact
characterise some threshold of minimum curvature that cells, as discrete units, would need to deposit
tissue. One can expect that small cells won’t sense small curvatures (high radius of curvature) as they
adhere and contract. The concept of critical gap size in bone healing could be an example of such a
phenomenon but also the plateau of growth observed in large and medium squares in 3D tissue

experiments once the corners are filled (Bidan et al. 2012c¢)

Better approximations of the experiments with a changing scanning volume

In order to be more realistic when describing in-vitro experiments of tissue growth, one has to
consider that the cells are initially seeded on the top of the scaffold. The region where cells are present
and tissue can be deposited spreads progressively toward the bottom of the pores, and the speed of
progression depends on cell motility. In the 3D computational model, we could account for this
phenomenon by gradually increasing the volume scanned by the spherical mask in the pore (Figure A-
2). For a given geometry, although the deceleration of growth induced by the progressive scanning
volume is more visible in terms of tissue volume (Figure A-7(b)), it is still considerable on the PTA
measurements (Figure A-7(a)). This supports the idea that some of the time lags experimentally
observed before the actual start of tissue growth can be associated to the time needed for cells to cover
the whole surface of the pores and thus, to their migration speed in a particular system. This result is
in agreement with the conclusion drawn by Kommareddy et al. (2010) as they observed a dependence
of this time delay on the concentration of cell seeding and on the nature of the substrate, which turns

out to influence cell motility (Pelham and Wang 1997).
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The implementation of the progressive migration of cells from their seeding region not only affects
the kinetics of growth, but also leads to asymmetric patterns in the axial direction. Although no
difference could be noticed in the evolution of the interfacial geometry on the projection of the
volume (Figure A-7(d(i))), vertical sections of the pores reveal that position of pore closure is shifted
upwards toward the seeding region as migration speed is decreased, even as growth keeps on going

underneath this plane (Figure A-7(d(ii))).

Tissue Volume vs Projected Tissue Area

When no cell migration is considered, the same trends of growth behaviour as a function of pore
geometry are predicted when measured in tissue volume (TV) (Figure A-3(d) and (¢)) and in projected
tissue area. The relative speeds of initial growth rates are also conserved (Table A-2). For example,
the evolution of tissue volume in cross shaped pores is twice as fast as in square shaped pores. These
predictions derived with a 3D model, which better represents the geometries of the experimental

systems described, support the use of PTA as a proxy for the volume of tissue deposited in the pore.

When cell motility is taken into account however, the PTA measured on the experimental images is
not directly proportional to the volume of tissue produced in the pore (Figure A-7). Nevertheless, the
main conclusions drawn from the analysis of the PTA curves are still valid in terms of tissue volume:
for a given migration speed and until closure, initial tissue growth is always faster in a cross shaped

pore than in square shaped pores.

The final phase of growth observed on the tissue volume curves characterises the filling of the
remaining space in the pores after they were closed in the centre (Figure A-7(c) and (d)). As soon as
the pore is closed, the growth rate slows down quickly as the amount of concave surfaces available for

cells to deposit tissue is decreasing.

Conclusions

The 3D discrete computational model of curvature-driven growth developed in this work predicts
similar patterns and kinetics of tissue deposition, as the ones observed during in-vitro cell culture
experiments performed in simple 3D pores. This tool could also estimate growth behaviour on a
variety of more complex geometries, and its combination with micro-computer tomography
techniques would be of high interest for diverse purposes. For example, this technique could be
helpful to assess the role of geometry in the differences of bone growth rates observed in different
species. The complex shape of the osteons in antlers could be responsible for the growing property of
this fast-growing bone (Krauss et al. 2011). A comparison of this model to in-vivo studies on tissue
integration in scaffolds (Lan Levengood et al. 2010; Cipitria et al. 2012) and on bone remodelling
(Schulte et al. 2011a) would support the relevance of this tool to design implants for clinical

applications.
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Supplementary Material

The computational implementation of curvature-driven tissue growth based on the

methods of Bullard et al.

. 1. . . .
The effective mean curvature n in the centre of the scanning mask (radius ) is given by:

1 _m+r, _16(FV 1 (Eq.Al)
R 2 3\ v, 2 '

The position of the interface where the effective curvature is zero is then given by &(r,R) when

Figure A-9: Geometry of the computational implementation in 3D (continuous case)

Descriptive scheme of the local geometrical configuration in a continuous case

The large circle portion represents the local interface ( R, /,) and the small circle represents the mask

(r,h).
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V=§7zr3 -, +7,)

r

v, = mh;@ - ;’—2)

(Eq.A2)

(Eq.A3)

(Eq.A4)

(Eq.AS)

Writing b in the small circle (7, 4, ) and the large circle (R, 4, ) gives the relation:

b=2Rh —h> =2rh, —h,’

(Eq.A6)

L:1—i3 Rhlz(l—ﬂj+rh22(l—h—2j (Eq.A7)
Vi 4r 3R 3r

h, and h, can be written as a function of (»,R and &) using Pythagoras relation in the triangles

OMN and CMN:

) , (bY
r —(h1—5) +(Ej

- , (bY
R*=(R—-h) +(5j

Subtracting the two expressions gives:

2 o2
h=3R _55)
Moreover, as
O=h,+h —r
then
hy=5+r— r =5

The expression of the ratio

tot

A series expansion at the first order of

tot

4 (r,R,5) in & when

v

tot

(Eq.A8)

(Eq.A9)

(Eq.A10)

(Eq.All)

(Eq.A12)

can be then derived as a function of (»,R and §).

(r,R,5)— % is done:
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Y (.r.5)= 13?; + (— % + 3;2 j& +0[sF (Eq.A13)

tot

and &(r,R) is determined for r._1.

tot

R

R

(Eq.Al14)

Assuming R >>r, a series expansion at the first order of 5(r,R) when R —oo gives a simple

expression:

2
[

Ocom = R (Eq.A15)
5. P (K + K,
Comp — T T (Equ 6)
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How Linear Tension Converts to Curvature: Geometric Control of Bone Tissue Growth.

Cécile M. Bidan, Krishna P. Kommareddy, Monika Rumpler, Philip Kollmannsberger, Yves J.M.
Bréchet, Peter Fratzl, John W.C. Dunlop

PLoS ONE 7(5): e36336.
DOI: 10.1371/journal.pone.0036336

1. Precision of curvature measurements on digital images

Curvature is defined in a given point by the second derivative of the parameterised curve. The method
used in this study and applied to pixellated images can thus only provide an estimation of the local
curvatures. The precision of the measurement depends on both the resolution of the image

(1mm=205pxl) and the size of the circular mask. As 2r needs to be odd, the radius is taken to be
r =8.5pxl, which involves an error of 0.9% on the area of a digital mask with respect to an ideal one.

To estimate the precision of the curvature measurements, tests are performed on circles with different
radii at different resolutions (data not shown). For a given scale, the average curvature measured on
each circle is proportional to the inverse of the radius in pixels (analytical curvature). If

Imm=205pxl, the error on the average curvature stays under 2%.

2. The computational implementation of curvature-controlled tissue

growth and the chord model are equivalent

The computational implementation of curvature-controlled tissue growth (CCTG)

based on the method of Frette et al.

The effective curvature in centre of the scanning mask (radius ) is given by:

oFl A1 (Eq.B1)
r\4, 2

The position of the interface where the effective curvature is zero is then given by 5(r,R) when
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Figure B-1: Geometry of the computational implementation in 2D (continuous case)

Descriptive scheme of the local geometrical configuration in a continuous case

The large circle portion represents the local interface ( R, H ) and the small circle represents the mask

(r,h).

A=m?—(4, +4,) (Eq.B2)
A 4 A

—=1- —‘+—2J Eq.B3
Amt (7””2 w? (BqB3)

A, = R? cos_l(l —%) —(R—HW2RH - H?* (Eq.B4)
A, =r2cos‘l(l—ﬁj—(r—h)\/zm—hz (Eq.B5)
r

Writing b in the small circle (7, 4) and the large circle (R, H ) gives the relation:

b=2RH - H* =\ 21k — 12 (Eq.B6)

A =1—L2[R2 cos—l[l—%)wz cos_l(l—ﬁ)—\&RH—Hz (R—H+r—h)j (Eq.7)

Atot r r
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h and H can be written as a function of (r,R and o) using Pythagoras relation in the triangles

OMN and CMN:

r?=(H-06)*+ [gj (Eq.B8)

b 2
R* =(R-H)’ +(§) (Eq.B9)

Subtracting the two expressions gives:

}"2 _52
H = Eq.B10
2(R—5) (Eq )
Moreover, as
S=h+H-r (Eq.BIT)
then
rZ 52
h=0+ Eq.B12
r (R—5) (Eq )

The expression of the ratio can be then derived as a function of (,R,0).

tot

A A

A series expansion at the first order of (r,R,5) in 6 when

tot tot

2
m? +N4rR? —r* —2R*cos| 1— d 5 —2r?cos™ o
A 2R 2R
—(r,R,5)= 5
Ay 2m (Eq.B13)
5 £ .3p2 4 2 2 2 2p2 4
r 6r°'R°+8rR™ +2R \/4R r \/4r R —r 5+0[5]2

3

7z7f2R(4R2 —r? )5

(r,R,é‘)—)% is done:

4 1
And &(r,R) is determined for — =—:

tot

2

3
R(4R2 —Fz){ZRZ cosl(l— 2; J+ 272 0051(2};{}_”2 —\4r*R? —r4j

2

5(r,R)=—

2° 67 R +8rR* + 2R 4R =1 Jar’ R =)
(Eq.B14)
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Assuming R>>r, a series expansion at the first order of &(r,R) when R-—>oco gives a simple

expression:
}"2
§C0mp = R (Eq.B15)
1"2
Ocomp = ZK‘ (Eq.B16)

The chord model: a simple geometric construction.

Figure B-2: Representation of a chord on a curved surface

A simple geometrical construction can explain the evolution of the interface observed in in-vitro experiments.

A chord is representing a cell of size [ attached to a surface with a local radius of curvature R

2
Rzz(é} +(R-65Y (Eq.B17)
5(L,R)=R - RZ—[éj (Eq.B18)
5(LR)=R|1- 1—[4@ (Eq.B19)

Assuming that R >>1, a series expansion at the first order of & (l ,R) when R — o0 gives:

5(I,R)=R[l —1+%.[ e J] (Eq.B20)

4R?
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12
Oll,R)=— Eq.B21
(LR)= = (Eq.B21)
12
Schora = g’f (Eq.B22)

The equivalence.
Equations B16 and B22 show that CCTG is a direct consequence of a simple geometric assembly of
tensile elements or chords. The quantitative equivalence is highlighted in Figure.B3 by comparing the

interfacial motion predicted by the two methods.

Comp. Chord
Model Model

—— 100 steps
200 steps
300 steps

Figure B-3: Comparison of the computational model of CCTG with the chord model

3
The CCTG description is equivalent to the chord model if the radius of the mask is 7 = 7[ . The interfaces

derived from both models after 100, 200 and 300 iterations are shown as coloured lines for CCTG and grey lines
delimiting coloured regions for the chord model (the radius R(7) being calculated analytically with

r=8.5pxl, [ =0.047Tmm).
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Geometry as a factor for tissue growth:

Towards shape optimization of tissue engineering scaffolds

Cécile M. Bidan, Krishna P. Kommareddy, Monika Rumpler, Philip Kollmannsberger, Peter Fratzl,
John W.C. Dunlop

The supporting information detail the calculations of some geometrical descriptors used in our
demonstrations: the non-convexity, the circularity and the inner radius. The demonstrations are done

for three different types of geometries: regular convex shapes, regular star shapes and cross shapes.

1. Definition of the geometrical descriptors

The positive average curvature is the average of the positive curvatures added along the perimeter

and divided by the perimeter length:

. Zlength_ with _ positive _curvature- K
Kave (P) = P

(Eq.C1)
In order to demonstrate this, sharp corners are represented as rounded corners with an arc length
function of the radius of curvature chosen and the rounded angle.

We define the “non-convexity” as a dimensionless geometrical parameter equal to the positive
average curvature normalized by the positive average curvature of a convex shape, which was

demonstrated by Fenchel to be 2?” .

The circularity is a dimensionless shape factor between 0 and 1:

C-arL (Eq.C2)

P2
A circle has a circularity of 1 whereas highly rough shapes have a circularity close to 0.

In our study, the ratio of perimeter to area is fundamental for the design of a scaffold made of multiple
pores, since it determines the porosity, i.e. the number of pores that can fit in a given volume (area in

our case).
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The inner radius R, is defined as the radius of the biggest circle included in the shape. This length is
chosen to determine the minimum relevant pore size. Indeed, if the pores are too small, diffusion of

nutrients is prevented and cell and tissue growths are impaired.

We can associate an inner area 4, which corresponds to the surface of this circle:
A =R’ (Eq.C3)

In tissue engineering literature, it was shown that scaffolds presenting pore size below 300um were

not favorable for supporting cell and tissue integration. In this study, we set R, . =0.15mm and we

can estimate the minimum perimeter 7 and the minimum area 4, that pores can have.

In non-convex shapes, tissue growth is faster than in convex shapes as long as the tissue-medium
interface has not reached the inner circle. One can then calculate the ratio of fast growth representing

the ratio of projected tissue area produced at a faster rate in the pore:

A, .. —A A
Yo d s = pze -=1- AAI (Eq.C4)

ore ore
p

2. Three types of geometries

n=3 n=4

Figure C-1: Definition of the parameters used to describe regular geometries

(a) Convex shapes,(b) regular star shapes and (c) cross shapes.

Regular convex shapes (Figure C1(a)) are regular polygons with » edges of length a (»>3). Here

we consider triangles » =3, squares n =4 and circles n=c0.
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Perimeter:

Area:

2
Azln-azcotz =P—co z
4 n 4n n

Positive average curvature (Demonstration of Fenchel’s law):

K (P)=L.p.p2m 1 27
P n r P

Non-convexity:

=1

C =47ri2 =Zco{£j
P n n

Circularity does not depend on the size but just on the shape.

1 (z) 1P {nj
R, =—acotl — |[=——cof] —
2 n 2n n

Minimum perimeter:

2n-R.
P =@=2n-Rimin tax{zj

min
T n
cof —
n

Circularity:

Inner radius:

Ratio of fast growth:

%d gy =1 -2 cot(z)
X n n

(Eq.C5)

(Eq.C6)

(Eq.C7)

(Eq.C8)

(Eq.C9)

(Eq.C10)

(Eq.C11)

(Eq.C12)

(Eq.C13)

Note that in convex shapes, the growth is not faster before reaching the circular interface.

Regular star shapes (Figure C1(b)) are stars with n branches of angle y (0< y <) and edges of

length a

Perimeter:
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P=2n-a (Eq.C14)
Area:
1. .
A=n-a*| —sin y +sin’ Y leof = (Eq.C15)
2 2 n
Positive average curvature:
1 1 -
K Py =—-n-r(z—y)== lz =) (Eq.C16)
P r P

Non-convexity:

K= (Eq.C17)
Circularity:

c=" lsin;/+sin2 Yot Z (Eq.C18)
n|2 2 n

Inner radius:

b=2a sin[gj from Pythagoras in the triangle described by the branch

b=2R, sin[% 2—”) from the expression of the length of a chord in the circle of radius R,
n
asin [}/] P sin(yj
R = 2)_ 2 (Eq.C19)
(7 (7
s1n(j 2n s1n(j
n n
Minimum perimeter:

(Eq.C20)

Minimum area:

2
(7
sm() !
A, =n-R; . 2 n {Esin v+ sinz(gj CO{ZJ:| (Eq.C21)

n

Fast growth:
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zsin’ (;j
(Eq.C22)

%Afastzl_
o\ 1. 4 V4
nsin (j[Z sin y + sin (2j cot(ﬂ
n

n
Cross shapes (Figure C1(c)) have 4 identical branches. The thickness of a branch is e and the height

can be modulated with a coefficient £ (0 <k <0.5) to get various aspect ratios. k is a fraction of the

edge of the square delimiting the cross and of edge T

P=de+sil p=_2¢ (Eq.C23)
4 1-2k
P J(1+2kY  P?
A=e* +4dek— = =—(1-2k)1+2k Eq.C24
¢ ety (1—21{ g 1~ 2N1+26) (EqC24)
Positive average curvature:
1 T 1 4r
F(P)=—-8-r——=—"— Eq.C25
Kae(P)= 5872 — == (Eq.C25)

Whatever the aspect ratio of the branches, a cross always has 8 concave corners.

Non-convexity:
(Eq.C26)

Circularity:
(Eq.C27)

C=47ziz—%(1—4k2)

Circularity does not depend on the size but just on the aspect ratio of the branches.

Inner radius:

R_:

1

ge:—ﬁﬁg‘ 26) p (Eq.C28)

Minimum perimeter:

SR, (Eq.C29)

p. = °%
min \/5 (1 _ 2 k)
Minimum area:
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1+2k
A =2R* =% Eq.C30
min = 2R; (I—ZIJ (Eq.C30)
Fast growth:
7(l-2k)
Yd. —1— ) Eq.C31
st T+ 2k) (Bq.C31)
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Max Total Tissue Growth
Pore o ) 5 Fast Area, before
Circularity Non-Convexity Geometry Minimum Perimeter =09 A =20mm reaching the limit
Pmin
C=4n§ K+*:P~’<§+e(1°) +* R —0.15mm A=3210"mm*.d™’
7 imin ~ °
C dPTA,, ) 1 - Afusimin = A= Aipin
7‘4':87: /1(¢Aﬂ,-aﬂ‘{lgz](’(c ] foot
Regular Convex Shape
Triangle n=>3 0.60 1 1.66 1.56 3.10 0.0462
Square n=4 0.78 1 1.28 1.20 4.04 0.0193
Circle n=oo 1 1 1 0.942 5.12 0
Regular Star Shape
n=4
Star _ 0.49 1.5 3.06 2.22 2.82 0.0830
Y=y
Cross shape
Medium k=03 0.43 2 4.65 2.12 4.71 0.109
Thin k=04 0.28 2 7.14 4.24 1.81 0.334
Thick k=0.2 0.66 2 3.03 1.41 6.93 0.0343

Table S1. Summary of numerical values describing different geometries
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Appendix D. Confocal Laser Scanning Microscopy and

Multiphoton and Autofluorescence/SHG Microscopy

1. Confocal Laser Scanning Microscope
In contrast to wide field microscopy, a confocal set up illuminates a single spot of the sample using a
laser passing through an appropriate optical system. A pinhole located in the image focal plane also
enables the out-of-focus signal emitted by the material to be removed (Figure D-1). This spot is
scanned over a region of interest in the focus plane by use of mobile mirrors, and the image is
reconstituted by the computer. In thick samples, the vertical motion of the objective enables to image
different focal planes. This technique called optical sectioning reproduces serial sectioning performed
on microtomes with the advantages of being non-invasive and having a much higher resolution.
Maximum projections and three-dimensional reconstructions made from these series of images
provide detailed structural and organisational information about the specimen. Illustrations of these

processing methods are given in Appendix E1 in the context of tissue investigation.

¥

Pinhole =} =—

Detector

Confocal

Pinhole
Objectiv Lens &
________________________ e Outof f
z V- Focal plane
QOut of focus

Sample (x,y,z)
Figure D-1: Principle of confocal microscopy

The optical system focuses the laser light on a single spot of the sample and directs the signal emitted toward the
detector. A confocal pinhole eliminates the signal emitted by the material out of focus before detection.
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2. Fluorescence
Typical fluorescent molecules contain aromatic rings or double bonds coupled with a ring, which
favour electronic transitions to higher energy levels. Under light excitation, UV-visible for example, a
photon with a given energy (given wave length) enables an electron to access the excited state (Figure
D-2(a)). As this electron comes back to a ground level of energy, it reemits a photon with lower

energy (larger wave length).
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Figure D-2: One-photon fluorescence excitation

Adapted from Dunn and Young (2006) with permission from S. Karger AG, Basel

Such a phenomenon is particularly useful for the structural investigation of biological materials
containing these autofluorescent components, such as lignin in plant tissues (De Micco and Aronne
2007). But labelling techniques using fluorescent stains also enable structural analyses of other tissues
by targeting different compounds with different dyes. The specificity of the interaction between the
molecule targeted and the dye is either direct (actin staining) or is achieved via intermediate

antibodies (myosin staining).

Although fluorescent microscopy is recognized as non-invasive and therefore widely used in biology
and medicine, the high energy excitation waves all focused in each single point of the image revealed
to be harmful for living biological tissues (Figure D-2(b)). A solution for this problem can be found in

multiphoton microscopy.
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3. Multiphoton microscopy
Multiphoton excitation consists in hitting the material with photons of lower energies (infrared),
which interact in an additive manner allowing the excitation to reach the energy of transition (Figure
D-3(a)). As the probability of excitation increases with the density of photons, the flux of photons not
only needs to be focused in space with a confocal optic system, but also in time by generating

femtosecond pulses with a frequency around 100MHz. (Figure D-3(b)).

R 4

N eV

Excitation Fluorescence

photons A emission
photon

o Fluorophore
® Excited fluorophore

Sp

Figure D-3: Two-photon fluorescence excitation

Adapted from Dunn and Young (2006) with permission from S. Karger AG, Basel

As photons of low energy have limited interactions with the matter before reaching the focus point,
imaging can be performed deeper in the sample and three-dimensional representations are improved
(Helmchen and Denk 2005). Moreover, photodamage of both the material and the fluorophores
(photobleaching) are also minimised. Note that the signal emitted remains in the visible range since it

has approximately half the wave length of the incident light (Figure D-3(a)).
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4. Second Harmonic Generation (SHG)
Exciting a non-linear material with a multiphoton source can induce a non-linear effect called Second
Harmonic Generation (SHG) or frequency doubling. Indeed, some molecules are able to scatter
simultaneously two photons, which result in the emission of new photons with exactly half of the
initial wave length (elastic interaction) (Figure D-4). The emitted light is coherent and its direction
provides information about the structure and the orientation of the scattering molecules (polarisation
effect). Therefore, SHG is structure based and specific to asymmetric molecules that are spatially

ordered. Because collagen has an alpha helix configuration and is assembled into fibrils, it is ideally

suited for imaging with SHG microscopy (Friedl et al. 2007).
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Figure D-4: Second Harmonic Generation

Contrary to fluorescence emission (a), second harmonic generation resulting from a multiphoton excitation is a
consequence of elastic scattering (b) and the wave length of the emitted photons is exactly the half of the
excitation (c). This enables to distinguish autofluorescence from SHG signals.

Inspired from http://www.svi.nl/SecondHarmonicGeneration
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Appendix E. Preliminary results from the three-dimensional

analysis of the tissue

As discussed in Chapter 5, a three-dimensional analysis of the tissue would present many interests and
some attempts were carried out to address this new challenge. This appendix reports the preliminary
data acquired by using confocal microscopy as an optical sectioning technique as well as the first
results obtained by sectioning tissue grown on soft materials. Finally, illustrations of hyperboloid
surfaces are provided in order to visualise their potential to bring the chord model into three

dimensions.

1. Optical sectioning by confocal micrscopy
As explained in Appendix D, fluorescent confocal microscopy is a non-desctructive technique that
enables three-dimensional investigations by optical sectioning. Tissue grown in the pores of
hydroxyapatite scaffolds and stained for actin was observed with this method. In one pore, a series of
pictures is taken with regular intervals over a defined height generally limited by the loss of
fluorescent signal when going deep into the tissue (Figure E-1(a)). The stacks of images obtained are
then processed (with ImagelJ for example) to derive information about the three-dimensional structure
of the tissue. The maximum projection, the three-dimensional reconstruction and the orthogonal

projection are three methods that were applied on the data obtained.

The maximum projection is an image on which each pixel contains the maximum value of the stack
for this particular pixel. It corresponds approximately to what one would see by looking through the
pore if the tissue was transparent. This visualisation method applied to the tissue grown in a triangular
pore reveals a particular organisation of the actin pattern (Figure E-1(b)). Indeed, the actin fibres form
a spiral oriented in the right-handed direction. Such a chiral pattern was often observed in pores of

different shapes containing a lot of tissue.

Specifying the distance between the imaged focal planes enables the software to reconstruct the three-
dimensional picture of the tissue observed. With this technique, the twisting pattern observed on the
maximum projection appears to result from the preferential orientation of the cells in three dimensions
(Figure E-1(c)). Indeed, the actin fibres visible on the tissue-medium interface are inclined when
joining the top of the scaffold and the surface of the tissue deeper in the pore. Moreover, such a

representation suggests that the tissue thickness is not constant along the height of the pore.
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Figure E-1: Optical sectioning of tissue grown in a triangular pore

Tissue grown in a small triangular pore and shortly treated with pronase was stained for actin stress fibres with
Alexa-phalloidin (488nm). (a) Stack of 32 confocal images taken with an increment of 3um from the top of the
scaffold (top left) to the deepest plane giving reasonable fluorescent signal (bottom right). (b) Maximum
projection of the stack of images. (c) Three-dimensional reconstruction of the tissue.

In order to get a better idea about the shape of the interface along the vertical axis, the orthogonal
projection may be helpful. Indeed, this mode of visualisation enables to perform optical sectioning in
the third direction (Figure E-2) and confirms that tissue growth is not homogeneous along the vertical
axis. Although the measurements performed by regular confocal microscopy are limited in depth, one
could already observe an influence of the upper corner between the top flat surface and the vertical
wall of the pore (Figure E-2(a)). Nevertheless, the use of multiphoton excitation enables to scan the
tissue up to 200um in depth (Figure E-2(b)) and clearly shows the existence of a convexity in the third

dimension.
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(a) Regular confocal microscopy (b) Multiphoton microscopy

Figure E-2: Orthogonal projection

The orthogonal projection of the tissue enables vertical optical sectioning. The depth of measurement reached
by regular confocal microscopy is limited (a) compared to multiphoton microscopy (b). The interface tissue-
medium appears to be convex along the vertical direction.

2. A Computational tool for fibre analysis
In order to quantify the spiralling of the actin pattern observed in the tissue, a computational tool was
implemented in Matlab (Mathworld) to measure the orientation of the fibres on the maximum
projection images derived from the confocal measurements (Figure E-3(a)). The method consists in
dividing the image in small regions in order to i) average the intensity over each region and express it
relative to the maximum intensity read on the image, and ii) apply a Fourier Transform in each region
to calculate the average orientation of the fibres (Figure E-3(b)). The orientation is then given in
degrees with respect to the direction orthogonal to the radial axis, i.e. tangent to the tissue-medium

interface (Figure E-3(c)).
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Figure E-3: Quantification of fibre orientation

The twisting of the actin network observed on maximum projection obtained by confocal microscopy (a) can be
quantified with a custom made computational tool which divides the original picture into regions where the
average intensity (colour map) and the average orientation (rods) are calculated (b). The degree of alignment of
the fibres in the region is characterised by the length of the rod. The orientation of the fibres is measured in
degrees with respect to the direction orthogonal to the radial axis, and reported on a rose diagram (c). The red
line is the mean angle and pink stars represent the standard derivation.

3. Sectioning soft scaffolds

As optical sectioning by confocal microscopy appeared to be limited, it was necessary to consider a
physical sectioning with a microtome to reach information inaccessible via optical techniques. For
this, softer materials had to be considered to substitute the brittle hydroxyapatite in the fabrication of

the scaffolds.

Polyacrylamide scaffolds

Polyacrylamide (PAAm) hydrogels were prepared by mixing solutions of acrylamide and bis-
acrylamide with ammonium peroxodisulphate (APS) and N,N,N,N-tetramethylethylenediamine
(TEMED) as described by Wang and Pelham (Pelham and Wang 1997; Wang and Pelham 1998).
Before polymerisation, which is spontaneous at room temperature, the mixture was cast into wax
moulds produced by rapid prototyping. Once the gel got its final mechanical properties, i.e. softer than
100kPa and dependant on the initial composition of the mixture, the moulds were dissolved in
tetrahydrofuran (THF). The PAAm scaffolds were then extensively washed in water and PBS before

being used for tissue culture experiments with MC3T3-E1 cells.

After a couple of weeks of growth, many samples revealed a detachment of the tissue from the
substrate but some were still stable enough for further investigations. Indeed, cryo-sectioning could be
performed on a PAAm scaffold containing triangular pores where tissue was grown for 20 days. As
both the hydrogel scaffold and tissue are mostly composed of water, the mechanical mismatch at the
substrate-tissue interface was reduced and freezing the sample at -20°C was sufficient to section it

into 70pm-thick slices.
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Staining these slices for alkaline phosphatase (ALP) not only showed that tissue withstands the slicing
process, but also that the MC3T3-El cells forming the tissue are differentiated all over the tissue

except on the very border of the tissue-medium interface (Figure E-4).

50pm

Figure E-4: ALP staining on a tissue slice

Tissue was grown by MC3T3-E1 cells in the triangular pores of a polyacrylamide scaffold for 20 days, cut into
70um thick slices with a cryo-microtome at -20°C, and stained for alkaline phosphatase (ALP). The pre-
osteoblasts are differentiated all over the tissue except on the interface tissue-medium.

In order to observe tissue organisation in the vertical direction of the pore, cryo-sectioning was
performed on a circular pore to trim the material until reaching a longitudinal section (Figure E-5(a))
and stained for actin. Confocal microscopy performed on the section confirms the convexity of the
tissue-medium interface along the third direction (Figure E-5(b)), which was expected from
computational simulations (Appendix A) and previous confocal measurements (Figure E-2(b)).
Although the tissue might have been slightly deformed during the sectioning, a maximum projection
of actin images taken between the surface of the section and the scaffold-tissue interface shows the
preferential direction of the cells to migrate from the top surface of the scaffolds towards the bottom
of the pore (Figure E-5(c)). With this technique, the right-handed spiralling of the actin pattern can

also be characterised in the vertical direction.
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Figure E-5: Actin staining on a longitudinal section of tissue

Tissue was grown by MC3T3-E1 cells in the circular pores of a polyacrylamide scaffold for 33 days, sectioned
vertically with a cryo-microtome at -20°C (a) and stained for actin. Imaging the surface of the longitudinal
section by confocal microscopy confirms the convex shape of the tissue-medium interface (b). By applying
optical sectioning on the sliced sample, a maximum projection reveals a preferential orientation of the actin
fibres pointing towards the bottom of the pore (c).

Immunofluorescent staining of a cross sectional slice of a PDMS scaffold

PDMS is another material often used in cell biology. Prof. Carsten Werner (IPF Dresden) and his
group offered to produce soft PDMS scaffolds to substitute hydroxyapatite in the tissue culture system
used in this thesis (Rumpler et al. 2008). The PDMS mixture was cast and polymerised in metallic
moulds. The resulting scaffolds were coated with Poly-octadecen-maleic-anhydrid-(POMA)
copolymer on which fibronectin could be covalently bound (Pompe et al. 2003). Primary osteoblasts
were cultured on these three-dimensional scaffolds so that tissue was grown in the triangular pores.
Even if tissue detachment was still observed in many pores, fibronectin-coated PDMS scaffolds

generally showed better adhesion of the tissue than the other soft substrates.

After fixation, the sample was sectioned in the horizontal direction with a cryo-microtome and a slice
of tissue was stained for actin, nuclei and fibronectin. Because the sectioning facilitates the access of
the fluorescent dyes to the targeted components, the homogeneity of the signal intensity is highly
improved. However, a concentration of the actin signal along the tissue-medium interface remains and

confirms the high contractile activity of the cells in that region (Figure E-6).
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Figure E-6: Slice of tissue grown in PDMS scaffolds

Tissue was grown by primary osteoblasts cultured on PDMS scaffolds, sliced in the horizontal direction with
respect to the pore and stained for actin (green), nuclei (blue) and fibronectin (red). The limited diffusion of the
stains being improved by the sectioning method, the concentration of actin signal along the tissue-medium
interface can be now attributed to the higher contractile activity of the cells in that region.

4. A potential chord model in three dimensions

The particular orientation of the straight actin fibres in three dimensions suggests extending the chord
model proposed in Chapter 2. Interestingly, the orientation of the cells and the pattern of growth
observed during tissue culture experiments are similar to a hyperboloid, which is a ruled surface
generated by the rotation of a line oriented in three dimensions around an axis (Figure E-6). This
geometry constitutes therefore a potential basis for a chord model in three dimensions. The basic idea

here is that tensile elements will tend to lie oriented on lines of zero curvature.

Figure E-7: The hyperboloid: a potential extension of the chord model to 3D
http://demonstrations.wolfram.com/BarsOfAHyperboloid/
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other types of cells

The discussion in Chapter 5 highlights the need of applying the tissue culture experiment to other
species and cell types in order to broaden the implications of the present research. This appendix
presents the first observations from culturing fibroblasts and mesenchymal stem cells (MSCs)
differentiated towards osteoblasts and adipocytes on hydroxyapatite scaffolds containing triangular

pores.

1. Fibroblast cell line: NIH3T3
Tissue culture experiments were carried out with the NIH3T3 cell line on hydroxyapatite scaffolds by
Vanessa Gering. Only the cell culture medium differed from the protocol presented by Rumpler et al.
for bone tissue growth (2008). Indeed, the fibroblasts were cultured in D-MEM medium
supplemented with 10% Calf-Serum and 0.1% Gentamicin, tissue formation was monitored by

phase contrast microscopy (Figure F-1(a)) and the kinetics of growth was measured on the images

in terms of projected tissue area (PTA) (Figure F-1(b)).
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Figure F-1: Tissue culture with NIH3T3

(a) Growth patterns obtained from tissue culture experiments with fibroblasts compare with the patterns
previously observed with osteoblasts. (b) The linear kinetics of growth derived by PTA measurement on the
phase contrast images compares with the results from Rumpler et al. (2008) obtained with osteoblasts. (c) The
organisation of the fibroblasts within the tissue is also similar to the organisation of the osteoblasts (Chapter 4).
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Both the patterns and the kinetics of tissue growth obtained with NIH3T3 fibroblasts were similar to
those obtained with MC3T3-E1 pre-osteoblasts. For example, more tissue is grown in the corners and
growth kinetics is linear in the early stage of culture. Moreover, the elongated shape and the
alignment of the fibroblasts with the tissue-scaffold and tissue-medium interfaces suggest that the
mechanisms of growth derived from the previous bone tissue experiments, namely the chord model,

can be extended to other types of tissues produced by contractile cells.

2. hMSCs

In order to extend the field of implications of the present project, Prof. Carsten Werner offered that
members of his group, namely Dr. Manuela Herklotz and Dr. Marina Prewitz, perform the tissue
culture experiment with primary cells from another origin. As such, human mesenchymal stem cells
(hMSCs) harvested from patients and cultured in regular hMSC medium (DMEM with 10% FCS)
were seeded on hydroxyapatite three-dimensional scaffolds. After 3 days of culture, cell
differentiation was driven either towards an osteogenic or towards an adipogenic lineage by using

appropriate factors in the culture media (Pittenger et al. 1999). In some samples, the hMSCs were kept

undifferentiated along the 29 days of culture.
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Figure F-2: Tissue culture with hMSCs, primary osteogenic and primary adipogenic cells

(a) Primary cells cultured on hydroxyapatite scaffolds for 29 days can form similar tissue patterns as the
MC3T3-El cells, if they are differentiated towards an osteogenic but not towards an adipogenic lineage. (b)
Tissue deposition quantified in the pore confirms that adipogenic lineage do not produce tissue contrary to
osteogenic lineage. The undifferentiated hMSCs however, show an in-between trend which is not explained yet.
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The first attempts showed that primary human osteoblasts are able to grow tissue with similar patterns
as the MC3T3-E1 cell line, whereas primary human adipocytes clearly do not form tissue and remain
as a monolayer on the surface (Figure F-2(a)). These trends were quantified by measuring the
percentages of the cross section area covered by the tissue along the culture (Figure F-2(b)). However,
the aptitude for undifferentiated hMSCs to produce tissue appears to be variable and needs to be

understood.
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