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Micro-structuration de la surface des matériaux avec ligands
bioactifs pour mimer la matrice extracellulaire osseuse

Résumé

Il est de plus en plus évident que la matrice extracellulaire (MEC), au-dela de sa fonction
d’échafaudage cellulaire, génére des signaux de nature biochimique et biophysique jouant
un réle primordial au cours du processus de différenciation des cellules souches. A 1’heure
actuelle, plus de 15 différents facteurs extrinséques (environnementaux), incluant 1’organi-
sation spatiale de la MEC, sa topographie, rigidité, porosité, biodégradabilité et chimie ont
été identifiés comme modulateurs potentiels de la différenciation des cellules souches en
lignées cellulaires spécialisées. Ainsi, il est plausible que 1’intégration d’un biomatériau au
sein de I’organisme dépendra largement de sa capacité a mimer les propriétés de la MEC du
tissu & remplacer.

Récemment, les techniques de micro-ingénierie ont émergé comme outil innovant pour dé-
coupler les différentes propriétés de la MEC et étudier 1’impact individuel ou combiné de
ces facteurs sur le comportement des cellules souches. De plus, ces techniques de micro-
fabrication ont un intérét particulier dans une perspective de reconstruction de la MEC dans
tous ses aspects, in vitro.

Dans ce projet de thése, le concept de déconstruction/reconstruction de la complexité de la
MEC a été appliqué pour récapituler, in vitro, plusieurs aspects inhérents a la MEC osseuse
et explorer leurs effets individuels ou combinés sur la différenciation ostéoblastique des cel-
lules souches mésenchymateuses (CSMs) humaines.

Trois principales composantes ont été utilisées tout au long du projet : un matériau modeéle
(verre borosilicate), des séquences peptidiques mimétiques dérivées de la MEC naturelle,
favorisant a la fois I’adhérence cellulaire (peptide RGD) et la différenciation ostéoblastique
(peptide BMP-2) des CSMs prélevées de la moelle osseuse des patients.

La premiére étude du projet consiste a greffer, d’une maniére aléatoire, les peptides RGD
et/ou BMP-2 sur la surface du matériau. Brievement, nous avons développé trois types de
matériaux bioactifs : matériaux fonctionnalisés avec le peptide RGD, matériaux fonctionna-
lisés avec le peptide BMP-2 et matériaux bi-fonctionnalisés avec les peptides RGD/BMP-2.
La caractérisation physicochimique de ces matériaux a été réalisée en utilisant la spectromé-
trie photoélectrique a rayons X (XPS) pour évaluer la composition chimique de la surface,
la microscopie a force atomique (AFM) pour évaluer la topographie de la surface et la mi-

croscopie a fluorescence pour confirmer la présence des peptides sur la surface et évaluer



leur densité. L’objectif de cette étude est d’évaluer le potentiel individuel et synergétique de
ces peptides a induire et contréler la différentiation ostéoblastique des CSMs. Dans un pre-
mier temps, la caractérisation physicochimique nous a permis de confirmer I’immobilisation
covalente des peptides sur la surface et de mesurer leur densité. En effet, la densité des pep-
tides, mesurée sur les surfaces greffées uniqguement avec le peptide RGD ou BMP-2, était de
1.8 £ 0.2 pmol/mm2 et 2.2 £ 0.3 pmol/mm2, respectivement. Cependant, sur les surfaces bi-
fonctionnalisées, la densité de chaque peptide a diminué de presque la moitié, atteignant 0.7
+ 0.1 pmol/mmz2 pour le peptide RGD et 1 + 0.1 pmol/mm2 pour le peptide BMP-2. Ensuite,
I’évaluation biologique des différents matériaux fonctionnalisés a clairement révélé que con-
trairement au peptide RGD, le peptide BMP-2 induit la différenciation ostéoblastique des
CSMs. Cependant, le greffage simultané des peptides RGD/BMP-2 améliore significative-
ment la différenciation des CSMs en ostéoblastes et cela malgré la diminution significative
de la densité de chaque peptide sur les surfaces bi-fonctionnalisées, comparativement aux
surfaces contenant qu’un seul peptide. Ces résultats montrent que les peptides RGD et BMP-
2 peuvent engendrer un effet synergétique pour améliorer la différenciation ostéoblastique
des CSMs.

Le second chapitre de these vise a déterminer si la microstructuration de la surface des ma-
tériaux avec des ligands bioactifs améliore la différenciation ostéoblastique des CSMs. En
effet, les peptides RGD et BMP-2 ont été greffés séparément sur la surface du matériau sous
forme de micro-motifs de différentes formes mais de taille similaire. En se basant sur des
précédents travaux de littérature — discutés dans le chapitre 11 — nous avons sélectionné trois
différentes formes de motifs peptidiques (triangle, carré et rectangle) dont la surface est de
50 um2. Ces micromotifs ont été créées grace a une technique assez répondue et facile a
utiliser qui est la photolithographie. Les surfaces microstructurées ont été caractérisées avec
I’interférométrie optique et la microscopie a fluorescence. Les résultats montrent que les
micromotifs peptidiques ont & la fois la forme et les dimensions prédéfinies. In vitro, les
résultats de différenciation cellulaire ont révélé que la distribution spatiale des ligands a
I’échelle micrométrique joue un role trés important dans 1’engagement et la différenciation
des CSMs en ostéoblastes. En effet, contrairement aux micromotifs peptidiques en forme de
rectangles, les micromotifs triangulaires et carrés améliorent significativement 1’expression
des marqueurs ostéogéniques (Runx-2 et Ostéopontine) comparativement a la distribution
aléatoire des peptides. Il est important de noter que ce profile d’expression des marqueurs
biologiques a été observé que sur les matériaux fonctionnalisés avec le peptide BMP-2, tant

dis que les matériaux fonctionnalisés avec le peptide RGD n’ont induit aucun effet spécifique



sur la différenciation des CSMs et cela peu importe la forme des micromotifs peptidiques.
En conclusion, cette étude a permis d’identifier un nouveau facteur extracellulaire capable
de contréler la différenciation des CSMs. De plus, nous avons démontré que la distribution
spatiale des ligands a 1’échelle micrométrique affecte le devenir des CSMs, dépendamment
de la nature du principe actif.

Finalement, la troisieme étude de ce projet de thése est une suite logique de 1’étude 1 et 2,
puisqu’elle consiste a greffer simultanément les peptides RGD et BMP-2 sous forme de mi-
cromotifs. En effet, ces surfaces ont été développées afin de bénéficier a la fois de 1’effet
synergétique des peptides RGD/BMP-2, observé dans 1’étude 1 (facteur 1), et de 1’effet de
la distribution spatiale contrdlée des ligands, observé dans 1’étude 2 (facteur 2). Les diffé-
rents types de matériaux ont été caractéerisés avec les mémes techniques de caractérisation
de surface mentionnées dans I’étude 2. Les résultats montrent clairement que les surfaces
microstructurées sont trés bien définies et correspondent a un damier de micromotifs RGD,
intercalé par un damier de micromotifs BMP-2. L’évaluation de la différenciation des CSMs
sur ces matériaux a révélé que la combinaison des facteurs 1 et 2 améliore significativement
la différenciation des CSMs vers le lignage ostéoblastique, comparativement a 1’exposition
des CSMs a un seul facteur extracellulaire (1 ou 2). De plus, cette étude confirme les résultats
obtenus dans 1’¢tude 2, puisque les micromotifs triangulaires et carrés ont permis une meil-
leure différenciation cellulaire, comparativement aux micromotifs rectangulaires.

Il est important de noter également que 1’évaluation biologique des différentes surfaces bio-
mimétiques a été réalisée dans un milieu de culture basal qui ne contient pas de facteurs
ostéogéniques solubles, afin d’étudier d’une maniére assez précise et fiable les interactions
des CSMs avec les différents microenvironnements in vitro développés dans ce projet.

En conclusion générale, les travaux effectués jusqu’a présent ont permis d’identifier deux
aspects de la MEC qui influencent considérablement la différenciation ostéoblastique des
CSMs. De plus, nous avons démontré que ces deux facteurs peuvent coopérer pour induire
une meilleure différenciation cellulaire. Cela révele clairement 1’intérét des techniques de
micro-ingénierie pour une meilleure et plus profonde compréhension des mécanismes d’in-
teractions des cellules souches avec leurs niches, ce qui permettra éventuellement de conce-

voir des produits d’ingénierie tissulaire sur-mesure.

Mots clés : Micro-structuration de la surface des matériaux, matrice extracellulaire

biomimétique, peptides mimétiques, BMP-2, cellules souches, ostéogenese.



Micro-engineered substrates as bone extracellular matrix
mimics

Abstract

It is becoming increasingly appreciated that the role of extracellular matrix (ECM) extends
beyond acting as scaffolds to providing biochemical and biophysical cues, which are criti-
cally important in regulating stem cell self-renewal and differentiation. To date, more than
15 different extrinsic (environmental) factors, including the matrix spatial organization, to-
pography, stiffness, porosity, biodegradability and chemistry have been identified as potent
regulators of stem cells specification into lineage-specific progenies. Thus, it is plausible
that the behavior of biomaterials inside the human body will depend to a large extent on their
ability to mimic ECM properties of the tissue to be replaced. Recently, nano- and microen-
gineering methods have emerged as an innovative tool to dissect the individual role of ECM
features and understand how each element regulates stem cell fate. In addition, such tools
are believed to be useful in reconstructing complex tissue-like structures resembling the na-
tive ECM to better predict and control cellular functions.

In the thesis project presented here, the concept of deconstructing and reconstructing the
ECM complexity was applied to reproduce several aspects inherent to the bone ECM and
harness their individual or combinatorial effect on directing human mesenchymal stem cells
(hMSCs) differentiation towards the osteoblastic lineage.

Three main components were used throughout this project: a model material (borosilicate
glass), ECM derived peptides (adhesive RGD and osteoinductive BMP-2 mimetic peptides)
and bone marrow derived hMSCs. All cell differentiation experiments were performed in
the absence of soluble osteogenic factors in the medium in order to precisely assess the in-
terplay between hMSCs and the different artificial matrices developed in the current study.
First, RGD and/or BMP-2 peptides were covalently immobilized and randomly distributed
on glass surfaces. The objective here was to investigate the effect of each peptide as well as
their combination on regulating hMSCs osteogenic differentiation. The most important fund-
ing was that RGD and BMP-2 peptides can act synergistically to enhance hMSCs osteogen-
esis.

Then, micropatterning technique (photolithography) was introduced to control the spatial
distribution of RGD and BMP-2 at the micrometer scale. The peptides were grafted individ-

ually onto glass substrates, as specific micropatterns of varied shapes (triangular, square and



rectangle geometries) but constant size (50 um?2 per pattern). In this second part of the pro-
ject, the focus was made on investigating the role of ligands presentation in a spatially con-
trolled manner in directing hMSCs differentiation into osteoblasts. Herein, we demonstrated

that the effect of microscale geometric cues on stem cell differentiation is peptide dependent.

Finally, glass surfaces modified with combined and spatially distributed peptides were used
as in vitro cell culture models to evaluate the interplay between RGD/BMP-2 crosstalk and
microscale geometric cues in regulating stem cell fate. In this study, we revealed that the
combination of several ECM cues (ligand crosstalk and geometric cues), instead of the action

of individual cues further enhances hMSCs osteogenesis.

Overall, our findings provide new insights into the role of single ECM features as well their
cooperation in regulating hMSCs fate. Such studies would allow the reconstruction of stem
cell microenvironment in all the aspects ex vivo, which may pave the way towards the de-

velopment of clinically relevant tissue-engineered constructs.

Keywords: Chemical micropatterning, bioactive surfaces, mimetic peptides, BMP-2,

mesenchymal stem cells, stem-cell commitment & differentiation, stem-cell niche, osteo-

genesis.
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« L’esprit d’équipe ? C’est des mecs
qui sont une équipe, ils ont un esprit !
Alors, ils partagent ! »

Michel Colucci ""Coluche"

«Muice predict the effect on humans with
about 43 % efficiency, so sometimes

it would seem that tossing a coin would
give a better result ! » Dr. Thomas Hartung.
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know, the more you think you know»
David T. Freeman

A ma famille,
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The use of orthopaedic biomaterials has expanded dramatically during the past decades ow-
ing to increased life-expectancy and musculoskeletal diseases, changes in lifestyle and pro-
gress in implantology. Several facts reflect the rapid growing of orthopaedic biomaterials
prevalence. Babies born today will live almost 3 decades longer than those born in 1900 [1]
and almost 7 years than those born in 1960 [2], which reflects an increase in life-expectancy
and worldwide population. It was estimated that 90 % of the population over the age of 40
years suffers from a degenerative joint disease [3]. Chronic disability among the elderly has
decreased by almost one-third, showing that medical devices have improved both the quality
and the length of person’s life [4]. The Bone and Joint Decade organization has been
launched in 2000, remandated in 2010 and endorsed by the United Nations and the World
Health Organization (OMS) [5]. Last decade’s estimates showed that orthopaedic implants

are the bulk of all implanted devices worldwide and will remain the largest segment in bio-
materials market [6] [7].

Although these facts and statistical data highlight the upsurge in the demand of orthopedic
biomaterials as well as their substantial contribution in improving the life and comfort of
patients, the acceptance of these implants by the human body is far from being trivial. In
addition, the consequences of implant rejection are sometimes more dramatic than what un-
treated damaged bone do.

Currently, there are several clinical needs that are not satisfactory filled in orthopaedic, spi-
nal, dental, cranial and maxillofacial surgery. The work presented here, although being in its
infancy, addresses two main issues. The reader will be introduced to the thesis project chal-
lenges by means of a set of questions that span from the current clinical needs in orthopaedics
to the approach proposed in this research project as a promising way toward the resolution

of the addressed clinical issues.
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% What are the main unmet clinical needs in orthopaedic surgery?

Clinical need 1: The long term performance of orthopaedic biomaterials, especially used
in load bearing parts, given that their lifespan is still limited to 10-15 years after implantation
[8].

Clinical need 2: The reconstruction of large bone defects caused by diseases, non-union

fractures or tumor resection.

% Why is the long term performance of commercially available orthopaedic bio-
materials limited (Clinical need 1)?

One key raison for their limited performance is the lack of a robust integration of implanted

biomaterial with the host bone tissue, often due to the formation of a fibrous layer at the

interface bone/implant.

“+ Why large bone defects reconstruction is still a challenging task (Clinical need 2)?
This is due to the low potential of currently used biomaterials in clinics to induce mesenchy-
mal stem cells (MSCs) and progenitor cells migration to the defect site and ensure their
differentiation into mature bone cells. Consequently, the implant is poorly colonized by bone
cells, resulting in a weak host bone-to-implant contact.

One promising approach to enhance the biological compatibility of biomaterials is to com-
bine them with the patient’s MSCs, differentiated ex-vivo, prior to implantation. Neverthe-
less, this strategy has limited impact nowadays because MSCs can be harvested from the
human body only in few amounts [9]. In addition, ex-vivo expansion and differentiation of
stem cells are not only time-consuming protocols but also fail to produce clinically relevant

amounts of osteogenic cells.

% How the underlying clinical needs could be met?
From a rational point of view, the most effective and reliable approach to circumvent the
underlying concerns is to mask the bio-inertness of biomaterials used as cell culture plat-
forms or orthopaedic implants by creating on their surfaces an artificial extracellular matrix
(ECM). This ECM should mimic the in vivo microenvironment features that mediate the

switch of MSCs from their stemness state into an osteoblast lineage.
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While creating a biomimetic microenvironment on biomaterial surfaces seems to be a good
idea to overcome the above-mentioned issues, translating this idea to bone tissue-engineered
product is extremely complex, owing to the complexity of the native ECM. Just 40 years
ago, the ECM was considered as an inert scaffold, providing only a supportive environment
on which cells can attach [10]. To date, thanks to increased investments, funding and grants
in biomaterials and stem cell research [4], the ECM is recognized to do more than just sup-
port the cells, as over 15 different factors have been shown to influence MSC fate. Among
these ECM features, physical properties, including stiffness, topography and porosity, and
biochemical cues, including ligands density, spatial distribution and combinatorial effects
have been extensively studied during the last decade [11] [12] [10]. All these ECM aspects
are interlinked and can act independently or in concert to control MSCs fate decision in vivo,
hence the difficulty of mimicking ECM features in vitro. Therefore, deconstructing the com-
plexity of the native ECM and harnessing the interplay between MSCs and individual ECM
cues will undoubtedly pave the way towards the reconstruction of finely-tuned artificial

MSC microenvironments for bone tissue engineering applications.

In this regard, the studies illustrated in this manuscript provide new insights into the potential
role of the native ECM features, especially biochemical cues, in directing human MSCs
(hMSCs) osteogenesis. Two aspects innate to the natural microenvironment and expected to
drive hMSCs osteogenic differentiation in vivo will be addressed: (1) the cooperation be-
tween integrin ligands and growth factors and (2) the spatial distribution of ECM adhesive
ligands and growth factors at the micrometer scale. A schema providing an overview of the
general methodology of the thesis project is depicted in Figure 1.

In the first stage, cell adhesive RGD and osteoinductive BMP-2 mimetic peptides were co-
valently immobilized onto a model material (glass substrates). Three different conditions
were prepared; glass surfaces homogeneously functionalized with RGD, BMP-2 or com-
bined RGD/BMP-2 peptides (Paper I). The objective here was to investigate the effect of
each peptide on hMSCs fate and whether or not these peptides can act synergistically to
enhance osteogenesis, when combined. Also, the stimulatory effect of BMP-2 was correlated
to its surface density. The peptide grafting was ascertained using complementary physical-
chemical techniques, X-ray photoelectron spectroscopy (XPS), atomic force microscopy
(AFM) and fluorescence microscopy. Cell differentiation analyses revealed that BMP-2 pep-

tide induced hMSCs osteogenic differentiation and the presence of RGD peptide improved
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its osteoinductive capacity, even in the absence of soluble osteogenic factors in the cell cul-
ture medium. Thereby, the study described in the paper 1 highlighted the existence of a cer-
tain crosstalk between ECM derived adhesive ligands and growth factors in regulating stem
cell fate.

Subsequently, by seeking to harness the potential presentation of ECM derived ligands in a
spatially controlled manner, which somewhat mimics the in vivo situation, RGD and BMP-
2 peptides were finely distributed over glass surfaces at the micrometer scale, using micro-
patterning strategy (photolithography) (Paper I1). To this end, the peptides were grafted as
specific micropatterns of varied shapes (triangle, rectangle and square) but constant overall
area (50 um2) in order to evaluate the effect of geometric cues on hMSC fate decision. Pep-
tide micropatterns were assessed for their shape, size and reproducibility by optical micros-
copy, interferometry and fluorescence microscopy. hMSCs cultured on the different micro-
patterned surfaces exhibited different cell behaviors in relationship with the pattern shape
and the type of patterned ligand. In fact, on RGD micropatterned surfaces, geometric cues
did not affect hMSCs osteogenic differentiation as the expression of osteogenic markers was
very low and similar between homogenous and micropatterned surfaces functionalized with
RGD peptide. In contrast, the effect of geometric cues was clearly visible on BMP-2 surfaces
containing BMP-2 peptide. That is, osteogenesis was significantly enhanced on triangular
and square BMP-2 micropatterns as compared to the rectangular ones. Thus, we evidenced
throughout this set of experiments (Paper Il) that micro-scale geometric cues, when carefully
selected, can effectively dictate hMSCs specification towards the osteoblastic lineage.

The third challenge in this thesis has raised by considering the insightful knowledge gained
from the studies 1 and 2. By seeking to partially recapitulate ECM cues that dictate the switch
in lineage differentiation from MSCs into osteoblasts in vivo, we created artificial ECMs
where both peptides crosstalk and geometric cues signaling could be triggered to regulate
MSCs osteogenesis. Therefore, this biomimetic microenvironment consisted of a checker-
board of juxtaposed RGD and BMP-2 micropatterns (Paper I11). The patterns were similar
in shape and size to those used in the study Il and characterized using the same techniques.
Quite consistent with the findings reported in the study I, in vitro analyses confirmed again
that triangular and square micropatterns are of potential relevance in directing hMSCs fate
towards the osteoblastic lineage.

By combining results from these three studies, we were able to evaluate to which extent
triangular and square RGD/BMP-2 micropatterns affect nMSCs osteogenic differentiation.
Study 111 VS study Il revealed that the spatial distribution of combined RGD/BMP-2 peptides
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as triangular and square micro-sized geometries enhanced hMSCs osteogenesis as compared
to their homogenous distribution on the material surface. Study I11 VS study Il demonstrated
that triangular and square RGD/BMP-2 micropatterns improved hMSCs osteogenesis as
compared to triangular and square BMP-2, respectively. Taken together, these findings sug-
gest that integrin ligands/growth factors crosstalk and geometric cues are not only potent
modulators of hMSCs osteogenic differentiation but can also overlap to further enhance lin-
eage-specific differentiation.

The studies achieved in this thesis project provide new insight into the stem cell-ECM inter-
actions that are likely to contribute to the design of finely-tuned biomaterials capable to meet
the current clinical demand in orthopaedic surgery.
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AXis 1. Strategy of the covalent immobilization of RGD and BMP-2 peptides on glass sur-
faces. For the homogenous peptide grafting, SMPB-NH2-glass surfaces were directly cov-
ered with RGD and/or BMP-2 solution. However, the peptide micropatterning required the
structuration of SMPB-NH2-glass surfaces using photolithography prior to peptide grafting.
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AXIS 2. Microscale patterning of RGD and/or BMP-2 peptides using photolithography.

Figure 1: Schematic summary of the main guidelines of the thesis project
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Some details regarding the articles achieved during the three years of the thesis as well as
the role of the co-authors in the accomplishment of this work are given bellow.

Paper 1:

Title: RGD and BMP-2 mimetic peptide crosstalk enhances osteogenic commitment of hu-
man bone marrow stem cells.

Authors: 1. Bilem, P. Chevallier, L. Plawinski, E.D. Sone, M.C. Durrieu, G. Laroche.
Journal: Acta Biomaterialia, 36 (2016) 132-42.
State: Submitted 2015, Dec 8. Published 2016, Mar 18"

Author’s contribution: The first author designed the experiments based on the instructive

discussion with all the authors. The first author performed all the experiments, analyzed and
interpreted the data and drafted the manuscript. P. Chevallier characterized most of the sam-
ples under XPS and significantly contributed to the interpretation of XPS data. All the au-

thors reviewed the manuscript.

Paper 2:

Title: The spatial distribution of RGD and BMP-2 mimetic peptides at the subcellular scale
modulates of human mesenchymal stem cells osteogenesis.

Authors: I. Bilem, L. Plawinski, P. Chevallier, E.D. Sone, G. Laroche, M.C. Durrieu.
Journal: ACS Nano.
State: Submitted 2016, Mar 19™".

Author’s contribution: The first author designed the experiments based on the instructive

discussion with all the authors. The first author performed all the experiments, analyzed and
interpreted the data and drafted the manuscript. The difference between the submitted article
and that inserted in the thesis is that ALP results are provided as supplementary data only in
the thesis manuscript. L. Plawinski collected the raw ALP data and converted them into ALP

values (pmole). All the authors reviewed the manuscript.
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Paper 3:

Title: Interplay of geometric cues and RGD/BMP-2 crosstalk in directing stem cell fate.
Authors: 1. Bilem, P. Chevallier, L. Plawinski, E.D. Sone, M.C. Durrieu, G. Laroche.
Journal: Biomaterials.

State: Submitted 2016, Apr 13",

Author’s contribution: The first author designed the experiments based on the instructive

discussions with all the authors. The first author performed all the experiments, analyzed

and interpreted the data and drafted the manuscript. All the authors reviewed the manuscript.

XXIV



LITERATURE REVIEW




|. Physiology of bone tissue

Bone is a complex organ composed of several tissues working together: osseous tissue,
cartilage, dense connective tissues, epithelium, adipose tissue and nervous tissue. Bone
tissue is a highly specialized and dynamic living tissue that contributes significantly to
the homeostasis of the body. It continuously grows and repairs itself since it is subjected
to a regular process of breaking down of old bone and building of new bone tissue. This
turnover is called bone remodeling [13].

1. Bone tissue functions

Bone tissue plays an important role within the body, both biomechanically as metaboli-
cally. It has three main functions:

Mechanical function. Since the bone has high mechanical properties, it plays an im-
portant role in supporting the body and protecting organs, nervous system and stem cells
in the marrow.

Metabolic function. Bone plays a vital role in maintaining mineral homeostasis. It stores
and releases several minerals, especially calcium and phosphate, which contribute to the
bone strength.

Hematopoietic function. Embryonic bone and some adult bones such as hip bones, ribs,
breastbone, vertebrae (backbones) and skull contain hematopoietic stem cells which are
responsible for generating blood cells (red and white blood cells and platelets).

2. Bone components

Bone is a connective tissue that comprises various cell types entrapped in a mineralized
extracellular matrix (ECM), occupying about 90% of the tissue volume and conferring
rigidity and strength to the skeleton while still maintaining some degree of elasticity.

2.1 Cellular components of bone tissue

Bone tissue is composed of four different cell types, osteoblasts, osteocytes, osteoclasts
and bone-lining cells [13] [14].

Osteoblasts. They originate from the differentiation of MSCs that reside in the perios-
teum, endosteum and bone marrow [15]. MSCs maintain their stemness until they are
stimulated (due to injury or bone development) to gradually become mature osteoblasts.
Osteoblasts express different osteogenic factors, including alkaline phosphatase (ALP),
type | collagen, osteopontin (OPN), osteocalcin (OCN) and bone sialoprotein (BSP)


http://en.wikipedia.org/wiki/Mineralized_tissues
http://en.wikipedia.org/wiki/Periosteum
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http://en.wikipedia.org/wiki/Bone_marrow

which are involved in the formation of an organic bone matrix (osteoid) and its mineral-
ization (Figure 2).

Osteocytes. These cells are osteoblasts that have reached a high level of maturation. They
are surrounded by a mineralized bone matrix and have the capacity not only to synthesize,
but also to resorb the bone matrix to a limited extent, thus regulating bone remodeling
process. Osteocytes are also responsible for the transmission of mechanical and biochem-
ical stimuli, essential for bone metabolism.

Osteoclasts. They are giant multinucleated cells (diameter ~ 100 microns) derived from
the self-fusion of macrophages. These macrophages (pre-osteoclasts) express RANK re-
ceptor (Receptor Activator of Nuclear factor Kappa-B) and then merge under the activa-
tion of (RANKL) ligand, which leads to their differentiation into multinucleated active
cells (osteoclasts). The main function of osteoclasts is to digest the old mineralized bone
matrix by releasing tartrate-resistant acid phosphatase, cathepsin K, matrix metallopro-
teinase 9 and gelatinase [16] (Figure 2).

Bone-lining cells. These cells are flat, elongated and inactive. They cover bone surfaces
that undergo neither bone formation nor resorption. Their principle function is to protect
bone matrix against the osteoclast action. However, during bone remodeling, these cells
degrade the osteoid by secreting collagenases. Bone-lining cells are also a source of os-
teoblasts. Indeed, under the action of various stimuli, such as parathyroid hormone (PTH),

they can dedifferentiate into active osteoblasts.

Marrow

-

Figure 2: Bone tissue remodeling. Osteoclasts resorb bone to form resorption pits
known as Howship's lacunae (left). Osteoblasts synthesize the inorganic matrix (osteoid),
rich in type | collagen, to fill in resorption pits (right). The osteoid is gradually mineral-
ized to form new bone [14].



2.2 Extracellular matrix of bone tissue

Bone ECM is made of non-mineralized organic components (predominantly type I colla-
gen) and mineralized inorganic components (mineral crystals) [17].

Organic matrix. Type | collagen constitutes approximately 80-90% of the organic ma-
trix. It confers bone tissue its hierarchical structure and ensures its viscoelasticity. The
remaining 10-20 % correspond to other types of collagen (collagen type Ill, V, X) and
over 200 different non-collagenous proteins such as proteoglycans, osteonectin (ON),
BSP, OCN, OPN and ALP, all of them contribute to the maintenance of bone tissue. Other
molecules have a direct action on the activity of bone cells, such as Bone Morphogenetic
Proteins (BMPs), known to induce the differentiation of osteoblast precursors or osteo-
protegerin (OPG) glycoprotein that inhibits the differentiation of osteoclast precursors.
Organic matrix also comprises specific proteins involved in bone remodeling and vascu-
lature, such as TRAP (tartrate-resistant acid phosphatase) and VEGF (Vascular Endothe-
lial Growth Factor), respectively [16] [18].

Mineral matrix. About 50-70% of the weight of bone tissue corresponds to mineral ma-
trix that ensures its rigidity. The mineral content in bone is mostly a crystalline calcium
phosphate deposited in thin apatite platelets, with small amounts of carbonate, magne-
sium, and acid phosphate. Bone mineral is initially deposited in the form of hexagonal
apatite nano-crystals in small gaps generated by the regular stacking pattern of collagen
molecules in a fiber [19]. As the hexagonal apatite nano-crystals mature they take on a
plate shape. Although this process is mediated by bone cells and the organic phase, it may
also be facilitated by ECM vesicles in bone in which calcium and phosphate concentra-

tions can increase sufficiently to precipitate apatite crystals [20].

3. Bone tissue structure: From the macro- to nanometer scale

The squeleton is made up of more than 206 different bones that can be classified depend-
ing on their shape into short, flat and long bones. As with all organs in the body, bone
tissue is hierarchically organized over length scales that span several orders of magnitude
from the macrometer scale to the nanometer scale [21] [22] [23] (Figure 3):

- At the macrometer scale, bone is made of 80% of cortical (compact) bone and 20% of
trabecular (cancellous) bone. Cortical bone is much denser and less porous (5% to 30 %)
than trabecular bone (30% to 90%). Cortical bone forms the outer shell (cortex) of most
bones and provides mechanical and protective functions, while trabecular bone is typi-
cally found at the ends of long bones (epiphysis) and provides metabolic functions.



- At the micrometer scale (10 to 100 um), osteon and trabeculae are the anatomical and
functional units of cortical and trabecular bone, respectively.

- At the sub-micrometer scale (1 to 10 um), an osteon is organized in concentric flat sheets
of mineralized collagen fibers, called lamellae. An osteon or Haversian system consists
of a set of 8-15 lamellae surrounding the Haversian canal. In cortical bone, lamellae are
highly organized and oriented in parallel to the longitudinal axis of bone, while in trabec-
ular bone their arrangement is irregular.

- At the nanometer scale (~100 nm to 1 um), mineralized collagen fibers of ~200 nm in
diameter are the structural unit of bone tissue.

- At the sub-nanometer scale (<100 nm), the main components are the apatite nano-crys-
tals, type I collagen proteins and non-collagenous proteins. Apatite nano-crystals exhibit
typical average dimensions of 50 x25x3 nm. Depending on their maturity, their dimen-
sions can vary from 15 to 150 nm in length, 10 to 80 nm in width and 2 to 5 nm in
thickness. On the other hand, triple helices collagen molecules have average dimensions

of 200 nm in length and 2-3 nm in diameter.
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Il. Bone development and repair

1. Physiology of bone development
During life, bone undergoes processes of longitudinal and radial growth, modeling (re-

shaping) and remodeling, as described below [25].

1.1. Osteogenesis

Normal bone develops through two mechanisms that can act independently or together
during bone formation: endochondral and intramembranous ossification [26] [27] (Fig-
ure 4) (Figure 5).

The process of endochondral bone formation involves different phases of cell prolifera-
tion, differentiation, migration and ECM remodeling. This begins with the differentiation
of MSCs into chondrocytes that synthesize a hyaline cartilage model, rich in type Il col-
lagen, whose shape resembles a small version of the bone to be formed [28]. Gradually,
chondrocytes in the primary ossification center -in the middle of diaphysis- grow, differ-
entiate into hypertrophic chondrocytes and begin secreting ALP, thus allowing for the
calcification of the cartilaginous matrix. Simultaneously, a vascularized periosteal bone -
rich in osteoprogenitor cells that later become osteoblasts- appears around the diaphysis
of the hyaline cartilage model. At this moment, hypertrophic chondrocytes (before apop-
tosis) secrete VEGF, leading to blood vessels sprouting from the periosteal bone to the
primary ossification center. Blood vessels, forming the periosteal bud, invade cavities left
by apoptotic chondrocytes, thus carrying hematopoietic cells, osteoprogenitor cells and
other cells inside the cavities. While hematopoietic cells will later form the bone marrow,
osteoprogenitor cells specialize into osteoblasts that form osteoid over the calcified car-
tilage [26]. Subsequently, the primary ossification center progresses in the direction of
the epiphysis, leading to a secondary ossification center. Osteoprogenitor cells invade
epiphyseal cartilage, differentiate into osteoblasts and secrete osteoid onto the cartilage
matrix -cartilage tissue remains in two places: articular cartilage and epiphyseal plate-
[29]. Finally, a woven bone (immature bone) is formed which will be replaced by lamellar
bone at the next steps of bone development [27].

The bone development via endochondral process occurs in initial bone formation in an
embryo and fetus as well as in bone growth during infancy, childhood and adolescence.
Indeed, it is involved in growth in length of the most bones in the body, mainly long bones

such as femur, tibia, humerus and radius [26].



Unlike the endochondral ossification, the intramembranous ossification does not involve
a cartilaginous tissue formation. This process begins by the aggregation of MSCs into
layers at specific regions of a highly vascular connective tissue, called center of ossifica-
tion. MSCs proliferate, condense around a profuse capillary network and differentiate into
osteoblasts. The latter secrete organic matrix (osteoid), get surrounded by collagen fibers
and transform into osteocytes. At this stage, the collagen fibers of osteoid form a woven
bone that gradually thickens. Eventually, woven bone is remodeled and replaced by la-
mellar bone [26] [27]. The intramembranous ossification mainly occurs in embryogenesis

during formation of the flat bones such as skull, mandible, maxilla and clavicles [26].
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Figure 4: Endochondral ossification process. (a) Aggregates of osteoprogenitor cells
(b) Model of hyaline cartilage (c) Primary center of ossification (d) Secondary center of
ossification (e) Bone with medullary cavity and epiphyseal ends (f) Highlighting feeding
blood vessels [26].

Figure 5: Intramembranous ossification process. (a) Aggregates of mesenchymal stem
cells (b) Amorphous ground substance and collagen network formed in the center and
between the cells. (c) Mesenchymal stem cells transform to osteoblasts which synthesize
organic matrix (osteoid) in the center of the aggregate. (d) Organic matrix mineralization
and the transformation of some osteoblasts incorporated within the osteoid into osteocytes

[26].



1.2. Calcification

This stage of bone development involves the calcification of woven bone previously
formed osteogenesis process. The mineralization of woven bone occurs 24-74 h after or-
ganic matrix synthesis, through two main steps: nucleation of calcium phosphate crystals
and crystal growth [20]. This results in the precipitation of calcium phosphate, the for-
mation of small apatite nano-crystals and their growth along the collagen fiber axis under

the effect of ALP and several non-collagenous proteins, including as OCN, OPN, ON and
BSP [25] [30].

1.3. Remodeling

Bone remodeling ensures the transformation of woven bone to mature lamellar bone. This
process is a lifelong phenomenon that permits the maintenance of bone tissue, the repair
of damaged tissue and the homeostasis of the phosphocalcic metabolism. It is achieved
by the combination of bone resorption/formation process (Figure 6). Bone resorption in-
volves removal of an old bone while bone formation involves the synthesis of a newly
organic matrix and its subsequent mineralization to form new bone which replaces the

removed one. Thus, approximately 5-10 % of total bone is renewed per year [13].
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Figure 6: Schema showing evolution of osteoblasts and osteoclasts during bone for-
mation. HSC: Hematopoietic Stem Cells [31].



2. Physiology of bone fracture healing

Bone fracture repair is similar in many ways to pre- and post-natal bone development.
For example, fractures heal via the endochondral ossification when the fracture is not
really stabilized, as in the case of fractures treated by cast immobilization [26] [27]. On
the other hand, the intramembranous ossification is involved in the repair of bone frac-
tures of size between 0.25 and 0.5 mm, stabilized by metal plate and screws [26] [32].
However, in contrast to the natural bone development, bone healing begins with an in-
flammatory reaction due to bone injury caused by a trauma or surgical procedure to in-
troduce an implant or bone graft (Figure 7) [33].

First, vascular lesions result in the formation of blood clot and granulation tissue as well
as the accumulation of platelets. Platelets start then to secrete cytokines and growth fac-
tors, thus triggering an inflammatory response that manifests itself by the migration of
leucocytes, lymphocytes and monocytes to the site of injury. Among cytokines and
growth factors that play an important role during fracture repair are Interleukins-1 and -6
(IL-1 and IL-6) and TNF-a as pro-inflammatory cytokines, BMPs -mainly BMP-2, BMP-
4 and BMP-6- as osteoinductive factors and VEGF as angiogenic factors. The involve-
ment of the underlying regulators during the different stages of fracture healing is well
reviewed in [34].

Then, the repair process begins when MSCs, from the periosteum, endosteum and bone
marrow, migrate to the lesion area, proliferate and differentiate to cover the blood clot
[35]. If the fracture is mechanically stable, MSCs differentiate into osteoblasts that even-
tually ensure the production of organic matrix and its mineralization. If the fracture is
unstable, MSCs differentiate into chondrocytes that secrete a cartilaginous matrix, called
fracture callus, to temporarily stabilize the fracture [28] [36]. The cartilaginous matrix is
then replaced by woven bone via endochondral ossification.

Finally, the vascularization of newly formed tissues permits the resorption of woven bone,
which is gradually replaced with more resilient lamellar bone during the remodeling
phase.

Given that fracture healing requires the migration of inflammatory cells and MSCs to the
site of lesion, bone repair takes place only when the fracture gap is too small. However,
in the case of critical-size bone defects, the recourse to bone grafts and biomaterials is

usually advocated.
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Figure 7: Physiological wound healing in bone [33]

lll. Clinical needs in the bone replacement/regeneration

Trauma has been recognized as a major healthcare epidemic by the World Health Organ-
ization (WHO), with over 16, 000 people die each day and injury accounting for 16 % of
the global burden of disease [37]. Injuries affecting the musculoskeletal system are the
most common and hence significantly contribute to the increase of musculoskeletal dis-
ease prevalence, that is already affecting roughly 20% of the population [38]. This has
been endorsed by the United Nations and WHO, as they recognized musculoskeletal dis-
ease as a major burden on individuals, health systems and social care systems with a high
financial impact [39]. For instance, osteoporosis is a major risk factor for fractures of the
hip, vertebrae, and distal forearm [40], resulting in more than 8.9 million fractures around
the world annually; i.e. an osteoporotic fracture every 3 seconds [41].

Among these skeletal fractures, many heal spontaneously in the first 6 to 8 weeks and
require short-term and low-cost treatment. However, a fracture can be clinically consid-
ered as a delayed union or nonunion if no bony healing is observed after 4 months and 6

months, respectively. Such fractures has been estimated at 100,000 annually in the United
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$ Millions

States [42]. They are difficult and slow to heal and significantly harm the national econ-
omy, with respect to medical resources (hospitalization, medical equipment, medical im-
plants, diagnostic tests, outpatient follow-ups, therapies and drugs) [43].

Overall, bone injuries, aging population and lifestyle factors, such as obesity are unques-
tionable risk factors that drastically accentuate musculoskeletal disease burden and con-
sequently boost the demand for the orthopaedic devices market. In term of costs, the
global market of therapeutics and orthopaedic biomaterials for musculoskeletal disease
has approached $45 billion in 2010 with a compound annual growth rate (CAGR) fore-
casted to be about 5 %, bringing the total market to more than $57 billion by 2014 (Figure
8) [38]. Therefore, medical approaches that help to accelerate bone healing in critical-size
bone defects will not only improve medical outcomes for the patient, but they will also

contribute to reduce the financial burden related with musculoskeletal disease.
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Figure 8: Global potential market of therapeutics and biomaterials for musculoskeletal
disease, 2009 and 2014 [38].
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V. Strategies for bone regeneration and replacement

Among approaches currently employed for the treatments of bone injuries are the excision
of the fibrous tissue formed at the bone defect site, the use of internal and external skeletal
fixation devices for fractures stabilization or the recourse to bone grafts and orthopaedic

biomaterials to replace or restore damaged bone.

1. Bone grafts (auto-, allo-, xeno-grafts)

As previously highlighted, the high regenerative capacity of bone tissue ensures a natural
facture healing in small bone defects. Unfortunately, diseases such as osteogenesis im-
perfecta, osteoarthritis, osteomyelitis, along with fractures and traumas as well as tumor
resections may lead to critical-size defects (gap size beyond 2-2.5 times the radius of the
affected bone) that require surgical intervention to restore or replace lost bone [44]. Cur-
rently, the gold standard treatment is the use of autologous bone graft, taken from another
part of the patient’s own body. These grafts integrate reliably with the host bone, lack the
immune-related complications and provide osteogenic cells as well as osteoinductive fac-
tors needed for bone healing and regeneration [44] [45]. Nevertheless, the use of this
strategy is mainly hampered by the limited supply of autologous bone and the risk of
necrosis at the donor site. Allograft (i.e. bone from a human cadaver) and xenograft (i.e.
bone from an animal source) represent an alternative since larger bone grafts could be
provided. However, these grafts should be sterilized, which leads to the loose of osteoin-
ductive factors and living cells. In addition, they present a potential risk of viral and bac-
terial infections and immune rejection after implantation [45].

Although these grafts are of great interest in reconstructive orthopaedic surgery, their
potential to repair large bone defects is limited and, as consequence, an incomplete

graft/host tissue osseointegration was observed in several clinical cases [46] [47].
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2. Biomaterials

2.1. Biomaterials market

Owing to the pressing clinical need in orthopaedics highlighted above, the market of bi-
omaterials-based treatments is growing at a rapid rate. Predominantly based in North
America, the biomaterials market is expected to be worth $88.4 by 2017 and is forecasted
to increase at a CAGR of 16% to reach $130.57 Billion by 2020. Several factors contrib-
ute to the growth of the overall market, including increased funds & grants by government
bodies worldwide, technological advancements, population ageing and the growth of the

implantable devices market (www.marketsandmarkets.com).

Specifically, the global orthopaedic devices market was valued at $34.9 billion in 2014
by Frost & Sullivan's research and at $57.9 billion in 2016 by marketsandmarkets. The

North America is the largest orthopaedic market, especially the United States that stands
as the leadership with its 60 % of contribution in the market. Indeed, orthopaedic bio-
materials are the most implanted materials, especially load-bearing implants such as arti-
ficial hip and knee joints and fixation devices. These have been designated as “the ortho-
pedic success story” by the American Academy of Orthopaedic Surgeons, representing
52% of all implantations [48].

2.2. Load-bearing biomaterials and their limitations

During the last decades, many bone substitute materials have been evaluated with the aim
of resolving the need for autologous or allogenic grafts. The strength of implantable ma-
terials is their large availability, safety (no potential diseases transmission), handling
characteristics as well as the possibility to incorporate drugs and bioactive molecules in
the bulk or the surface of materials.

The choice of a suitable material, exhibiting a high level of biocompatibility, is crucial to
successfully replace or support bone repair. Actually, materials used in load-bearing parts
are often made of metals or ceramics due to their resistant to the load and their high frac-
ture toughness. The use of polymeric materials in such applications is more restricted due

to the limited number of polymers exhibiting adequate mechanical properties.
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2.2.1. Metallic materials

Traditionally, metallic implants have been widely used in partial and total joint replace-
ment, fracture fixation devices as well as dentistry. In general, they consist of metals such
as stainless steel, cobalt chromium alloy, titanium and titanium alloys.

Stainless steel-based materials. Stainless steel was the first material used in the early
days of arthroplasty [49]. It is an alloy consisting mainly of nickel, chromium, manga-
nese, molybdenum and nickel. This material was primarily used for the manufacture of
internal fixation devices such as fracture plates, screws, wires, pins, hip nails or rods.
More recently, it was used in femoral stems. Among the available stainless steel (SS)
alloys, 316L SS remains one of the most used materials in orthopaedic surgery due to its
biocompatibility, availability, great strength, and cost effectiveness [50].

The main drawback of SS alloys is corrosion that leads to the release of toxic metal ions
such as nickel (Ni) and chromium (Cr). In addition, 316L SS alloy possesses much higher
modulus (200 GPa) than cortical bone (= 20 GPa), which causes stress shielding effect
and the subsequent implant loosening due to the bone resorption [51].
Cobalt/Chromium-based materials. These alloys, basically composed of cobalt and
chromium, are generally used in hip arthroplasty to manufacture femoral heads. They are
also used as acetabular cups, tibia trays and dental implants [52]. The main advantage of
cobalt/chromium (Co-Cr) alloys is their high fatigue strength [53]. However, these alloys
release cobalt and chromium metals from the material surface due to corrosion phenom-
enon. These metal particles can become integrated into the periprosthetic tissue, trigger-
ing local inflammatory reactions and the formation of soft tissue at the interface bone/im-
plant, thus impairing a strong implant osseointegration [54]. In addition, the high modulus
of Cr—Co alloys (230 GPa) results in bone resorption (stress shielding), which leads to
the implant loosening after some years of implantation [55].

Titanium-based materials. In the early 1970s, titanium (Ti) and its alloys have been
a great success in orthopaedic surgery, being attractive materials for manufacturing bone
fracture fixation devices, dental implants and joint replacement parts for hip, knee, and
shoulder [56]. In addition to the interesting properties observed in materials previously
cited, titanium quickly reacts with oxygen to form a titanium oxide layer (TiO2) on the
surface, making it more corrosion resistant as compared to other metallic materials. In-
deed, titanium is considered as the most corrosion resistant non-noble metal and became

the most popular orthopaedic material in the biomedical industry [3]. In addition, titanium
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alloys exhibit lower Young modulus (55-110 GPa) than those of 316 L stainless steel and
Cr—Co alloys. Pure titanium (ASTM F67) was the first to be introduced in the market but
due to its limited strength, other alloys were developed such as Ti-6Al-4V ELI (Extra Low
interstitial), Ti-6Al-7Nb and Ti-5Al-2.5Fe that exhibit better strength properties [57] [58].
Nevertheless, the cytotoxicity of vanadium and aluminum has encouraged the develop-
ment of newer titanium alloys such as Ti-35Nb-7Zr-5Ta. This alloy seems to be very
promising due to its low elastic modulus (55 GPa) close to that of cortical bone [55].
Despite all advantages that titanium and its alloys offer, the level of osseointegration re-
quired to reach a strong adhesion at the interface bone/implant remains of concern [58].

Magnesium-based materials. Another interesting class of metallic materials which
has recently attracted much attention consists of biodegradable magnesium alloys. In ad-
dition to the good biocompatibility of these materials, they exhibit excellent mechanical
properties, being among the lowest elastic modulus of metallic materials reported to date
(= 45 GPa), thus minimizing stress shielding effect [59]. Furthermore, implants made of
magnesium alloys such as screws and plates obviate the need of a second surgical inter-
vention for implant removal, thanks to their biodegradable nature. However, the major
drawback of magnesium alloys is their low corrosion resistance, which was intensively

studied during the last few years [59].

2.2.2. Bio-inert ceramics

Alumina (Al,O;) and zirconia (ZrO,) are the most popular inert ceramics used in THR
(Total Hip Replacement) and TKA (Total Knee Arthroplasty) to manufacture femoral
heads. The latter are often coupled to acetabular cup made from UHMWPE (Ultra High
Molecular Weight Polyethylene). Al,O; Alumina and zirconia ceramics are also used as
maxillofacial bone substitutes, post dental implants, bone screws, blade screws and kera-
toprosthesis. These materials have been widely investigated due to their desirable me-
chanical properties, as they possess high compressive strength and hardness, excellent
corrosion and wear resistanceand an acceptable level of biocompatibility [60]. Neverthe-
less, their use as orthopaedic biomaterials is constrained by their high elastic modulus
(Al203~ 400 GPa and ZrO2~ 200 GPa) and bio-inertness. These limitations affect the
long-term performance of these materials for several reasons, including the fracture of
femoral heads, stress shielding and formation of a fibrous tissue at the interface bone

/implant, leading to implant failure [61].

16



In contrast to inert ceramics, bioactive ceramics such as hydroxyapatite (HA) or trical-
cium phosphates (TCP) bound better to the native bone tissue. Unfortunately, they are not
good candidates in load-bearing parts due to their brittle nature, hence these materials are

often applied only as coating on load bearing implant [62] [63].

2.2.3. Polymeric materials

Polymers are interesting candidates for biomedical devices employed in several fields,
including orthopaedic, dental, craniofacial, cardiovascular, drug delivery systems and tis-
sue engineering applications [64]. In joint replacement applications, synthetic polymers
with high stability, strength and stiffness such as UHMWPE, PTFE (Polytetrafluoroeth-
ylene) or PEEK (polyetheretherketone) are frequently used. PMMA (polymethyl meth-
acylate) is commonly used as bone cement due to its excellent elastic modulus, close to
that of bone [65]. Poly-HEMA (poly-hydroxyethylmethacrylate) has also been reported
as a potential candidate for bone regeneration, since a subcutaneous bone formation was
observed following the implantation of this material in pigs [66], however the osteoin-
ductive potential of this polymer is not well-documented in the literature. To date, only a
limited number of polymeric materials have been approved by the U.S. Food and Drug
Administration for orthopaedic clinical use. Moreover, most of them have raised some
concerns, especially the lack of osseointegration and the low wear resistance [64].

A scheme of the mains factors responsible of implant failure that may lead to revision

surgery is shown in Figure 9.
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3. Bone tissue engineering

The reconstruction of damaged bone remains a real clinical issue in the case of large bone
loss caused by trauma, musculoskeletal disease and surgical treatment of tumors. Alt-
hough, several therapeutic treatments are proposed today, such as bone graft transplants
(auto-, allo-, xeno-grafts), bone marrow transplant, Ilizarov technique, load-bearing im-
plants and bone-defect-filling materials, none has proven to be fully satisfactory [67] [68-
70] [8]. For example, complications and non-union fractures are common in clinical prac-
tice, when bone grafts are used to reconstruct large bone defects [46] [47] [71]. Also,
orthopaedic biomaterials, such as those discussed above, meet some clinical needs due to
their large availability and acceptable biocompatibility, however their lack of osteoinduc-
tivity restrict their application in large bone defects. Therefore, due to these conventional
routes limits, tissue engineering has emerged as a promising alternative intended to meet
the demand in surgical reconstruction of large bone defects.

Historically the term tissue engineering dates back to the fall of 1987, when it was
“coined” at a meeting at the National Science Foundation in Washington, D.C. Few
months later, the first conference called “tissue engineering” was held in early 1988 at
Lake Tahoe, California [72]. The field of tissue engineering is highly multidisciplinary
and draws on experts from clinical medicine, mechanical engineering, materials science,
genetics and related disciplines from both engineering and the life sciences. This approach
aims to obtain a fundamental understanding of structure-function relationships in normal
and pathological mammalian tissue and the development of biological substitutes to re-
store, maintain, or improve tissue functions.

The tissue engineering paradigm is the belief that cells can be isolated through a small
biopsy from a patient, expanded in vitro and then seeded in a scaffold material. The re-
sulting tissue-engineered construct (hybrid material) is then grafted back into the desired
site in the patient’s body to restore damaged tissues. Tissue engineering is also of partic-
ular interest in investigating aspects of the structure-function relationship in vitro and to
predict the clinical outcome of specific medical treatments.

The first commercial tissue engineering product was a bioartificial skin for burn treat-
ment, introduced in 1990 [73]. Since then, the global tissue engineering and regeneration

market is steadily growing, reaching $17 billion in 2013, according to BCC Research.

This market is expected to increase to nearly $56.9 billion by 2019, with a compound
annual growth rate (CAGR) of 22.3%. The key areas of tissue engineering, where a high
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rate of success has been reported, are skin [73] [74], bladder [75], airway [76] and bone
[77] [78] engineering.

In bone tissue engineering applications, cells harvested from the patient, ranging from
primary adult osteoblasts to mesenchymal stem cells, are either incubated for only few
hours in 3D scaffold prior to implantation or cultured for sufficient time to induce their
differentiation into mature osteoblasts and the production of an ECM rich in proteins and
growth factors. The second approach is more advantageous than the first one for several
reasons. First, the cultured cells have already started to produce a bone matrix in vitro and
will continue this process in vivo, resulting in an accelerated regeneration of damaged
bone. Second, the synthetized bone matrix will contain various proteins and growth fac-
tors essential to induce osteogenesis in vivo. The key components of a bone tissue-engi-
neered construct are depicted in (Figure 10).

The first implantation of a bone tissue-engineered construct, made of autologous bone
marrow stromal cells expanded in vitro and loaded in a hydroxyapatite (HA) scaffold,
was performed in 2001 to repair large bone diaphysis defects of three patients (bone
defect size: from 4 to 7 cm) [79]. Complete fusion between the implant and the host bone
occurred 5 to 7 months after surgery [80]. Long-term analyses by means of radiographs
and computed tomography (CT) scan at different post-surgery time intervals revealed that
the implants were not resorbed and their integration to the host tissue was maintained in
all patients after 6 to 7 years post-surgery [80]. During the same year, Vacanti et al. tried
to restore a phalanx of a patient’s thumb using an engineered construct made of a coral
scaffold and autologous cells harvested from the periosteum [81]. In 2004, Warnke et al.
described a clinical study where the concept of tissue engineering was applied to recon-
struct a mandible of a 56 year-old patient who has undergone a mandibulectomy, leading
to a critical-size bone defect greater than 7 cm [78] [82]. A titanium mesh, having the
shape of the patient’s mandible, was filled with HA blocks containing BMP-7 and autol-
ogous bone marrow stromal cells. The patient’s body served as his own bioreactor since
the construct was first implanted in its dorsal muscle. After 7 weeks, the hybrid material
was placed in the lesion site and 4 weeks later the patient has regained his chewing ca-
pacity [83]. Tissue engineering has also been employed for maxillary sinus augmentation.
This procedure was tested on twenty seven patients using a periosteum-derived tissue-
engineered bone. Three months following the implantation, bone biopsy evaluation re-
vealed the formation of mineralized trabecular bone, with remnants of the biomaterial in

eighteen patients [77].
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3.1. Cell sources for bone tissue engineering

3.1.1. Mesenchymal stem cells

A part of the use of an adequate scaffold material, the choice of a reliable source of cells
Is critical to ensure the regeneration of bone tissue. An ideal cell source should be easily
isolated, expandable to higher passages, non-immunogenic and have an osteogenic phe-
notype or can acquire it. From a rational point of view, the adequate cells for bone tissue
engineering are osteoblasts. However, these cells could not only be harvested from the
patient only in few amounts, but they also have a relatively low expansion rate in vitro.
Furthermore, the surgical procedure to harvest osseous biopsy is very painful for the pa-
tient [84]. Alternatively, mesenchymal stem cells (MSCs) seem to be the most valid and
more promising cell source to overcome some of the above mentioned limitations. MSCs
are undifferentiated cells with high proliferative potential, able to self-renew and to dif-
ferentiate to committed lineages, including osteoblasts (bone cells), chondrocytes (carti-
lage cells) and adipocytes (fat cells) [85]. Another astonishing property of MSCs is their
ability to escape disease transmission and immuno-rejection after their implant/injection,
making them suitable for allogenic and xenogenic transplantation [86]. Ten years ago,
Taupin. [87] reported that a USA company, Osiris Therapeutics, has developed a stem
cell therapy based on allogeneic MSCs derived from bone marrow (BMSCs). This treat-
ment has been awarded the Orphan Drug status for its potential benefit in enhancing bone
marrow transplants in cancer patients, for the prevention of graft versus host disease
(GVHD) and for the treatment of Crohn's disease. However, the use of stem cells is still
very restricted and controversial in tissue engineering and regenerative medicine applica-
tions due to conflicting clinical outcomes. In 2008, one patient in Spain was successfully
transplanted with a re-engineered trachea. Trachea from a donor was first decellularized
using a detergent and then this scaffold was re-cellularized in a bioreactor using the pa-
tient’s MSCs [76]. In a second case, the cerebellum of a boy with a neurodegenerative
hereditary disorder (ataxia telangiectasia) was injected with human fetal neural stem cells.
Nevertheless, four years later, a glio-neuronal brain tumor of stem cell origin was found
[88].

MSCs are present through the entire body and can be isolated from perinatal tissues (i.e.,
placenta, umbilical cord and blood from the umbilical cord) and postnatal tissues (bone
marrow, trabecular bone, alveolar bone, cartilage, hair follicles, fat, skin and dental pulp)

[89] [90]. However, in bone tissue engineering field, MSCs located in bone marrow,
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known as Bone Marrow Mesenchymal Stem cells (BMSCs) have gained a special noto-
riety taking advantage from their high osteogenic potential [91] [92]. MSCs can be har-
vested from bone tissue bits or bone marrow using mechanical or chemical approach or
both of them. Mechanically, the bone tissue is cut into small pieces using surgical blades
and then either suspended or plated. Chemically, bone chips are exposed to an enzymatic
digestion, with a combination of trypsin and collagenase to obtain a cell suspension.
Although BMSCs are of great interest for tissue engineering and regenerative medicine
applications, there are still some issues that need to be addressed. For instance, Bernardo
et al. reported that MSCs frequency in bone marrow exhibits an age-related behavior from
1:10,000 in a new-born to 1:1,000,000 in an 80-year-old subject. This would make the
expansion tricky and time consuming. It has also been shown that the amount and the
differentiation potential of MSCs decrease with increasing patients age [9].
Alternatively, adipose tissue represents a potential source of MSCs due to its abundance
in adult subjects. In addition, lipoaspirates are very easy to perform compared to bone
marrow aspiration which is somewhat a laborious and painful procedure. Regarding the
differentiation potential of adipose tissue derived stem cells (ADSCs), comparative in
vitro studies revealed that the multilineage potential of ADSCs and BMSC was similar
according to cell morphology and histology [93], however, ADSCs exhibit an inferior
potential for both osteogenesis and adipogenesis than BMSCs [93] [94]. Contradictory
results regarding the differentiation potential of MSCs from different sources have also
been reported. For instance, Dicker et al. compared the adipogenic differentiation poten-
tial of MSCs derived from adipose tissue and bone marrow and concluded that ADSCs
can be differentiated into fully functional adipocytes with a similar, if not identical, phe-

notype as that observed in stem cells derived from bone marrow (BMSCs) [95].

3.1.2. Other sources of osteogenic cells

Peripheral blood is also a source of cells that could be used in bone tissue engineering
applications. These cells, known as blood mesenchymal precursor cells (BMPCs), circu-
late in physiologically significant numbers in peripheral blood and their concentration is
markedly higher during pubertal growth or bone fracture healing [96]. Phenotypically,
they resemble but are distinguishable from BMSCs. In vitro, It has been shown that
BMPCs acquire an osteoblastic phenotype when grown in osteogenic media [97] and pro-
mote bone formation in vivo when loaded in an osteoconductive scaffold (a mixture of
HA/B-TCP) [96].
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The formation of ectopic bone within skeletal muscle is a widely observed phenomenon,
therefore suggesting the presence of bone-forming in this tissue. Indeed, this hypothesis
was confirmed both in vitro and in vivo [98]. Among muscle cell subpopulations that can
give rise to osteoprogenitor cells are myosatellite cells [99], side population cells, mul-
tipotent adult progenitor cells (MAPCs) and pericytes. Preclinical studies have already
been conducted using skeletal muscle-derived osteoprogenitor cells as therapeutic cells
for bone tissue engineering [100].

Others cells that hold great interest in regenerative medicine and tissue engineering are
the induced pluripotent stem cells (iPS), discovered in 2006. These cells were generated
in vitro by reprograming somatic cells, using a combination of several transcription fac-
tors [101]. iPS cells have gained considerable notoriety due to their high in vitro self-
renewal, genomic stability and high differentiation capacity to form several mature line-
ages. However, most human iPS cells are made by viral vectors, such as retrovirus and
lentivirus, which integrate the reprogramming factors into the host genomes and may in-

crease the risk of tumor formation [101].

3.2. Osteoinductive growth factors

Commonly, biomaterials used in bone tissue engineering are osteoconductive and lack
osteoinductivity. Therefore, incorporating osteoinductive growth factors in the bulk of
biomaterials or on their surfaces seems to be an interesting way to stimulate the formation
of new bone tissue around the biomaterial, thereby enhancing its osseointegration. Two
osteoinductive growth factors have gained Food and Drug Administration (FDA) ap-
proval, recombinant human rhBMP-7 and rhBMP-2, for use in orthopaedic applications.
rhBMP-7 is marketed under the name “OP-1” by Stryker-Biotec. rhBMP-7 is also com-
mercially available under the name “OP-1 putty, Stryker” product which consists of a
tissue-engineered construct (rhBMP-7/collagen matrix) used as an alternative to auto-
graft. OP-1 putty was evaluated in clinical trials for the treatment of tibial nonunions. It
provided clinical and radiographic results comparable to those achieved with bone auto-
graft [102]. OP-1 putty has also been investigated in posterolateral spinal fusions. This
biomaterial led to a solid fusion rate of 55 % compared with 40 % for iliac crest autograft
during the study period [103].

Medtronic Sofamor Danek developed INFUSE® Bone Graft which is an osteoinductive

and osteoconductive bone graft substitute composed of rhBMP-2 loaded in absorbable

collagen sponge scaffold. In an integrated study based on three similar large-scale clinical
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trials, the osteoinductive potency of INFUSE® Bone Graft was compared to that of auto-
graft. Results of 2-year follow-up were impressive as they stated a significant superiority
of using synthetic INFUSE® Bone Graft over naturally transplanted bone (autograft). In-
deed, patients treated with BMP-2 spent statistically significant shorter times in the oper-
ating room, lost less blood, had shorter hospital stays and returned to work earlier than
patients who received autograft [104]. INFUSE® Bone Graft has registered $750 million
annually in sales due to its widespread use in several medical applications, including spi-
nal fusion procedures, tibial shaft fractures and oral-maxillofacial procedures [105].

Despite of the success and FDA approval of BMP-2- and BMP-7-based scaffolds in clin-
ical practices, they have raised some concerns. These tissue-engineered products provide
supraphysiological doses of rhBMPs, 10 to 1,000 fold higher than the concentration of
the native BMPs, over a limited period (60-240 min) [106]. For example, one vial of OP-
1, commercialized by Stryker-Biotec, contains 3 mg of BMP-7 embedded in 1 g of bovine
collagen I. Consequently, such treatments are highly expensive, taking into account the
short shelf life and the price of rhBMP-7 (OP-1 =~ $5,000 per one time use) and rhBMP-
2 (Infuse = $3,500-4,900 depending on the quantity used) [107]. In addition, the high
concentration of rhBMPs loaded within the scaffolds can induce undesired ectopic bone
formation and lead to immunological reactions. Such side-effects could be harmful for
the patient, specifically in cervical spine surgery when the margin for error is minimal
[108] [109]. Therefore, a careful choice of growth factors and the identification of patients
who are more likely to receive such treatments are critical for satisfactory clinical out-

comes.

3.3. Materials used as scaffolds for BTE and their limitations

Scaffolds design and development represent the most active research area in the field of
bone tissue engineering [110]. These biomaterials have to fulfill more stringent require-
ments than load-bearing biomaterials since cells are in contact with both the bulk and
material surface. In addition to the adequate biocompatibility and mechanical properties,
these biomaterials require a 3D structure, high porosity and controllable biodegradation
parallel to bone growth [111]. These properties are intended to permit the colonization of
the scaffold with cells while providing them with nutriments and ensuring their growth
and differentiation in a biomimetic three dimensional environment.

Typically, three groups of materials, ceramics, synthetic polymers and natural polymers,

are proposed as scaffolds for tissue engineering. Metallic and ceramic materials are less
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attractive than polymers for bone tissue engineering due to two major drawbacks. They
are not biodegradable, except biodegradable ceramics such as p-tricalcium phosphate (-
TCP), and their processability is very limited due to their high toughness [111] [112].
Therefore, we will mainly focus on the use of biodegradable polymers as materials for

bone tissue engineering.

3.3.1. Bioactive ceramics

Unlike inert ceramics frequently used as load-bearing biomaterials, bioactive ceramics
are rather used for bone tissue engineering applications, especially as bone filling substi-
tutes. They can be natural such as coral or synthetic such as hydroxyapatite (HA) and a-
/B-TCP. These biomaterials possess some specific properties not necessarily observed in
metallic or polymeric materials. Indeed, they are highly resistant to deformation and
bound better to the bone tissue than metals or polymers due to their osteoconductive prop-
erty [62]. More interestingly, some of synthetic calcium phosphate ceramics such as a-
TCP, B-TCP, tetracalcium phosphate (TTCP) and octacalcium phosphate (OCP) undergo
progressive degradation, while the new bone tissue regenerates [113]. In addition, several
works have shown that by using ceramics with or without bone marrow cells, acceptable
results regarding bone regeneration could be obtained [79] [112].

Another promising material that belongs to the category of bioactive ceramic is Bioglass
which is a kind of silica glass containing calcium and possibly phosphate elements. Re-
cent in vitro studies have shown that some compositions of glass, containing a specific
amounts of SiO,, Na.O, Ca0, and P20s bind strongly to bone tissue and may induce ne-
ovascularization [114] [115]. Furthermore, it was shown that silicon (Si) found in glass
induces the activation of complex gene transduction pathways, leading to enhanced cell
differentiation and osteogenesis [116] [117]. To date, bioactive ceramics are one of the
few biomaterials that have led to acceptable outcomes in term of inducing osteogenesis
and integration with the native bone tissue. However, their brittle nature and low mechan-
ical stability prevent their use in large bone defects. In addition, it is difficult to control
their degradation rate in vivo due to the presence of multiple factors that affect the bio-

material behavior such as the osteoclastic activity [115].
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3.3.2. Biodegradable polymers

Biodegradable polymers have received considerable attention and are considered the ideal
material for bone tissue engineering, owing to their interesting properties discussed
above. As ceramic materials, polymers can be categorized as natural and synthetic poly-
mers as well as their copolymers [65] [111] [118].

Among natural biodegradable polymers, collagen, fibrinogen, chitosan, starch, hyalu-
ronic acid (HA) and poly(hydroxybutyrate) are the most popular ones.On the other hand,
the most widely used synthetic biodegradable polymers are Poly(a-hydroxy acids), in-
cluding poly glycolacid (PGA), polylactic acid (PLA), and their copolymer PLGA [111]
[112] [118]. These polymers have gained FDA approval for certain clinical applications
and they are often used as degradable surgical sutures. The main advantage of these ma-
terials is their biodegradability since some of them contain chemical bonds that undergo
hydrolysis within the body’s aqueous environment such as PGA, while others degrade by
cellular enzymatic pathways such as collagen. Furthermore, they can be moldable, shape-
able and injectable to ensure a good fit in the defect site [111] [112] [118]. These aston-

ishing properties permit to reduce the surgical cost and patient suffering since only a min-
imally invasive surgery is required to introduce the implant. Further, no additional surgi-
cal procedure is needed to remove it [65]. However, the use of both natural and synthetic
polymers has some limitations too. For example, the isolation of natural polymers from
biological tissue while preserving their native properties is still of concern and some of
them such as collagen and chitin are not easy to melt by heat treatment but require special
solvent. Also, there is less control in their biodegradability and reproducibility as com-
pared to synthetic polymers and they may exhibit immunogenicity and contain pathogenic
impurities. Regarding synthetic polymers, they exhibit reduced bioactivity and are less
mimicking the native cellular environment, as compared to natural polymers. In addition,
concerns exist regarding the toxicity of polymers byproducts. For example, lactic acid
and glycolic acid monomers, resulting from the degradation of PLGA, lead to local in-
flammatory reaction and potential poor tissue regeneration [119]. Furthermore, both bio-
degradable natural and synthetic polymers exhibit poor mechanical properties (0.8-16

GPa) [111] [120].
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One of the attempts to expand the limited use of ceramics and polymers, due to their
limitations, is the fabrication of composite scaffolds comprising two or more materials.
Different types of composite scaffolds have been developed by combining, for example,
polymeric and ceramic materials or synthetic and natural polymers in order to enhance
their mechanical and/or biological properties [65] [121]. While composite scaffolds have
shown some successful and promising outcomes, they all have associated problems with
biocompatibility, biodegradability or both [65] [63] [121].

Another interesting category of materials used in bone tissue engineering are hydrogels
which are a class of highly hydrated polymers. These materials have been proposed as an
alternative to polymeric materials that are often hydrophobic in their native state and re-
quire surface and/or bulk modification to become hydrophilic. In addition, biomolecules
incorporation and cells encapsulation within hydrophobic polymers is a potential chal-
lenge [122]. Therefore, a variety of hydrogels composed of hydrophilic polymer chains
were developed and employed as scaffold materials. The most frequently used ones are
degradable and are either from natural origin such as agarose, alginate, chitosan, collagen,
fibrin, gelatin, and hyaluronic acid (HA) or synthetic such as poly(ethylene oxide) (PEO),
poly(ethylene glycol) (PEG), poly(vinyl alcohol) (PVA), poly(acrylic acid) (PAA) and
poly(propylene furmarate-co-ethylene glycol) (P(PF-co-EG)) [121] [123] [124]. Another

exciting property of many hydrogels such as alginate, PEO, chitosan and P(PF-co-EG) is
their ability of jellify in vivo meaning that cells and molecules can be mixed with hydrogel
in vitro, mini-invasively delivered and gelled in situ. Also, most of synthetic hydrogels
undergo degradation through hydrolysis mechanism which facilitates the control of their
degradation kinetic since hydrolysis occurs at a constant rate in vivo and in vitro [121]
[122] [124]. However, as the majority of polymeric materials, hydrogels require their
association with osteoinductive molecules and cells to support bone tissue formation. In
addition, these biomaterials lack an adequate initial strength, preventing their use in load
bearing parts [125].

While the introduction of orthopaedic biomaterials in the market has significantly im-
proved the living conditions of patients, there are still many challenges to be met by sci-
entists and engineers in order to improve the integration of biomaterials within the body.
Clinically, these challenges address two main issues, amongst others. Currently, ortho-
paedic surgeons are faced with. (i) Commercially available orthopaedic biomaterials ex-
hibit poor osseointegration potential, which restricts their long-term performance to 10-

15 years [48] and (ii) the real need of reliable materials that support a rapid and sufficient
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expansion of stem cells as well as their effective specification into homogenous bone cells
population.

On this basis, it seems that the source of the problem is the biomaterial itself, which means
that an ingenious design of both the structure and the composition of biomaterials is cru-
cial to ensure a perfect implant osseointegration at the lesion site and successfully repair
or replace damaged bone. Nevertheless, the design of biomaterials is far from easy since
an in-depth comprehensive knowledge of material science and cell biology is required to
understand phenomena occurring at the cell-biomaterial interface. In the next chapter of
this literature review, the focus will be made on the most investigated approaches during
the last two decades, as tools to better understand cell/material interactions with the aim

of improving the osteoinductive potential of conventional biomaterials.

V. Recent advances in biomaterial design to enhance stem
cells/progenitors osteogenesis

In the early days of biomaterials research, the major efforts to enhance orthopaedic im-
plants osseointegration have been mainly made on tailoring their bulk properties, includ-
ing the shape, inner structure and mechanical properties. For example, in the case of bio-
materials used in load bearing part, one great challenge was to enhance their mechanical
compatibility by matching the mechanical constants of biomaterial and bone tissue to be
replaced. The reason being that, when the Young’s modulus of hard tissue biomaterials
is much higher than that of cortical bone, the load bearing is not ideal and the risk of stress
shielding and fibrous encapsulation of the implant is greater [126].

More recently, much attention was paid to the properties of the material surface to im-
prove the biological compatibility. This new direction stems from the fact that the bio-
logical host tissue interacts, in any case, with the outermost atomic layers (thickness ~
0.1-1 nm) of 2D/3D biomaterials [127]. In other words, when an implant is inserted into
the host bone, tissue fluids first come into contact with its surface. Hence, surface features
are of particular interest in determining the adsorption of biomolecules from the body
fluids and the subsequent cells/material interaction event that dictate implant fate. It is
worth noting that the surface modification of biomaterials can also affect the mechanical
properties of their bulk, thus controlling indirectly several risk factors of implant failure,
such as stress shielding, wear debris or fatigue failure [128].
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Therefore, this chapter provides an overview of recent advances in surface modification
technology while seeking to improve the osteogenic potential of orthopaedic biomateri-
als. This literature survey will serve as a general scope for the original work presented

later in this thesis.

1. Surface modification strategies for enhanced osteogenesis

Surface science is one of the most popular fields applied in biomaterials and tissue engi-
neering research to improve the biological response at the interface bone/implant [127].
Nowadays, accumulating evidences suggest that biomaterial surface features, including
but not limited to nano/micro-topography, chemistry, wettability and electrical charges
are potent modulators of cellular behaviors, including adhesion, proliferation, migration
and differentiation [128] [129] (Figure 11).

Therefore, the surface modification strategy has captured the interest of many scientists,
clinicians and manufacturers as tool to induce and accelerate osteogenesis on biomaterials
surfaces [130]. The most commonly used approaches to alter the surface properties are
categorized into two major axes; the chemical and physical surface modification. The
chemical surface modification includes the surface chemistry/biochemistry and chemical
patterning, while the physical surface modification includes the surface roughness, stiff-
ness and topographical patterning [128] [129] [131] [132].
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Figure 11: Effect of surface features on cell behavior at the interface bone/ implant [133].

1.1. Physicochemical surface modification

Basically, the physicochemical surface modification seeks to control the surface free en-
ergy, wettability and electric charges onto biomaterials. These properties have been
shown to influence protein adsorption kinetics and their spatial conformation, which in
turn affect cellular functions [131] [134].

Several groups have focused on altering the surface wettability with the aim of drawing
an optimal surface wettability profile that positively affect cell behaviors at the interface
of biomaterials. In this regard, it has been shown that highly hydrophilic surfaces are more
desirable than hydrophobic ones owing to their interactions with biological fluids, cells
and tissues [135]. Accordingly, in vitro studies demonstrated that cell adhesion, differen-
tiation and ECM production are better mediated on hydrophilic surfaces [136] [137]
[138]. In an in vitro experiment, it has been shown that human BMSCs exhibited higher

gene expression of osteogenic markers, such as Runt-related transcription factor 2 (Runx-
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2) and bone sialoprotein (BSP) on hydrophilic chemically modified-titanium surfaces, as
compared to hydrophobic ones [139]. In another study, Benoit et al. also investigated the
differentiation of hMSCs in response to hydrophobic and hydrophilic modified-poly(eth-
ylene glycol) (PEG) hydrogels. They found that hydrophobic hydrogels containing t-butyl
chemical groups promoted hMSCs adipogenesis, while hydrophilic negatively charged
hydrogels functionalized with phosphate groups favored hMSCs differentiation towards
the osteoblastic lineage [140]. Consistent with these in vitro studies, some in vivo and
clinical trials demonstrated that hydrophilic surfaces accelerate implants osseointegration

[141] [142] [143]. For example, Buser et al. demonstrated, in an animal model, that hy-

drophilic titanium implant surfaces, implanted in the maxillae of miniature pigs, yielded
higher bone/implant contact than a standard titanium surfaces [144].

Although these results are promising and have led to further investigations, contradictory
results have been reported regarding the influence of the surface wettability on cell be-
haviors. Guehennec et al. cultured osteoblastic MC3T3-E1 cells on hydrophilic a biphasic
calcium phosphate coated titanium material and a commercially available titanium mate-
rial which was less hydrophilic. They failed to demonstrate the advantageous effect of
hydrophilic surfaces since insignificant differences in osteogenic markers expression on
hydrophobic and hydrophilic titanium surfaces were reported [145]. More surprising,
Bauer et al. observed that on nanotubular titanium surfaces having different degrees of
wettability, rat MSCs exhibited increased adhesion from super hydrophilic to super hy-
drophobic surfaces [146]. In vivo, other studies have shown that hydrophilic material sur-
faces exhibited statistically similar bone-to-implant contact and removal torque results,
as compared to hydrophobic surfaces [147] [148]. Similarly, some clinical trials have
demonstrated that implants with both hydrophilic and hydrophobic surfaces were well-
integrated and exhibited high survival rate in patients’ mouths [149] [150].
Contradictory results have also been reported regarding the impact of surface energy
[151] [152] and charges [153] [154] [155] on promoting osteogenesis at the interface

bone/implant. One key reason leading to this controversy is the vast differences in cell

lines, serum components, underlying substrates, culture procedures, time points and char-
acterization techniques used by the different groups. In addition, it is difficult to dissect
the individual contribution of each surface parameter in modulating cell behaviors since

the modification of one surface feature such as the surface wettability may also elicit
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changes in the surface chemistry and topography. Therefore, a biologically relevant sur-
face wettability is yet to be established, hence rigorous modification and characterization

of the surface parameters with respect to their biological relevance will be necessary.

1.2. Chemical surface modification

The objective behind the chemical surface modification is to allow for direct interactions
between the material surface and the chemical nature of bone tissue. To date, several
chemical moieties have been claimed as modulator of stem cell fate, since they are inher-
ently present within the native ECM [140] [156]. For example, carboxylic acid groups,
phosphate groups and hydrophobic moieties are widely present in cartilaginous matrices,
mineral phase of bone tissue and adipose tissues, respectively [140] [156]. The role of
these chemical functionalities in directing both short- and long-term cellular functions
has been obviously evidenced through several in vitro studies. The most popular method
for investigating the effect of specific surface chemistries on stem cell fate, in vitro, lies
on the use of self-assembled monolayers (SAMs) [157]. Among several SAMs available
to modify biomaterial surfaces, SAMs of alkanethiolates created on gold-coated sub-
strates are recognized as the most reliable class of model organic surfaces, owing to their
significant control over material chemical properties [158]. A key advantage of this sys-
tem is the high reproducibility of well-defined surfaces, created throughout the use of
simple protocols, that nicely control protein deposition and cell interactions at the inter-
face of biomaterials [158].

In this context, Phillips et al. [158] demonstrated that (—CH3)-, (—OH)-, (-COOH)- and (—
NH:)-terminated SAMs substrates affected fibronectin adsorption and conformation as
well as the osteogenic differentiation of human MSCs (hMSCs). In fact, they demon-
strated that fibronectin adsorbed onto self-assembled monolayers with terminal -OH
groups had more accessible cell-binding domains than did the fibronectin on surfaces
with terminal -CH3 and-NH2 groups. In addition, they found that fibronectin-coated
NH2-SAMs induced the highest level of hMSCs osteogenic differentiation under osteo-
genic cell culture conditions, as revealed by alizarin red staining and osteogenic markers
Runx2, BSP, OCN expression. They also revealed that CHs-, OH- and COOH-SAMs
affected hMSCs osteogenic differentiation, however their osteogenic potential was visi-
ble on only one or two phenotypic markers. For instance, COOH-SAMs enhanced Runx2
and OCN expression but not BSP and calcium phosphate (CaP) deposition, while OH-
SAMs enhanced Runx2 and CaP deposition but not BSP and OCN [158].
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In another study, Curran et al. [159] analyzed the effect of thiols (-SH) groups, in addition
to the four chemical groups investigated Phillips and coworkers, using silane-modified
glass surfaces. Similarly, NH. surfaces favored the differentiation of hMSCs along the
osteogenic lineage. At day 7, hMSCs cultured on NH. surfaces showed higher cell via-
bility as compared to day 1, associated with a significant increase in Cbfa-1 (bone tran-
scription factor) expression and decrease in type Il collagen (cartilaginous matrix marker)
expression. However, hMSCs grown on -CHg, -SH and -OH surfaces did not demonstrate
any up-regulation of osteogenic differentiation markers throughout the test period. It is
noteworthy that, in this study, cells were cultured in basal growth medium, free of soluble
osteogenic factors, thus allowing a direct correlation between surface chemistry and cell
behavior. In addition, it has been suggested that the conformation of adsorbed serum pro-
teins, specifically vitronectin, on NH> surfaces might have contributed to the specification
of hMSCs towards the osteoblastic lineage [159]. In a subsequent work, the same authors
extended the culture time to 28 days and evaluated hMSCs differentiation in both growth
and osteogenic medium [156]. Again, NH2 surfaces were shown to elicit the strongest
osteogenic stimulatory effect on hMSCs, as revealed by higher expression of osteoblast
lineage-specific genes and proteins on NH> surfaces as compared to other chemically
modified surfaces. However, other results from this study are somewhat questionable. In
fact, the authors highlighted an up-regulation of osteogenic OCN and Cbfa-1 markers on
SH surfaces at different time points and in both growth and differentiation medium, how-
ever they demonstrated in their previous study [159] that these surfaces did not affect
hMSCs osteogenic differentiation after 1 week of culture in growth medium. In addition,
all functionalized surfaces up-regulated at least one osteogenic marker at certain time
points [156].

In general, although SAMSs cannot be used as implant materials, the knowledge gathered
from these studies provide valuable insights towards the design of 3D scaffolds or im-
plants able to achieve a fine control over MSCs differentiation.

Other chemical moieties are thought to control cell fate due to their abundance within the
native ECM. As highlighted above, it has been speculated that providing mimetic chem-
ical functionalities on material surfaces might help to guide stem cells towards distinct
lineages. This hypothesis was verified in vitro by seeding hMSCs on material surfaces
functionalized with phosphate groups, carboxylic groups and t-butyl, which somewhat
mimic the chemical composition of bone matrix, glycoaminoglycans in cartilage and li-

pids in adipose tissues, respectively. It was demonstrated that acid-, phosphate- and t-
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butyl-functionalized surfaces increased the expression of chondrogenic collagen Il
marker, osteogenic OPN marker and adipogenic PPAR-y (peroxisome proliferator-acti-
vated receptor gamma) marker, respectively [140]. As another example, Granja et al.
[160] immobilized phosphorus-containing groups onto cellulose surfaces in order to com-
pared three different substrates for their ability to induce calcium phosphate mineral for-
mation; untreated cellulose surfaces, phosphorylated cellulose surfaces and phosphory-
lated/calcium-pre-incubated cellulose surfaces. Each disc was immersed in stimulatory
body fluid (SBF) for a period ranging from 12 hours to 15 days, prior to assessing mineral
deposition. They demonstrated that phosphorylated/calcium-pre-incubated surfaces min-
eralized at a higher extent than materials only phosphorylated. In addition, phosphory-
lated surfaces, which are negatively charged and highly hydrophilic showed reduced
hMSC attachment and proliferation and poor osteogenic potency, as evidenced by a slight
ALP activity and OCN and type | collagen expression [160]. Indirectly, this study con-
firms the aforementioned issue regarding the difficulty of dissecting the individual con-
tribution of each surface property in regulating stem cell fate. The ultimate question then
arises from this study is: which surface parameter, amongst the surface charge, wettability
and chemistry, affected hMSCs osteogenic differentiation?

Another approach, also inspired from the physiological situation and broadly used to en-
hance cellular activities at the interface bone/implant, consists of coating material sur-
faces with CaP. This approach was initially proposed by de Groot and Geesink in the mid-
1980’s [161]. CaP ceramics have long been a potential candidate for deposition as coating
onto inert metallic implants [161] [162]. Introduced in 1985, the Furlong® (JRI, London,
UK) has been the first implant worldwide coated with hydroxyapatite for use in total hip
replacement [163]. As a general rule, following the implantation of a CaP-coated implant,
the release of CaP into the peri-implant region increases the saturation of body fluids,
which consequently causes the deposition of a biological apatite containing endogenous
proteins onto the implant surface [164] [165].

During the past decades, serious efforts have been undertaken to optimize the perfor-
mance of CaP coating by adjusting several parameters such as the Ca/P ratio or the inves-
tigation of several types of CaP-based coatings, including pure HA, tricalciumphosphate
(TCP), biphasic calcium phosphate (BCP), Si-doped HA, Mg-substituted HA and car-
bonated HA [131] [166].
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In clinical and preclinical trials, these CaP coatings were found to stimulate the formation
of new bone tissue and facilitate the bridging of small gaps at the interface bone/implant
[167] [162].

For example, Rajaratnam et al. [163] have reported the clinical outcomes of 331 Furlong
HA-coated femoral prosthesis consecutively implanted between 1986 and 1991. The
global survival rate, including all causes of revision, was 97.4 % after a mean follow-up
of 17.5 years. In an experimental study carried out in animals, Manders et al. [162] in-
serted titanium implants, coated in one side with CaP and left without coating in the other
side, into goat’s femoral condyle. They demonstrated that CaP-coated surfaces had a sig-
nificantly higher amount of bone contact than uncoated surfaces, as bone ingrowth oc-
curred from both the surrounding bone tissue and the coated implant surface. Figure 12
shows light photomicrographs of histological sections of uncoated and CaP-coated tita-
nium implants.

Although the use of CaP as coating has led to faster and more robust bone formation,
there are major concerns with CaP coatings such as the coating delamination and adhesive
failures at the interface CaP coating/implant [167].

Figure 12: Light micrographs showing bone ingrowth at (A) uncoated titanium implant
and (B) plasma-sprayed hydroxyapatite coating, gaps 1 mm (original magnification x 2.5)

[162].
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1.3. Biochemical surface modification

Tissue culture polystyrene (TCPS) substrates are frequently used in laboratory to am-
plify, differentiate or characterize various cell types including hMSCs. However, such
substrates are bioinert and usually require the use of highly saturated culture medium with
proteins, growth factors and cytokines to modulate the behavior of adherent cells [168].
The drawback of this type of cell culture platforms is the limited control of biochemical
cues (proteins, growth factors and cytokines) distribution, concentration and bioactivity
over material surfaces. Consequently, cause/cell response correlation is usually hardly
established. Alternatively, biochemical surface modification of synthetic and natural ma-
terials has gained a particular interest as tool to create a well-defined microenvironment
on material surfaces to better control cell/biomaterials interactions, even at the molecular
level. biochemical surface modification approaches currently investigated include the im-
mobilization of adhesion proteins, growth factors and enzymes on biomaterial surfaces in
order to invoke the desired short- and long-term cellular responses [131]. Specifically,
the principle motivations behind the use of this approach are as following; (1) limiting
the adsorption of proteins adsorption, thus minimizing the risk of ligands denaturation
and unspecific protein deposition, and therefore favoring specific cell adhesion on im-
planted biomaterials (2) providing persistent stimulatory effect on biomaterial surfaces
through the immobilization of growth factors.

Two well-documented methods can be used to immaobilize biomolecules onto biomaterial
surfaces. The first one aims to physically adsorb biomolecules (hydrophobic interactions,
hydrogen bonding, ionic (or electrostatic) bonding and Van der Walls interactions). Alt-
hough this method is very simple, ligands anchorage to the material surface is highly
dependent on experimental parameters such as pH, temperature, solvent, reaction period
and initial concentration of biomolecules. In addition, the physical adsorption often lacks
the deposition of uniform coatings on material surface. Moreover, biomolecules desorb
from the surface in an uncontrolled manner. Consequently, the correlation between the
intensity of cellular response and the coating characteristics is difficult to establish.

The second approach aims to immobilize biomolecules on the material surface through a
covalent link. This method is probably more laborious and time consuming, but it offers
several advantages over the physical adsorption. In fact, the covalent immobilization per-
mits to manipulate the local concentration of ligands in a well-controlled manner, pro-

vides a control over their spatial orientation and leads to sustained cell/ligand interactions.
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Krijgsman et al. evaluated human umbilical vein endothelial cells (HUVEC) attachment
on polymeric materials containing RGD and/or heparin adhesive peptides, which were
either adsorbed or grafted to the surface. They revealed that ligand grafting enhanced cell
attachment after 90 min, while their simple coating (via physical adsorption) conferred
no advantage over uncoated materials [169]. In another study, Dettin et al. investigated
HUVEC adhesion on grafted or adsorbed RGD peptide on electrospun polymer fiber after
24 h. They found that RGD peptide enhanced HUVEC adhesion, only when grafted [170].
Interestingly, the advantage of the covalent grafting over the physical adsorption was also
reported in vivo. It has been shown that alginate hydrogels, loaded with covalently grafted
BMP-2 peptide, induced the formation of new bone tissue and vascular channels ectopi-
cally, while hydrogels containing adsorbed peptide did not [171].

Given that the thesis project presented here seeks to investigate stem cell fate in response
to covalently immobilized mimetic peptides, this sub-section will mainly provide an over-
view of studies exploring the biological relevance of adhesive and osteoinductive ligands,

conjugated to biomaterials through a covalent link.

1.3.1. Extracellular matrix derived proteins/growth factors and mimetic
peptides

The early works in this research field have been focused on decorating biomaterial sur-
faces with full-length ECM proteins such as collagen, fibronectin, vitronectin, and lam-
inin to promote cell adhesion and proliferation [172], or with growth factors such as trans-
forming growth factor-beta (TGF-8) and bone morphogenetic proteins (BMPs) to induce
osteogenesis [173]. Growth factors can be classified in term of their bioactivity in three
categories, from mitogenicity (fibroblast growth factor (FGF), platelet-derived growth
factor (PDGF), insulin-like growth factor (IGF)) to increasing activity of bone cells
(TGF-B1) to osteoinduction (BMPs) [115].

BMPs are believed to be the most effective growth factors to induce bone formation,
hence their extensive use in fundamental research and bone tissue engineering applica-
tions [174]. Originally discovered by Urist in 1965 [175], BMPs are a group of 20 pro-
teins, belonging to the TGF-f family. Indeed, it has been proposed that BMP-2, -6 and -
9 may be the most potent inducers of MSCs differentiation to osteoblasts, while the re-
maining BMPs promote the maturation of committed osteoblasts [176]. The binding of

these BMPs to their cell receptors (BMPR-I and BMPR-II) promotes osteogenesis via
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two regulatory pathways: the Smads-dependent pathway and the Smads-independent mi-
togen activated protein kinase (MAPK) pathway. The first pathway is initiated by the
formation of BMP ligand/BMPR-1/BMPR-2 complex, leading to the phosphorylation of
BMPR-1 by BMPR-II and the subsequent phosphorylation of cytoplasmic transcription
factors Smadsl1/5/8 by BMPR-I. Afterwards, phosphorylated Smads associate with
Smad4 and the complex is then transported from the cytoplasm into the cell nucleus. This
complex can cooperate with other transcriptional factors in the nucleus, such as Runx-2
to modulate the transcription of target genes, like those encoding bone ECM proteins
(type I collagen, OPN, BSP, OCN) [31] [177] [178]. (MAPK) pathway also plays an
important role in BMP-induced osteogenesis. The transduction of MAPK signal into the
nucleus can be achieved through three different cascades: the extracellular signal-regu-
lated kinase (ERK), c-Jun N terminal kinase (JNK) and p38 MAPK cascades [31] [179].
As discussed in the subsection [1V.3.2. Osteoinductive growth factors], BMP-2 and

BMP-7 are so far the only BMPs approved by FDA for use in spinal fusion, non-union
fractures and oral-maxillofacial treatments due to their high osteoinductive potential as
compared to other BMPs [103] [106] [107].

Although the effectiveness of ECM derived proteins and growth factors in enhancing bi-

omaterials biocompatibility has been proven in several instances, the use of only their
bioactive domains, termed as mimetic peptide, is thought to be more advantageous for
numerous reasons. A major opportunity when using mimetic peptides is the possibility to
precisely target specific cell receptors, therefore eliciting the desired cell response, while
avoiding undesired responses. Interestingly, mimetic peptides can promote specific cel-
lular responses as stronger as their full-length forms [172] [180]. Their small size permits
a higher coating density and makes them generally more resistant to denaturizing insults
and proteolysis [48] [181]. On the financial side, mimetic peptides are cost-effective and
can be readily produced synthetically. Furthermore, nearly all immobilized short ligands
(peptides) are available for cell receptors, in contrast to the full-length biomolecules
where epitopes are not always sterically available [182].

Of a long list of mimetic peptides developed during the last decades, the arginine-glycine-
aspartic acid sequence “RGD” remains the most popular and investigated peptide mimetic
peptide. RGD is the main integrin-binding domain, derived from several ECM proteins
such as fibronectin, vitronectin, fibrinogen, osteopontin and bone sialoprotein [131]
[183]. Eight integrins have been identified as RGD-binding receptors: all five av, two B1
(os and ag) and ouibPs integrins [184]. To date, there is an exhaustive literature review

39



emphasizing the role of RGD peptide in promoting the adhesion of MSCs and other cell
types to a wide range of materials, including glass [185], metal oxide [186] and polymers
[187]. Although the capacity of RGD peptide to modulate cell adhesion is widely ac-
cepted, there is still no consensus with respect to its osteoinductive effect, mainly at the
in vivo level. Indeed, several studies have demonstrated enhanced osteogenesis and im-
plant osseointegration on RGD-modified materials [188], while others have failed to ev-
idence the underlying effect [189]. Besides RGD, several other peptides derived from the
bone ECM proteins have been designed and used to improve cell adhesion on biomaterial
surfaces (Table 1).

Although some of these peptides have also been reported to possess an osteogenic activity
in vitro, further investigations are needed to confirm their stimulatory effect in vivo as

well.
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Table 1: Biological effect of peptides derived from ECM proteins and growth factors covalently im-
mobilized on biomaterials.

Peptide sequence Origin Function Ref.
ECM proteins derived peptides
Fibronectin, vitronectin, type | .
RGD collagen, bone sialoprotein Cell adhesion [181]
YIGSR, IKVAV Laminin Cell adhesion [190]
[191]
PHSRN, REDV, LDV Fibronectin Cell adhesion [192]
[193]
“RGD Fibronectin, vitronectin, type | Cell adhesion & osteogenic dif- [%]
collagen, bone sialoprotein ferentiation in vitro and in vivo [_][196]
Cell adhesion & osteogenic dif- [197]
*
GFOGER Type | collagen ferentiation in vitro [198]
s . Cell adhesion & osteogenic dif- [199]
*
FHRRIKA, KRSR Heparin binding domain ferentiation in vitro [200]
*HVP Human vitronectin Cell a(:hesm_n & osteogenic dif- 201
erentiation in vitro
. . Cell adhesion & osteogenic dif- [202]
*
CGGNGEPRGDTYRAY Bone sialoprotein ferentiation in vitro [203]
. Cell adhesion & osteogenic dif- [204]
*
DVDVPDGRGDSLAYG Osteopontin ferentiation in vitro 205
Growth factors derived peptides
NSVNSKIPKACCVPTELSAI 68-87 BMP-2 Ectopic bone formation in rats 171]
MSCs osteogenic differentiation 206
KIPKASSVPTELSAISTLYL 73-92 BMP-2 in vitro & new bone formation in [207]
tibial bone defects [208]
MSCs osteogenic differentiation
SPO4KIPKASSVPTELSAIS 73-92 BMP-2 in vitro & ectopic bone formation 209]
TLYLDDD in rats
[210]
RKIPKACCVPTELSAISMLYL 73-92 BMP-2 MSCs and preosteoblasts osteo- ryg7y
genic differentiation in vitro
[211]
Osteogenic differentiation of my- [212]
oblasts in vitro, new bone for- [213]
DWIVA 30-34BMP-2 mation in rabbit calvarial defect  [214]
and in periodontal defects in dogs [215]
Foetal rat calvaria cells osteo-
AISVLYFDDSSNVILKKYRN 111-130 BMP-7 genic differentiation in vitro 216]
Preosteoblasts osteogenic differ-
RTVPKPSSAPTQLNAISTLYF 98-117 BMP-7 entiation and matrix mineraliza- 187]
tion in vitro
KPSSAPTQLN 101-110 BMP-7 Increased ALP activity and cal-
KAISVLYFDDS 110-120 BMP-7 cium deposition in human oste- 217]
SNVILKKYRN 121-130 BMP-7 oblasts in vitro
Increased ALP activity in
CCCKVGKACCVPTKLSPIS- 68-87 BMP-9 mouse preosteoblasts in 1 day 218]
VLYK
of culture
Preosteoblasts osteogenic differ-
RKVGKASSVPTKLSPISILYK 68-87 BMP-9 entiation and matrix minerali- [187]

zation in vitro

Note: Results from studies demonstrating an osteoinductive effect of peptides highlighted with
an asterisk should be interpreted with some caution due to the contradictory opinions and the
scarcity of relevant in vivo and clinical trials reporting the effectiveness of such mimetic peptides.
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In addition to adhesive peptides, short sequences derived from the bioactive domains of
several growth factors have been proposed to meet some issues related to the use of full-
length growth factors. In clinics, growth factors are often used in supraphysiological
doses to reach the therapeutic level; i.e. to induce bone regeneration. This is due to their
short half-life as well as their diffusion away from the site of regeneration. Consequently,
undesired ectopic bone formation has been reported in several clinical cases [106] [108].
BMP-2 and BMP-7 mimetic peptides are, of course, the most investigated sequences as
their full-length proteins have gained a particular interest for clinical use. Several peptides
derived from the knuckle epitopes of human BMPs have been recently designed and as-
sessed for their osteogenic activity (Table 1). The first well-documented study highlight-
ing the osteoinductive potential of BMP peptides was performed by Suzuki et al. in 2000.
They conjugated a mimetic peptide, derived from the knuckle epitope of human BMP-2
(68-87 residues), to alginate hydrogels through the interaction of activated alginate car-
boxyl groups and the Nterminal Serine amino acid of the peptide. BMP-2 modified-alginate
hydrogels promoted the recruitment of osteocalcin-positive osteoblasts and induced ec-
topic calcification of rat calf muscle in vivo after 8 weeks [171]. Few years later, Saito et
al. [206] developed a slightly different BMP-2 peptide sequence, corresponding to 73-92
residues. Similarly, Alginate hydrogels containing BMP-2 peptide, implanted in the same
animal model, induced prolonged ectopic bone formation for up to 7 weeks [207]. In
vitro, this peptide was shown to interact with BMPR-1 and BMPR-2 receptors, leading
to elevated ALP activity in mousse MSCs [206]. Subsequently, the same group revealed
that BMP-2 peptide combined with either polymeric and ceramic materials effectively
induced new bone formation in tibial bone defects created in small animals [208] [219].
In addition, they observed further enhancement and acceleration of new bone formation
when BMP-2 modified-polymers were loaded with MSCs [219]. While these studies
clearly evidenced BMP-2 (residues 73-92) effectiveness in inducing osteogenesis both in
vitro and in vivo, Kloesch et al. [220] reported contradictory results both in vitro and in
vivo. They demonstrated that BMP-2 peptide was not able to induce osteogenic differen-
tiation in mouse myoblast cell line (C2C12) after 5 days of culture in vitro. In vivo, BMP-
2/collagen scaffolds implanted in the back muscle of Sprague—Dawley rats led to poor
ectopic bone formation for up 4 weeks. The conflicting outcomes may due to the differ-
ence in materials (alginate vs. collagen) and BMP-2 doses (75 pg vs. 50 pg) used by Santo
[206] [207] and Kloesch [220].
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It is likely that the reader will notice that in vivo studies presented above are somewhat
beyond the scope of this subsection [V.1.3. Biochemical surface modification] since in

the aforementioned examples, BMP-2 peptides were used to modify, not only the surface,
but also the bulk material. This is due to the lack of in vivo studies focused on the modi-
fication of material surfaces with osteoinductive mimetic peptides. One of the few exam-
ples highlighting the biological relevance of BMP-2 modified material surfaces was car-
ried-out by Seol et al. [221]. In this study a novel peptide containing the sequence
DWIVA (residues 30-34), which corresponds to both wrist and knuckle epitopes of BMP-
2, was either adsorbed or covalently linked to titanium surfaces through a silane coupling
agent. In vitro, MC3T3-E1 preosteoblasts proliferation and alkaline phosphatase activity
peaked on BMP-2 grafted surfaces at different time points during 4 weeks of cell culture.
In vivo, BMP-2 grafted titanium surfaces promoted higher new bone formation and rapid
bone maturation, as compared to control materials, in 3x3x5 mm? canine mandibular bone
defects, after 4 weeks [221]. Subsequently, the same group examined whether the modi-
fication of osteoconductive material surfaces with DWIVA containing peptide enhances
osteogenesis. Throughout a set of in vivo assays, authors reported that the coating of
deproteinized cancellous bovine bone mineral (BBM) surfaces with DWIVA peptide in-
duced ectopic calcification in New Zealand white rabbits [212] and significantly en-
hanced new bone formation in rabbit calvarial defects [213] and in one-wall [214] and
three-wall [215] intrabony defects in beagle dogs.

In another study, Lin et al. modified the BMP-2 peptide, developed by Saito et al. [206],
by adding polyaspartic acid (DDD) and phosphorylated serine amino acid (SIP°4) to cre-
ate the sequence SIPO4KIPKASSVPTELSAISTLYLDDD (designated as P24) [209]. The
incorporation of these residues at the terminal amino-acids of BMP-2 peptide is thought
to promote apatite nucleation and enhance mineralization. P24 peptide was conjugated to
poly(lactic-co-glycolic acid) (PLGA) copolymer through PEG-aspartic acid spacer. In
vitro, PLGA polymers bearing P24 peptide were shown to induce higher levels of ALP
activity and ECM mineralization in rat MSCs in the presence of osteogenic differentiation
medium, as compared to controls. In vivo, the subcutaneous implantation of P24-PLGA
materials in rats promoted ectopic bone formation, as demonstrated by radiographic and
histological examination, western blotting and mMRNA expression of type | collagen and
OPN [209]. More recently, Poh et al. demonstrated that the covalent immobilization of
BMP-2 peptide on cobalt-chromium surfaces led to two-fold higher ALP activity and
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four-fold higher mineral deposition in MC3T3-E1 preosteoblast cells, as compared to un-
treated surfaces [222]. Although, the authors have proposed BMP-2-cobalt chromium
materials as potential candidate in orthopaedic surgery, no subsequent investigations us-
ing the underlying material were found.

In summary, Figure 13 recapitulates some of the most important findings on BMP-2 in
biology and materials science during the last two decades.
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Figure 13: Time-line showing few of the most important findings on BMP-2 in biology (in red)
and in material sciences (in blue) [223].

Besides BMP-2 peptides, other peptide sequences derived from the knuckle epitope of
several BMPs have been developed by our group and others. In particular, BMP-7 [187]
[217] [216] and BMP-9 [187] [218] mimetic peptides are the most investigated ones for

their osteoinductive potential both in vitro and in vivo.
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1.3.2. Integrin ligands and growth factors crosstalk

Cell adhesive ligands and growth factors are not independent systems for modulating os-
teogenic differentiation since compiling evidence highlights to the existence of a bidirec-
tional crosstalk between many growth factor receptors and integrins [224]. Lai and Cheng
reported increased expression of B1 integrin subunits and avfBs, avPs, ovPe and onPs integ-
rins at the surface of human osteoblasts, in the presence of BMP-2 protein. In addition,
they demonstrated that blocking av integrins, using L230 antibody, inhibited BMP-2 in-
duction of matrix mineralization [225]. Drevelle et al. revealed that mouse preosteoblasts
MC3T3-E1 grown on polycaprolactone (PCL) surfaces functionalized with RGD con-
taining peptide respond to BMP-2 through Smads pathway, while those cultured on PCL
surfaces functionalized with scrambled RGD (negative control: RGE containing peptide)
did not [202]. BMPs mimetic peptides have also been investigated for their capacity to
act synergistically with cell adhesive peptides on enhancing MSCs and progenitor cells
differentiation towards the osteoblastic lineage. Marquis et al. examined the crosstalk of
BMP-9 peptide with different cell adhesive peptides. On polystyrene (PS) dishes coated
with DGEA containing peptide, a type I collagen derived peptide, BMP-9 failed to in-
crease ALP activity in mouse preosteoblasts, while on PS coated with RGD containing
peptide, ALP activity was significantly enhanced in the presence of BMP-9, as compared
to untreated or DGEA surfaces [226]. Cell adhesion was mediated through oy and Bz in-
tegrin subunits on RGD surfaces and only by B integrins on GDEA surfaces within 24 h.
It is important to mention that in this study DGEA and RGD peptides were adsorbed on
PS surfaces [226]. In addition, in the last three studies discussed above (Lai and Cheng,
Drevelle et al., and Marquis et al.), BMPs were added in its soluble form to the cell culture
media.

He et al. grafted BMP-2, developed by Saito et al. (2003), solely or in combination with
RGD peptide on poly (lactide-co-ethylene oxide-co-fumarate) (PLEOF) by click chemis-
try. They found that RGD and BMP-2 peptides, solely grafted, induced similar extent of
ALP activity and ECM mineralization in rat MSCs cultured in osteogenic differentiation
medium. However, when the peptides were co-grafted, they acted synergistically to en-
hance MSCs osteogenic differentiation [227]. More recently, the same group added to
their previous cell culture model a third peptide, OPD, corresponding to residues 162—

168 of osteopontin protein, which is known to influence vasculogenesis [228]. First, RGD
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peptide was conjugated to PLEOF hydrogels, and then BMP-2 and OPD were simultane-
ously grafted through alkyne and aldehyde moieties, respectively. Rat MSCs were cul-
tured on RGD, RGD+BMP-2 or RGD+BMP-2+0ODP hydrogel surfaces in osteogenic dif-
ferentiation medium supplemented with vasculogenic factors. At 28 days, RGD+BMP-
2+0ODP hydrogels triggered the highest levels of ALP activity, OPN and OCN mRNA
expression and ECM mineralization. In addition, the expression of vascular markers such
as PECAM-1, a-SMA and VE-cadherin was mediated with both BMP-2 and OPD pep-
tides. Therefore, this study evidenced that the three peptides (RGD + BMP2 + OPD) acted
synergistically to provide a suitable microenvironment for concomitant MSCs osteogen-
esis and vasculogenesis [228].

In a similar work, Moore and al. tested the combinatory effect of RGD and BMP-2 pep-
tides on MSCs osteogenic differentiation, but in the absence of soluble osteogenic sup-
plements in the medium. Human MSCs were cultured for 21 days on glass surfaces con-
jugated with RGD and/or BMP-2 or RGD+BMP-2, using alkyne-SAMs. On dually
grafted surfaces, a synergistic enhancement of human MSCs was noticed, as revealed by
an increase of BSP expression and the appearance of ECM mineralization markers. inter-
estingly, they demonstrated that BMP-2 induced hMSCs osteogenic differentiation at a
density ranging from 80 to 120 pmol/cm? when solely grafted, however on bifunctional-
ized, a density of 65 pmol/cm2 of BMP-2 peptide was sufficient to induce osteogenesis
[229].

Durrieu group has recently developed several mimetic peptides containing the knuckle
epitope of BMP-2 (residues 73-92), BMP-7 (residues 89-117) and BMP-9 (residues 68—
87). These mimetic peptides, containing the same number of amino acids, were identified
by selecting the region of BMP proteins capable of interacting with their receptors, using
crystallographic studies [187]. To evaluate their biological relevance, each peptide was
jointly grafted with RGD peptide on oxidized poly (ethylene terephthalate) (PET) by car-
bodiimide chemistry. The differentiation of murine pre-osteoblastic MC3T3-E1 cells on
the different peptide modified surfaces was assessed in growth medium after 24 h and 72
h. The dual peptide grafting; i.e. RGD+BMP-2, RGD+BMP-7, RGD+BMP-9, signifi-
cantly enhanced the expression of both early and late osteogenic differentiation markers
(Runx-2, BSP, OPN) after 24 h, as well as the expression of genes encoding bone ECM
proteins and growth factors (OCN, BMP-2, TGF-b1 and VEGF) [187]. Subsequently, the
extent of ECM matrix mineralization was evaluated after 5 days of culture in osteogenic

medium, using VVon Kossa staining. Much more significant mineralization was observed

46



on bifunctionalized surfaces, than on control PET or RGD surfaces. In addition, enhanced
osteogenic differentiation of MC3T3-E1 cells was observed on BMP-2 surfaces as com-
pared to BMP-7 and BMP-9 surfaces [187]. In a subsequent study, the same group re-
ported that changes in cytoskeleton network play an important role in regulating the dif-
ferentiation of osteoblast precursor into mature osteoblasts through RGD/BMP-2 cross-
talk [211]. Together, these studies suggest that a synergistic effect on hMSCs osteogenic
differentiation could be obtained when integrin binding proteins and growth factors or
their mimetic peptides are used jointly. Further details about ligands crosstalk signaling

pathways are provided in [Results and discussion, study I and 111].

Although osteoinductive mimetic peptides have proven to effectively induce osteogenic
differentiation in vitro and new bone formation in animal models, they are not clinically
used as an alternative to growth factors. This is partially due to the limited availability of
data on structure and function of morphogenic peptides in physiological medium, partic-
ularly in tissue-engineered scaffolds.

1.4. Physical surface modification

Physical cues are as crucial as biochemical cues in directing cell behavior. Matrix stiff-
ness is an external biophysical cue that cells perceive and interpret via the initiation of
mechanotransduction cascades, which convert physical cues to biochemical signaling
[230]. Within the human body, an abnormal alteration of ECM stiffness may result in
severe diseases such as Duchenne muscular dystrophy [231] [232]. Unlike, tissue culture
plastic, natural and synthetic materials can be produced with fine-tuned mechanical prop-
erties, hence their extensive use in investigating the effect of matrix stiffness on MSCs
fate, in vitro [233] [230] [231] [234]. One early demonstration of the influence of matrix

stiffness on cell behavior goes back several decades, where it has been shown that mouse
mammary epithelial cells grown on soft collagen exhibited higher differentiation poten-
tial than those seeded on tissue culture plastic [235]. These preliminary observations were
confirmed more recently in several instances. In an elegant study, hMSCs acquired func-
tions and morphological patterns of distinct tissue-specific cells when exposed to poly-
acrylamide gels with different stiffnesses [236]. Indeed, after one week of culture in iden-
tical growth medium, the morphology of hMSCs cultured on soft substrates, mimicking
the stiffness of brain (0.1-1 kPa), was close to neuronal-like cells morphology and those
cultured on harder substrates, mimicking muscle stiffness (8-17 kPa), were similar in

shape to C2C12 myoblasts, whereas the hardest matrices, mimicking collagenous bone
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matrices (25-40 kPa), yielded polygonal MSCs similar in morphology to osteoblasts.
Furthermore, early neuronal, myogenic and osteoblastic markers were expressed in each
condition respectively [236]. Similarly, material stiffness has been shown to modulate
MSCs adipogenic differentiation. Huebsch et al. investigated mouse MSCs differentiation
in response to RGD modified alginate gel substrates of different stiffnesses, ranging from
2.5 to 110 kPa [237]. Osteogenic commitment was observed primarily at intermediate
stiffness (11-30 kPa) with the expression of osteogenic markers such as OPN and OCN,
whereas adipogenic lineage was predominant in softer substrates (2.5-5 kPa), as revealed
by the expression of adipogenic markers, such as peroxisome proliferator-activated re-
ceptor gamma (PPAR-y) and adiponectin (Adn). Interestingly, authors evidenced that
MSCs feel the stiffness of their microenvironment by regulating integrin binding affinity
and adhesion ligands reorganization on the nanoscale [237]. In fact, significant decrease
in osteogenesis and enhancing in adipogenesis was observed by blocking the binding of
RGD peptide to as integrins [237].

In another study, Winer et al. tested the effectiveness of matrix stiffness on maintaining
the stemness character of stem cells [238]. They reported that hMSC stopped progression
through the cell cycle, despite the presence of serum, when grown on 250 Pa polyacryla-
mide substrates that mimic the stiffness of bone marrow tissues. However quiescent
hMSCs started to proliferate when transferred to stiff substrates and underwent adipo-
genic or osteogenic differentiation in the presence of induction medium [238]. Similarly,
Li et al. successfully maintained human embryonic stem cells (RESCs) in their stemness
state by manipulating the polymer stiffness and the density of tethered RGD ligand. They
reported that hESCs remained viable, maintained their native morphology and expressed
the markers of undifferentiated hESCs for up to 5 days [239].This study provides valuable
insights that can be taken into consideration in biomaterials design since the maintenance
of stem cells multipotency ex vivo remains a real challenge.

As highlighted in the previous sub-section, we have demonstrated that biochemical cues
(RGD and BPM-2 mimetic peptides) act in a synergistic manner on enhancing hMSCs

and preosteoblasts osteogenic differentiation [185] [187] [211]. Similarly, Durrieu group

has investigated whether biochemical and mechanical cues can act synergistically to reg-
ulate hMSCs osteogenic differentiation [210]. RGD and BMP-2 mimetic peptides were
grafted separately onto poly (acrylamide-co-acrylic acid) (pACAA) surfaces of various
stiffnesses ranging from 0.5 to 70 kPa through carbodiimide chemistry. On RGD func-

tionalized pACAA surfaces, hMSCs commitment was stiffness-dependent, as evidenced
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by hMSCs myogenic and osteogenic commitment at 13-17 kPa and at 45-49 kPa, respec-
tively, after 96 h of culture. However, on BMP-2 modified-pACAA surfaces, hMSCs
differentiated along the osteogenic lineage regardless the matrix stiffness, when it was
higher than 13 kPa. In contrast, BMP-2 failed to induce osteogenic differentiation on very
soft substrates (0.5-3.5 kPa). Interestingly, further investigations from this study revealed
that on very soft gels, the effect of mechanical cues resulted in a particular reorganization
of actin fibers cytoskeleton, which was not favorable for the activation of BMP-2-medi-
ated Smads pathway. One plausible explanation of the underlying cellular behavior is that
hMSCs perceived a weak mechanical feedback from the very soft hydrogels, which re-
sulted in an inappropriate integrins distribution and clustering, and therefore inadequate
cell spreading and cytoskeleton reorganization and contractility. Indeed, it is currently
well-established that integrins and actin-myosin machinery are essential in directing
MSCs commitment and differentiation towards the osteoblastic lineage [240] [241] [242].

Soon later, Ding’s and Mooney’s groups highlighted the interplay between mechanical
and biochemical cues [240] [243], which supports the findings reported by Durrieu team.
Although these studies and others confirm unambiguously the effect of matrix stiffness
on cell adhesion [244] [245], migration [246], proliferation [247] and differentiation
[236] [237] [210] [244], these findings were not persuasive for all researchers working

on this issue. For example, Trappmann and co-workers criticized the fact that Engler and
colleagues [236] as well as other groups ascertained the effective influence of matrix
stiffness on stem cell differentiation without decoupling the underlying effect from that
of biochemical cues (such as tethered proteins on biomaterials, used as cell adhesion lig-
ands). On the basis of a series of extensive experiments, Trappmann et al. argued that
matrix stiffness could not be the key factor itself, but affected stem cell fate through the
modification of the surface chemistry (ligands density and distribution) upon the variation
of matrix stiffness [248]. They found that polyacrylamide (PA) hydrogels of the same
stiffness, but exhibiting different crosslinker concentrations, induced different cellular re-
sponses. In addition, stiff PA hydrogels with lower crosslinker density induced similar
MSCs behavior, as compared to that observed by Engler [236] on soft PA hydrogels.
Moreover, they reported that varying the anchoring point distance for collagen, without
altering matrix stiffness, led to cell behavior typically found when cells were cultured on
PA substrate of different stiffnesses [248]. Together, these findings clearly associate the
triggered cellular responses to the mechanical feedback of tethered proteins, instead of

matrix stiffness. However, two years later, Engler group published an elegant study
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where they defended their viewpoint by stating that “differentiation does not depend on
tethering” [249]. Therefore, the precise mechanism of how cells sense the substrate me-
chanical properties is still under debate and two main concepts have been proposed in the
literature. First, Engler and colleagues have put forward the influence of matrix stiffness
in dictating stem cell fate by providing direct evidence that the mechanical feedback from
PA substrates themselves regulate MSCs fate determination independently of surface
chemistry [236] [249]. The second concept, established by Trappmann et al., highlighted
that PA stiffness-induced MSCs differentiation is modulated through the mechanical
feedback of tethered ECM proteins, such as collagen [248]. Although, significant differ-
ences have been reported from these two groups, both of them recognized that MSCs
sense mechanical cues applied from their surrounding through integrins. The latter, along
with actin-myosin cytoskeleton-based contractile mechanism, play a key role in directing
stem cell fate in response to matrix stiffness.

Following this controversy, a novel class of polymers has been recently introduced, of-
fering the advantage of varying the stiffness and ligand density independently. Such ma-
terials provide a reliable tool to decouple the effect of matrix stiffness from that triggered
by surface chemistry, which will contribute to a clear and robust interpretation of mech-
anotransduction mechanisms [239] [240] [243] [250].

As an important conclusion from these studies is that both mechanical and biochemical

cues are effective modulators of stem cell fate and they may act independently or jointly.
Nevertheless, it is still difficult to mimic the mechanical properties of the native ECM, in
vitro. Therefore, an in-depth understanding of specific or combinatorial effects of ECM
properties may significantly contribute to new biomaterial designs, in order to precisely

target and potentiate the desired cell response.
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1.5. Topographical surface modification

Besides controlling MSC fate by applying the aforementioned surface modification strat-
egies, surface microstructuration, by creating ordered or disordered topographies, has cur-
rently generated a great interest in bone tissue engineering application owing to the high
sensitivity of cells to such stimuli [251] [252]. Nowadays, it is well-established that al-
tering the surface topography of biomaterials affect early cell responses such as cell ad-
hesion, spreading and migration, by modulating cell integrins distribution and clustering
as well as cytoskeleton reorganization, which in turn regulate more complex cellular func-

tions such as cell fate determination [251] [253] [254]. It is also though that topographical

cues alone can trigger the same effect as biochemical signals. One simple reason of the
biological relevance of topographically structured materials is their resemblance to the
native ECM from a structural perspective. Topologically, ECM consists of a heteroge-
neous mixture of nano- and micro-sized structures, such as pits, pores, ridges, protrusions,
crystals and fibers [255] . Typically, the ECM acquires its architecture from the folding
or bending of nanoscale topographies to create microscale topographies and even mac-
roscale structures. As highlighted at the beginning of this literature review, bone tissue is
a pertinent example that perfectly illustrates this high hierarchical organization over dif-
ferent length scales (Figure 3). As another example, the ECM of human thick skin der-
mis, examined by scanning electron microscope (SEM), exhibits topographical features
spanning several length scales (Figure 14) [256]. At the millimeter scale, the ECM con-
sists of alternating wide and narrow grooves, called primary and secondary grooves, re-
spectively. The bottoms of primary grooves are smoother than those of secondary
grooves, and these grooves are separated by ridges. Each ridge is composed of submilli-
meter to several hundred micron finger-like projections, termed dermal papillae. The sur-
face of dermal papillae is covered by folds and pores of approximately 10 microns in
dimension. At the nanometer scale, folds consist of dermal collagen fibrils (60-70 nm in
diameter) that form a loose honey comb-like network. Further characterizations of the
ECM topographical features have been performed on tissue and organs often harvested
from animals, including pig aortic heart valve basement membrane [257], rat small intes-
tine ECM [258], canine corneal basement membrane [259] and macaque bladder base-
ment membrane [260]. Therefore, fundamental knowledge on the native ECM topogra-

phy provides a rational basis for a finely-tuned design of biomimetic material surfaces.
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Figure 14: Hierarchical structure of human thick skin dermis surface over different length
scales, from millimeter to micron range (Magnification: (A) 20x, (B) 130x, (C) 260x, (D)
1,040x, (E) 2,800x) [256].

One of the key approaches applied to create topographies onto biomaterials is surface
roughening. Altering the surface roughness of orthopaedic implants has gained consider-
able interest as tool to enhance their osseointegration. Albrektsson and Wennerberg clas-
sified the implant surfaces as smooth (0.0-0.4 pm), minimally rough (0.5-1.0 um), mod-
erately rough (1.0-2.0 um) and rough (>2.0 um) [261]. It has been shown that increasing
the surface roughness at both the nanometer and micrometer scale is beneficial for bone
cells interactions with biomaterial surfaces. However micro- and nano-rough surfaces en-
hance bone cells responses through different ways.

Micro-roughening elicits an increase in the overall area and irregularities on the bio-

material surface, which facilitates bone cells attachment and adhesion [262]. Conse-
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quently, this may promote new bone formation at the interface bone/implant, thus allow-
ing increased bone-to-implant contact and better implant mechanical integrity [263]. On
the other hand, nano-roughening leads to higher surface energy as compared to very
smooth surfaces [262]. However, the surface energy effect on bone cells behaviors is still

under debate, as highlighted in the sub-section [V.1.1. Physicochemical surface modi-

fication]. It is also thought that bone cells perceive and respond to nano-rough surfaces
because such surfaces replicate the nanostructured organization of bone tissue ECM
[264].

Actually, the literature provides plentiful information about the positive effects of surface
roughening on inducing osteogenesis. For instance, it has been reported that osteoblasts
on micro-rough surfaces secreted various factors responsible for their maturation such as
osteoprotegerin (OPG), receptor activator of nuclear factor kappa B ligand (RANKL) and
TGF-B1, while osteoclast formation and activity decreased [265]. In vivo, various ortho-
paedic implants with micro-rough topographies -generated by different surface modifica-
tion methodologies such as blasting, etching, blasting/etching, plasma spraying and oxi-
dation- exhibited stronger integration to bone, as compared to smooth implant surfaces
[266]. It has also been suggested that an average roughness (Ra) of material surfaces
ranging from 1 to 2 um is optimal for bone/implant interactions [267]. At the nanometer
scale, various studies have also proven the effectiveness of on nanostructured materials
on enhancing bone cells functions, including cell adhesion and ECM synthesis and min-
eralization, when compared to conventional materials [262] [264].

Although the positive biological effect of altering the surface roughness has been reported
in in several instances, other investigations have failed to confirm the effect of nano- and
micro-rough surfaces on MSCs proliferation, differentiation and ECM mineralization
[268]. In addition, clinical trials, reported in several systematic reviews, were not able to
evidence any positive effect of increasing surface roughness on implant osseointegration.
Esposito et al. have reported, in the last Cochrane review, results from 1512 participants
and 3230 dental titanium implants [269]. They have concluded that implants with smooth
surfaces had a 20% reduction in risk to be affected by peri-implantitis (bone loss) than
implants with rough surfaces after 3-year follow-up. Therefore, it remains difficult to
draw an appropriate surface roughness profile for orthopaedic implants. This is partly due
to the multiplicity of roughening protocols and the lack of a standard procedure to evalu-
ate the surface topography, which makes the comparison of values from one study with

another an almost task [267]. Furthermore, it should be not neglected that procedures for
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altering the surface roughness may lead to changes in the surface chemistry and wettabil-
ity, therefore the evaluation of the biological effect of the surface roughness inde-
pendently from other factors is challenging [266].

Besides surfaces roughening, topographical patterning, which consists of designing reg-
ular and well-defined topographies on material surface, represents a powerful tool to de-
construct the complexity of the native ECM and replicate one or a combination of its
features on model materials in vitro. The introduction of topographical patterning tech-
nology, along with super-resolution microscopy to assess the native ECM topography,
have offered a unique opportunity to elucidate mechanisms by which MSCs regulate their
fate decision in response to topographical cues. One demonstration of the ability to re-
produce ECM topographical features in vitro has been reported by Pfluger et al., where
the complex topography of pig small intestinal basement membrane was precisely repli-
cated (Figure 15). Indeed, they were able to mimic villus (100-200 um in height & 50-
150 pm in diameter), crypt (20-50 pm in diameter), and pore (1-5 um in diameter) of the
basement membrane [270].

Figure 15: Precise replication of pig small intestinal basement membrane using plasma
enhanced chemical vapor deposition (CVD) of poly(2-hydroxyethyl methacrylate)

P(HEMA) [270].
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So far, a series of micro- and nanofabrication techniques have been developed to engineer
topographically structured material surfaces [271]. Photolithography and microcontact
printing are the most popular methods to create microscale features with controlled ge-
ometry, dimension and periodicity on 2D materials, including grooves, posts and pits.
Using these techniques, topographical micropatterns could be generated on both organic
and inorganic materials. Organic materials commonly used include silicon, glass and ti-
tanium, while organic materials include poly(dimethylsiloxane) (PDMS), polystyrene
(PS), poly(methyl methacrylate) (PMMA), polycarbonate (PCL) and poly(ethylene gly-
col) (PEG) or biodegradable polymers such as PLA, PGA and PLGA [271]. Therefore,
such topographically microstructured materials have been used as cell culture substrates
to investigate the effect of topographical cues on cellular functions, including cell mor-

phology, adhesion, proliferation, migration and differentiation.

Wan et al. evaluated osteoblast-like cells adhesion and proliferation on pits-patterned sur-
faces of polystyrene (PS) and islands-patterned surfaces of PLLA of 2.2 um in diameter.
They suggested that cell adhesion could be enhanced on both micropatterned surfaces, as
compared to unpatterned surfaces. On micro-scale islands, cells adhered along the sur-
face, while on micro-scale pits cells were located inside the holes. Osteoblast-like cells
proliferated in similar trend on micropatterned and unpatterned surfaces [272]. Zinger et
al. studied human bone-derived cells (MG63 cells) behavior on titanium surfaces with
hexagonal cavities of 10, 30 and 100 um in diameter. Cells were not able to recognize 10
pm diameter cavities but colonized both 30 and 100 pm cavities and exhibited a three-
dimensional shape only on 30 um cavities. Additionally, cells exhibited dense focal con-
tacts and actin cytoskeleton on all micropatterned surfaces, as compared to unpatterned
surfaces [273]. In this study, the authors suggested that cells sense and respond to topo-
graphical micropatterns exhibiting at least their own size, since MG63 cells -of approxi-
mately 30 um in size- recognized 30 and 100 um cavities but not 10 um cavities. In
another study, Hamilton and al. investigated the effect of micropatterns of different ge-
ometries and dimensions on bone cells differentiation and ECM mineralization both in
vitro and then in vivo. Osteoblasts isolated from rat calvaria (RCOs) were seeded on
micropatterned silicon surfaces with trapped pits and inverted pyramids. Patterns depth
ranged from 30 pum to 120 um while patterns pitch was varied from 185 pum to 280 pm.

In vitro, osteoblasts were shown to be highly migratory, adherent and surrounded by a
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mineralized ECM on all micropatterned surfaces. However, mineral deposition was sig-
nificantly higher on trapped pits-patterned surfaces of 120 um depth and 280 pum pitch
(120TPs280) after 2 weeks. At 4 weeks, some 120TPs280 were completely filled with
mineral. Consistent with in vitro results, in vivo experiments revealed greater bone for-
mation and mineralization on 120TPs280 after 8 weeks [274]. The same group examined
the behavior of the same cell type, RCOs cells, on another type of micropatterns, shaped
as open square boxes or pillars. Dimensions of open square boxes were varied from 34x34
pum to 65x65 pum in width and fixed at 4 and 10 um in height. Pillars were separated by a
repeated spacing of 20 um and their height was 4 or 10 um. Compared with smooth sur-
faces, both micropatterned surfaces affected osteoblasts adhesion, proliferation and mi-
gration at short time points (<1 week) and enhanced matrix synthesis and mineralization
at longer time intervals (2-6 weeks) [275]. Ghibaudo et al. also confirmed the underlying
effect of pillar micropatterns, as they reported that cells gradually appeared similar in
morphology to that cultured on smooth surfaces, as pillars became shorter [276].

Grooves and ridges are among the most studied topographical features as they exert a
strong effect on cells, known as contact guidance [277]. This means that cells, when cul-
tured on such structures, align and elongate along the major axis of grooves. Grooves
dimensions; i.e. their width and depth greatly affect the degree of cell alignment and elon-
gation [271] [277]. Lu and al. engineered hydroxyapatite micro-grooves of different
width (8 and 24 um) and depth (2, 4 and 10 um) on silicon substrates. They demonstrated
that grooves of 8 um in width had a strong orientation effect on both osteoblast and my-
oblast cells, as revealed by well-aligned cells in the direction of grooves axis. Larger
grooves (24 pum in width) strongly influenced myoblasts but not osteoblasts. Grooves
depth also affected osteoblasts and myoblasts behavior, however cell alignment and ori-
entation were higher on grooves with intermediate depth (4 um) as compared to grooves
of 2 um and 10 um depth [278]. Lopez-Bosquerat et al. performed a comparative study
between the effect micro- and nano-sized topographies on the contact guidance. PMMA
substrates were used to created micro-sized channels (10 um width, 500 nm depth, 10 um
spacing) and nano-sized channels (200 nm width, 100 nm depth, 200 nm spacing). Results
showed that rat MSCs (rMSCs) aligned along the direction of both nano- and micro-scale
channels and no difference in term of cell density was observed between these substrates.
However, compared to nano-channel substrates, rMSCs cultured on micro-channels ex-
hibited larger morphology, as evidenced by smaller elongation and higher surface area.

Cell migration also exhibited different profiles between the underlying substrates, since
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rMSCs exhibited persistent spreading and stable cell morphology on micro-channels,
while on nano-channels cells had tendency to spread, align, stretch and retract, repeating
this pattern along the direction of channels. Interestingly, rMSCs maintained the same
behavior even when micro- and nano-structured surfaces were pre-coated with fibron-
ectin, meaning that topographical features effect was not hindered by the presence of bi-
ochemical cues [279].

Topographical micropatterns have also been used to direct MSCs fate. Recently, a ran-
domized topographical biomaterials library, designed from mathematical algorithms, was
applied in vitro to screen 2,176 topographies in order to unravel which induce hMSCs
proliferation or osteogenic differentiation [280]. Fu et al. have focused on determining
the role micropatterns height on directing hMSCs osteogenic differentiation. PDMS tem-
plates were used to create pillars of different heights (0.97 to 12.9 um) with constant
diameter (1.83 um) and spacing (4 um). On shorter micropillars (0.97 um), hMSCs were
well-spread with highly organized actin fibers and large focal adhesion (FA), and ex-
pressed elevated levels of osteogenic markers. Conversely, hMSCs grown on taller mi-
cropillars (12.9 um) exhibited round morphology, disorganized actin filaments, small FA
as well as an adipogenic phenotype, as confirmed by the formation of lipid droplets [281].
Guvendiren and Burdick investigated the effect of micropatterns shape on MSCs com-
mitment and differentiation. hMSCs were grown on microstructured poly (2-hydroxy-
ethyl methacrylate) (pHEMA) hydrogels that have the particularity of spontaneously
forming lamellar or hexagonal wrinkles upon swelling. They found that hMSCs, attached
to lamellar wrinkles, were well-spread, exhibited high aspect ratio, whilst taking the shape
of the pattern. In contrast, cells attached inside the hexagonal patterns remained round
with low spreading. Subsequently, hMSCs were cultured for 14 days in 1:1 osteogenic/ad-
ipogenic mixed media. Results showed that 91% of cells were positive to ALP staining
on lamellar patterns, followed by 74% on flat hydrogels and 61% on hexagonal patterns.
On the other hand, 9% of cell were positive to oil droplet staining on lamellar patterns,
followed by 26% on flat hydrogels and 39% on hexagonal patterns [282]. In the same
context, Wei et al. al examined the influence of micropatterns width on MSCs osteogen-
esis. They created circular polyvinyl alcohol (PVA) patterns exhibiting three different
diameters (40, 60, 80 um) on polystyrene substrates. AMSCs exhibited the greatest degree
of spreading and actin cytoskeleton contractility on the largest micropatterns (80 um). In

osteogenic and adipogenic medium, a monotonic trend of hMSCs differentiation with the
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pattern size was observed. In fact, after 21 days of osteoinduction, the percentage of os-
teogenic differentiation of hMSCs was 17.5%, 40.2% and 53.9% on micropatterned sur-
faces with 40, 60 and 80 um circles, respectively. After 7 days of adipogenic induction,
the percentage of adipogenic differentiation was inversely correlated to the pattern size,
leading to 45.3%, 26.3% and 14.7% of differentiated cells on micropatterns with 40, 60
and 80 um circles, respectively. This study highlights the importance of cell spreading
extent and actin cytoskeleton contractility in guiding MSCs fate decision [283]. In another
study, Seo et al. evaluated the osteogenic effect of lattice micropatterns, fabricated on
PDMS substrates, on murine MSCs (mMSCs). Lattice micropatterns exhibited different
widths, ranging from 0 to 8 um, but constant height of 1 um. the distance between lattice
micropatterns was 2 um. Enhanced mMSCs osteogenic differentiation was noticed with
the increase of micropatterns width, when comprised between 0 and 3 um. indeed, mi-
cropatterns of 3 pm in width led to the highest levels of ALP after 6 days and type |
collagen and OCN after 12 days. Conversely, micropatterns of width ranging from 4 to 8
um slighted affected the expression of osteogenic markers[284]. The same group per-
formed an another interesting study, where they tried to shed light on signaling pathways
triggered following the interaction of MSCs with topographical micropatterns. They
found that mMSCs exhibited higher FA maturation, actin cytoskeleton polymerization
and focal adhesion kinase (FAK) phosphorylation when cultured on lattice micropat-
terned surfaces, as compared to unpatterned substrates. In addition, they evidenced that
the underlying events were regulated by RhoA/ROCK pathway [285].

Taken together, these studies suggest that focal adhesion, actin cytoskeleton tension and
RhoA/ROCK pathway are involved in directing MSCs differentiation into osteoblast lin-
eage. Other signaling pathways have been proposed as potent regulators of topography-
mediated osteoblast differentiation, such as the mitogen-activated protein kinase (MAPK)
pathway [286]. However, the exact mechanism by which topographical features guide
MSCs fate determination is yet to be fully understood.

Overall, the studies presented here provide clear evidence of the potency topographical
cues in dictating multiple cell response, thereby such cues should be considered upon the

design of biomaterials for stem cell research and bone tissue engineering applications.
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1.5. Chemical surface patterning

The difference between topographical and chemical surface patterning is that the first
approach aims to modify the surface structure of the material itself by creating ridges,
grooves, pores, pits...etc, while the second approach consists of presenting moieties, pro-
teins and growth factors on material surfaces in a spatially controlled manner. In contrast
to topographically patterned surfaces, specifically at the microscale level, chemically pat-
terned surfaces induce slight changes in the physical parameters of the material surface
(surface roughness for example), with respect to unpatterned surfaces. Within stem cell
niches, known as the natural stem cell microenvironment that ensure cell survival and
functions, physical cues -such as topography and stiffness- and biochemical cues -such
as proteins and growth factors- as well as cell cues overlap to regulate stem cell fate,
hence the complexity of delineating their individual contributions [287] [288].

The introduction of microfabrication techniques that permit the functionalization of ma-
terial surfaces with well-defined chemical patterns of microscale resolution afforded a
unique opportunity to elucidate the role of each effector independently. The most popular
micropatterning technologies used to engineer 2D chemical patterns are those used for
topographical micropatterning; i.e. photolithography and microcontact printing (LCP)
techniques. Alternatively, microtransfer lithography has been recently developed to pre-
pare stable chemical micropatterns on hydrogels under wet environment [289]. The fab-
rication procedure of chemical micropatterns on model materials using uCP and micro-
transfer lithography is depicted below in Figure 16, while the basic principle of photoli-

thography is presented in [Results and discussion, study | and 111]. Other technologies

are also used in microfabrication, such as the computer-assisted laser ablation [290], in-
ject printing [291] and microfluidic patterning [292].

59



w— T b
[— s s—|
Photoresist—>: Gl fIk £k Hff r\: §28
ass
0 Development {)Graﬁ RGD
( :l Invert stamp; bring into @ TG
¢ contact with substrate flass
ﬁ Peel-off
l} Sputter gold
G R PEG
Sold— G|asg ‘ i Glass ydroge
_q___i—-a._-f
Substrate ‘} N {} Polymerization
Peel away PDMS stamp , . M%* PEG-DA
Glass Glass
\Graft linker / Add macromer
111 111 |
_ 5555 «— Linker
Glass

Figure 16: Schematic presentation of two typical micropatterning techniques. (a) Micro-
contact printing (LCP) (adapted from [293]). (b) Microtransfer lithography [294].

This subsection will provide a review of the most pertinent studies based on chemical
patterning of ECM-derived ligands to mediate MSCs osteogenesis through the fine con-
trol of individual cellular events, such as cell morphology, spreading and adhesion at the
microscale level.

The application of microfabrication techniques in biology to manipulate cell adhesion can
be traced back to Carter’s discovery, more than 50 years ago. He observed in a series of
experiments that cells had tendency to accumulate on palladium metal micropatterns in
preference to cellulose acetate micropatterns [295] [296]. However, micropatterning tech-
nology has gained prominence and became accessible to cell biology and biomaterials
laboratories more recently. The well-accepted study as a pioneering work in this topic
was done in cooperation of two Harvard university groups, Whitesides and Ingber groups
[297], using LCP technique introduced by Whitesides group in 1994 [298]. In this study,
cell spreading was restricted on adhesive proteins (fibronectin, vitronectin or type | col-
lagen) microislands, fabricated on gold substrates, to investigate to effect of pattern size
on cell fate. They found that more cells underwent apoptosis on small microislands, ex-
hibiting an overall area of =~ 100 um?. Their conclusion was that the size of adhesive
micropatterns controls cell life and death regardless the type of proteins and integrins

involved in mediating cell adhesion. These findings have motivated several other groups
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to investigate the effect of chemically patterned ECM-derived ligands on nearly all cel-
lular events, including cell adhesion, migration, polarity, growth and mitosis [288].

Ten years following the discovery of the impressive role of geometric cues in controlling
cell life and apoptosis, Lehnert et al. applied the same chemical micropatterning technique
(LCP) to investigate the effect of ligand micro-spacing on cell adhesion and spreading
[299]. Square vitronectin micropatterns with different sizes (0.1-9 pm?) and center-to-
center spacing (1-30 um) were created onto a gold-coated coverslip, through SAMs of
alkanethiolates. Melanoma cells were then cultured on these substrates for 1 h in serum-
free medium, in order to minimize the modification of the substrate pattern due to the
deposition of proteins and growth factors secreted by cells or present in the serum. The
first important element reported in this study was that the micro-spatial distribution of
ECM adhesive ligands drastically affects focal adhesion assembly [299]. In a subtle man-
ner, they were able to localize cells at the border between uniform and micropatterned
vitronectin on the same substrate regions (Figure 17 1-1°). In the cell side adhered on
uniform fibronectin coating, avf3 integrins (vitronectin receptors) were concentrated and
clustered at the cell periphery. On the other side; i.e. on vitronectin micropatterns (1 pm?2
& 5 pm spacing), avps integrin receptors were precisely localized at on the patterns (Fig-
ure 17 1-1°). In another set of experiments, the authors evaluated the effect of the distance
between fibronectin square micropatterns on cell spreading, by varying pattern spacing
from 1 to 30 um (Figure 17 A-1). As long as the spacing between micropatterns was less
than 2 um (center-to-center), cell morphology was similar to that found on homogeneous
fibronectin-coated substrates. At a pattern distance ranging from 5 to 20 um, cells adapted
their shape to the spatial distribution of fibronectin micropatterns. In addition, they
formed actin fibers tension mainly between adjacent micropatterns. When the distance
between micropatterns reached or exceeded 25 pm, cells hardly probed the surrounding
micropatterns, and consequently exhibited limited spreading and more rounded morphol-
ogies [299]. This study provides evidence that cells are highly sensitive to chemically
micropatterned surfaces and adapt their integrins assembly and clustering, cytoskeleton

rearrangement and shape in response to the spatial distribution of ECM ligands.
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Figure 17: Effect of ligand micropatterning on cell behaviors. (1-1”) B3-integrin-GFP
(green) distribution in melanoma cell labeled for actin (red) and grown on vitronectin
(blue) at the border between a uniform and a micropatterned region. (A-I) cell spreading
extent controlled throughout fibronectin micropatterns spacing ranging from 1 to 25 um.
fibronectin and actin fibers were labeled in red and green respectively. (A) homogenous
fibronectin-coated substrates. (B) 0.1 um? fibronectin patterns with 1 pum spacing. (C) 1
pum?2 fibronectin patterns with 2 um spacing. (D-1) 9 um2 fibronectin patterns with spacing
as indicated in the right-hand corner. Scale bar: 10 um [299].
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In the same context, Healy et al. developed chemically micropatterned surfaces to control
the extent of cell adhesion [155]. Rat calvaria bone cells were seeded on line micropat-
terns of N-(2- aminoethyl)-3-aminopropyl-trimethoxysilane (EDS), separated by parallel
line micropatterns of dimethyldichlorosilane (DMS). The width of EDS and DMS micro-
patterns was 50 and 100 pum, respectively. Although cells were randomly distributed over
EDS and DMS micropatterns upon cell plating, they selectively gathered on the EDS
regions within 30 min. Matrix mineralization, assessed after 15 and 25 days of culture by
Von Kossa staining, preferentially occurred on the EDS regions. The authors suggested
that the preferential cell distribution and matrix mineralization was related to the hydro-
philicity of the EDS coating. This favored serum proteins adsorption, thus promoting cell
attachment, spreading, proliferation and the ECM mineralization. They also evaluated
serum proteins adsorption on hydrophobic DMS micropatterns and revealed that the den-
sity and activity of proteins adsorbed on these regions were significantly reduced [155].

In stem cell research, chemical micropatterning techniques have gained interest only very
recently. In 2004, McBeath et al. examined the effect of cell spreading extent on hMSCs
specification into distinct lineages [241]. To manipulate MSCs spreading independently
from other effectors, they used PCP technique to create square microislands of fibronectin
of different sizes (1,024, 2,015 and 10,000) on a cell-repellent background (Pluronic
F108), thus the cell spreading degree was pattern size-dependent. After one week of cul-
ture in a mixed adipogenic/osteogenic medium, an interplay between hMSCs fate and
pattern size was noticed. Osteogenesis, assessed by ALP staining, occurred on large is-
lands, while adipogenesis, evidenced by oil red staining, occurred on relatively small is-
lands. On intermediate-sized islands, a mixture of both lineages was found. In this excel-
lent study, authors have put forward the influence of cell shape on cell differentiation,
however in our opinion the underlying paper was focused on evaluating the “size” effect
more than the “shape” effect on stem cell fate. Following the publication of this work, a
debate has been raised around this study, arguing that the use of mixed osteogenic/adipo-
genic medium in cell differentiation experiments is likely to elicit a sort of competition
between osteogenesis and adipogenesis, which may hinder the precise evaluation of pat-
tern size mediated-lineage specification. To clarify that point, Peng et al. used their mi-
crotransfer patterning technique to prepare circular RGD micropatterns on a PEG back-
ground. Six pattern dimensions (177/ 353/ 707/ 1,413/ 2,826/ 5,652 um?) and three culture
media (osteogenic, adipogenic and 1:1 osteogenic/adipogenic media) were tested. rMSCs

maintained under these different conditions for one week exhibited a monotonic increase

63



of osteogenesis and a monotonic decrease of adipogenesis in relationship with pattern
size; i.e. cell spreading size. These trends of MSCs differentiation were observed not only
in the presence of mixed medium, but also in medium supplemented with either osteo-
genic or adipogenic factors [300].

While the above-mentioned studies examined the potency of cell spreading cue on dictat-
ing MSC fate for up to 7 days, Song et al. tried to extend cell culture time for up to 21
days, given that cell differentiation is a long-term cellular process [283]. Polystyrene
plates were coated with Azidophenyl-derivatized poly(vinyl alcohol) (AzPhPVA) and a
photolithographic procedure was applied to created circular micropatterns of 5,024,
11,304 and 20,096 um2. Consistent with McBeath et al. and Peng et al. studies, they
found that cell spreading significantly influenced hMSCs fate after one week. In addition,
the effect of cell spreading on stem cell fate persisted for up to 21 days [283].

Chemical patterning strategies have shed light on other cues, as crucial as cell size in
directing cell fate determination. Kilian et al. reported in a wonderful study that the cell
shape alone can dictate lineage-specific differentiation of MSCs [242]. In this work, fi-
bronectin micropatterns shaped as flower, pentagon or star, having the same overall area
of 2,500 um?, were created on PDMS substrates. hMSCs cultured for one week in mixed
adipogenic/osteogenic medium on the different surfaces took the patterns shape. The ex-
tent of osteogenesis and cytoskeleton tension increased from flower to pentagon to star
shape. Adipogenesis was inversely correlated with osteogenesis. The pattern shape was
also shown to affect focal adhesion (FA) density and distribution, as revealed by larger
FA contacts on star-shaped micropattern as compared to flower-shaped micropattern. In
addition, the authors stated that the pattern shape was not the only modulator of MSC fate
decision and that the pattern subcellular curvature also affected cell differentiation. In-
deed, they suggested that concave curvatures were favorable for osteogenic different,
while convex curvatures were beneficial for adipogenic differentiation [242]. One year
later, Peng et al. published an interesting study, supporting Kilian’s conclusions, where
they provided further insights into the role of geometric cues in controlling stem cell
switching into distinct cell phenotypes [294]. hMSCs differentiation was evaluated after
one week of culture in osteogenic or adipogenic medium in response to circular, square,
triangular and star micropattern of 900 um2. The highest levels of osteogenesis and adi-

pogenesis were found in star- and circular-shaped cells, respectively. In addition, a linear
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relationship of osteogenic and adipogenic differentiations with cell perimeter was estab-
lished in these four conditions, showing enhanced osteogenesis and diminished adipogen-
esis as cell perimeter increases [294].

Another cell cue that has recently emerged as a potent regulator of stem cell fate is “cell
anisotropy”. Similarly to the cell size and shape, the manipulation of this cell feature has
been made possible thanks to micropatterning techniques. Both Kilian et al. [242] and
Peng et al. [294] investigated the effect of cell anisotropy on mediating MSCs osteogen-
esis by varying the aspect ratio (AR) of rectangular micropatterns. To facilitate reader’s
comprehension; AR =1 corresponds to square shapes, AR =2 and 4 correspond to rec-
tangles with length/width = 2 and 4, respectively. At first sight, these two studies seem to
provide conflicting results as Kilian et al. described a monotonic trend of osteogenesis
with AR [242], while Peng et al. found a peak in osteogenesis at AR about 2 [294]. How-
ever, it should be noted that Kilian et al. tested the effect of only three pattern aspect ratios
(AR 1, 1.5 and 4), while Peng et al. examined six aspect ratios (AR 1, 1.5, 2, 4, 8, and
16). In this case, if Peng et al. compare only the AR tested by Kilian et al.; i.e. AR 1, 1.5
and 4, a monotonic trend could be “found” as well. Therefore, the data from these two
studies agree with each other quite well. Furthermore, Peng et al. tried to explain the
significant increase of MSCs osteogenesis on micropatterns with AR 2. They measured
the mean aspect ratio of free MSCs and osteoblasts cultured on tissue culture plates and
found that MSCs exhibited a very heterogeneous AR, while osteoblasts displayed an av-
erage AR of 2.1 [294]. On this basis, they suggested that the shape of MSCs on micro-
patterns with AR 2 resembles to that of osteoblasts, which might be responsible for the
significant increase of osteogenic differentiation.

As clearly indicated in the above studies, the effect of cell size, shape and anisotropy on
promoting MSCs differentiation was assessed in the presence of induction media. From
a critical perspective, the question that arises is whether or not the underlying cell cues
maintain their stimulatory effect in the absence of soluble induction factors in the me-
dium. Surprisingly, a very limited number of papers dealing with this issue can be found
in the literature. This may due to the unsatisfactory outcomes regarding the biological
relevance of these cues in growth medium. The first successful demonstration of the pos-
itive cell shape effect on MSCs differentiation in growth medium free of induction factors
was reported by Yao et al. three years ago [301]. Rat MSCs were allowed to grow on
micro-sized patterns with different AR (1, 2 and 8), but constant area (900 um?2), for up
to 21 days in basal growth medium. At one week, no effect of cell anisotropy was seen,
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however a significant increase of MSCs osteogenesis was noticed after 13 and 21 days
on all conditions, as compared to the day 7. As compared to AR 1 and 8, anisotropic cells
on micropatterns with AR 2 exhibited higher osteogenesis, as revealed by a significant
up-regulation of ALP activity [301]. These findings are consistent with those reported by
Peng et al. [294] in osteoinduction conditions.

Although the chemical micropatterning seem to be a powerful strategy to control several
MSCs features and consequently their lineage-specific differentiation, the complete
mechanisms involved in the differentiation process remain to be determined. During the
last decade, several groups tried to draft a rough pathway by which microscale geometric
cues affect cell shape, cytoskeleton rearrangement, focal adhesion assembly and the sub-
sequent stem cells commitment and differentiation.

The Chen group emphasized the importance of cell cytoskeleton tension in controlling
stem cell fate and proclaimed that higher cell tension is beneficial for MSCs osteogenesis
[241]. Obviously, they argued that the degree of cell spreading “cell shape”, manipulated
by chemically micropatterned surfaces, regulates cytoskeleton tension through
RhoA/ROCK pathway, which in turn affects cell differentiation. As a short summary of
the experimental approach undertaken by the authors to elucidate the underlying mecha-
nism, they first demonstrated that well-spread cells -obtained on large micropatterns- led
to high cytoskeleton contractility, while round cells -obtained on small micropatterns- led
to low cytoskeleton contractility. Then, they highlighted the importance of actomyosin
contractility in regulating MSCs osteogenesis, as revealed by MSCs switch from osteo-
genesis to adipogenesis when inhibiting myosin-generated cytoskeleton tension by add-
ing Y-27632 drug in the medium. Given that Y-27632 inhibits Rho kinase (ROCK) path-
way, they suggested that actomyosin contractility-mediated osteogenesis is ROCK de-
pendent. They also found that RhoA (an upstream activator of ROCK) effectively affected
actomyosin contractility-mediated osteogenesis. That is, osteogenesis was abrogated
when well-spread cells were infected with dominant-negative RhoA (RhoA-N19), which
is an inhibitor of RhoA. On the other hand, they demonstrated that cytoskeleton tension
could in turn affect RhoA activity since well-spread cells drastically lost their osteogenic
capacity when treated with actin disturbing agent (cytochalasin D) or myosin inhibitors
(Y-27632, blebbistatin). Next, they determined that RhoA/ROCK activity was directly
affected by cell spreading, since ROCK activity in well-spread cells was significantly
greater than that in round cells. Finally, they demonstrated that RhoA is necessary, but

not sufficient, to drive the switch in hMSCs commitment, as revealed by the inability of

66



round cells, infected with active RhoA-V14, to form osteoblasts and well-spread cells,
infected with negative RhoA-N19, to form adipocytes. In contrast, ROCK appeared to
play a more prominent role than RhoA, given that both round and well-spread hMSCs
became osteoblasts when infected with ROCKA3 [241]. Therefore, through these remark-
able findings, they provided a first insight into the mechanism by which cell shape and
cytoskeleton contractility regulate MSCs osteogenesis. Recently, the Ding group sup-
ported the speculative signaling pathway drawn by the Chen group and confirmed this
scenario even in growth medium [301].

Other mechanisms are thought to be involved in controlling cell shape-mediated cell dif-
ferentiation, such as the activation of serum response factor (SRF) in response to changes
in actin polymerization. For example, it has been reported that the polymerization of cy-
toplasmic G-actin promotes the release of myocardin-related transcription factor
(MRTF), which is a SRF co-factor, and its accumulation in the nucleus. Subsequently,
MRTF binds to SRF, thus promoting the transcription of SRF target genes involved in
cell differentiation process [302]. In addition, preventing nuclear localization of MRTF,
by increasing the amount of cytoplasmic G-actin, inhibits cell differentiation, while de-
creasing cytoplasmic G-actin concentration, promotes cell differentiation [303].

The Mrksich group has also proposed another molecular mechanism. They demonstrated
that geometric cues mediate the differentiation of MSCs towards the osteoblastic lineage
through MAPK and Wnt pathways [242].

Taken together, in vitro studies discussed here bear witness to the potential of microfab-
rication techniques in stem cell research. These studies and others have provided valuable
insights into the role of the microscale distribution of ECM derived ligands in regulating
both short- and long-term stem cell functions. Currently, micropatterning-based products
are commercially available and mainly used as in vitro miniaturized high throughput plat-
forms (polymer, protein and cell microarrays). Such high throughput systems permit a
very rapid screening for the role of single ECM components or a combination of them,
within the native stem cell microenvironment.

CYTOO, a French company, has pioneered the ability to reconstitute, in vitro, some in
vivo-like conditions, through the development of finely-tuned micropatterned substrates
that offer the unique advantage of evaluating structure/function relationship in a more
physiological environment than the conventional tissue cultures plates. One of their prin-

ciple products is the 96-well CYTOOplates, which consists of thousands of adhesive mi-
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cropatterns arrayed on glass substrate, in each well (Figure 18). Nevertheless, the chem-
ical micropatterning is by far a popular approach in preclinical and clinical trials. One
promising demonstration of the potential of this technology in reconstructing damaged
and dysfunctional tissues has been recently reported by the Chen group [304] [305]. Alt-
hough their studies are in their infancy, they successfully developed tissue-engineered
scaffolds with micropatterned endothelial cell cords of different diameters (50, 150, 500
pum). The in vivo performance of the underlying constructs revealed a rapid microvessel
network formation. Interestingly, the location and density of the neo-formed capillaries
were modulated by the diameter of cords. These in vivo studies provide an important
insight into the utility of micropatterning techniques to control vascular architecture and
density, crucial for tissue oxygenation and function. However, much more research is
needed until micropatterned biomaterials can be applied in human.

Given the potential of micropattering technology for reproducing and manipulating many
ECM aspects in vitro, this approach will undoubtedly contribute towards a clear and

deeper understanding of the mechanisms adopted by stem cells to control their fate

choice.

Examples of normalized single cells

Figure 18: CYTOOplates™ for High Content Screening assays. Several micropattern
shapes and sizes could be explored at once.
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As highlighted at the beginning of this thesis, there are several unsolved clinical needs in
orthopaedic surgery, which are often related to the insufficient osseointegration of im-
planted biomaterials at the site of bone injury.

This thesis project objective was to reproduce on models materials some features innate
to the native ECM, thought to mediate stem cells osteogenesis in vivo. These features
were evaluated for their capacity to induce hMSCs osteogenic differentiation, inde-
pendently or in combination. Specifically, we investigated the effect of BMP-2 peptide,
RGD/BMP-2 peptide crosstalk, and the microscale distribution of RGD and/or BMP-2
peptides on hMSCs fate decision. Such fundamental studies are believed to provide val-
uable insights into biomaterials design, which may pave the way towards the development
of custom-made orthopaedic biomaterials. The literature review provided above clearly
states the considerable efforts dictated to improve the osteogenic potential of orthopaedic
biomaterials. While tremendous strategies have been explored in biomaterials and stem
cell research to tune ECM/stem cell interactions, the smart biomaterial that perfectly mim-
ics the osteoinductive in vivo microenvironment is unfortunately a long way from being
clinically available. The reason for this relies on the extreme structural and functional
complexity of the native ECM that generates a multitude of stem cell regulatory signals,
which are strongly interconnected. Consequently, the in vitro translation of signals medi-
ating hMSCs osteogenesis is unsurprisingly a great challenge. Therefore, towards the de-
velopment of finely-tuned biomaterials, it seems important to start by selecting the ade-
quate tools that enable recapitulating essential ECM features (physical and biochemical
cues) on model materials and evaluating their biological relevance, independently. This
step of screening for both individual and combinatorial effects of various ECM features,
along with sophisticated analysis methods (super-resolution microscopy), will signifi-
cantly contribute to deeply understand the mechanisms governing MSCs lineage specifi-
cation, and thereby facilitating the reconstruction of instructive artificial ECM. As a com-
parison, tissue culture dishes have been used for long time and until now to investigate
cellular behaviors and signaling pathways in healthy and diseased tissues. However, such
in vitro models fail to reproduce many aspects of living tissues, such as the hierarchical
structure, cell-cell interactions and elasticity, which make the in vitro to in vivo extrapo-
lation quite difficult and unreliable. A powerful tool that offers the unique opportunity to
evaluate, in a more physiologically relevant condition, how cells recognize and respond
to their microenvironment is the micropatterning technology. For example, cardiomyo-

cytes isolated from a healthy human heart exhibit an elongated morphology with highly
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ordered and aligned myofibers, while those isolated from the heart of a patient in heart
failure are more elongated and less narrow. As depicted in Figure 9, cardiomyocytes
seeded on conventional cell culture models lack their natural morphology, however the
morphology of both healthy and diseased cells can be precisely reproduced using micro-

patterned substrates.

Healthy cardiomyocyte, in vivo Diseased cardiomyocyte, in"Vi,Vo

Micropatterned cardiomyocyte

Cardiomyocytes on a conventional

Micropatterned cardiomyocytes in vitieiliedl

Figure 19: The potential of micropatterning techniques in reconstituting the in vivo situ-

ation. (A-B) [306] , (C-E) [307].
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By taking advantage of the potential of micropatterning strategy for creating well-defined
microenvironments, while applying this tool in an innovative way, we investigated for
the first time the role of micro-scale spatially distributed and combined ECM ligands in

regulating hMSCs differentiation into osteoblasts, following several steps.

Initially, glass surfaces were homogenously functionalized with cell adhesive RGD
and/or osteoinductive BMP-2 peptides. These conditions were used to investigate the ef-

fect of each peptide as well as their crosstalk on hMSCs osteogenic differentiation (Paper

).

Then, RGD and BMP-2 peptides were solely structured onto glass substrates, so that they
form well- ordered micropatterns of different shapes (triangular, square and square ge-
ometries), but constant surface area (50 um?2 per micropattern). We reported here the role
of the microscale distribution of ligands, which somewhat mimic the organization of

ECM components in vivo, in regulating hMSCs osteogenesis (Paper I1).

At last, RGD and BMP-2 were simultaneously micropatterned onto glass materials. The
objective of this third study was to investigate hMSCs osteogenesis differentiation in re-
sponse to the interplay between RGD/BMMP-2 crosstalk and microscale geometric cues
(Paper 111).
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RESULTS & DISCUSSION
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|. Study 1: RGD/ BMP-2 mimetic peptides
act synergistically to enhance hMSCs osteo-
genic differentiation.
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Résumé :

L’engagement des cellules souches mésenchymateuses (CSMs) vers une voie de diffé-
renciation est controlé par les molécules bioactives sequestrées au sein de leur matrice
extracellulaire (MEC). Une des approches fréquemment utilisées pour mimer 1’environ-
nement physiologique des cellules souches consiste a fonctionnaliser la surface des bio-
matériaux avec des séquences peptidiques dérivées de la MEC naturelle, afin de favoriser
le recrutement et la différenciation des cellules souches présentes a proximité du bioma-
tériau. L’objectif de cette étude est d’examiner 1’engagement des CSMs humaines vers la
voie ostéoblastique en réponse a I’effet synergétique de plusieurs molécules bioactives.
Les ligands d’intérét sont le peptide RGD, facilitant I’adhérence cellulaire par 1’intermé-
diaire des récepteurs intégrines transmembranaires, et le peptide BMP-2, correspondant
aux acides amines 73-92 de Bone Morphogenetic Protein-2, connu par son potentiel d’in-
duction de la différenciation des CSMs en ostéoblastes. Le greffage des peptides sur la
surface des matériaux a été évalué par Spectroscopie photoélectronique par rayons X
(XPS), la densité peptidique a été quantifiée par microscopie a fluorescence et la rugosité
de la surface a été évaluée par Microscopie a Force Atomique (AFM). L’engagement des
CSMs vers le lignage osteoblastique sur les différentes surfaces (RGD, BMP-2,
RGD/BMP-2) a été déterminé par immunohistochimie, en utilisant STRO-1 comme mar-
queur spécifique de 1’état souche des CSMs et Runx-2 comme marqueur ostéogénique
précoce. Les analyses quantitatives des marqueurs cellulaires, effectuées aprées 4 semaines
de culture dans un milieu basal, ont révélé une trés faible expression de STRO-1, marquer
souche, sur les surfaces greffées BMP-2 ou RGD/BMP-2 et une forte expression sur les
matériaux greffé RGD. Concernant I’expression de Runx-2, marqueur ostéogénique, des
taux significativement plus élevés ont été constatés sur les surfaces RGD/BMP-2, com-
parativement aux surfaces contenant que le peptide BMP-2. Tandis que sur les surfaces
greffées RGD ont conduit a une trés faible expression de Runx-2. Ces résultats ont con-
firmé que les peptides RGD et BMP-2 agissent d’une maniére synergétique pour induire
et améliorer I’engagement des CSMs vers la voie ostéoblastique. Ce type de travaux con-
tribue fortement au développement des biomatériaux biomimétiques, permettant une pro-
fonde compréhension des mécanismes de signalisation responsables de la transition des

cellules souches en ostéoblastes matures.
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Abstract

Human bone marrow mesenchymal stem cells (hBMSCs) commitment and differentia-
tion are dictated by bioactive molecules sequestered within their Extra Cellular Matrix
(ECM). One common approach to mimic the physiological environment is to functional-
ize biomaterial surfaces with ECM-derived peptides able to recruit stem cells and trigger
their linage-specific differentiation. The objective of this work was to investigate the ef-
fect of RGD and BMP-2 ligands crosstalk and density on the extent of hBMSCs osteo-
genic commitment, without recourse to differentiation medium. RGD peptide promotes
cell adhesion via cell transmembrane integrin receptors, while BMP-2 peptide, corre-
sponding to residues 73-92 of Bone Morphogenetic Protein-2, was shown to induce hBM-
SCs osteoblast differentiation. The immobilization of peptides on aminated glass was as-
certained by X-ray Photoelectron Spectroscopy (XPS), the density of grafted peptides
was quantified by fluorescence microscopy and the surface roughness was evaluated us-
ing Atomic Force Microscopy (AFM). The osteogenic commitment of hBMSCs cultured
on RGD and/or BMP-2 surfaces was characterized by immunohistochemistry using
STRO-1 as specific stem cells marker and Runx-2 as an earlier osteogenic marker. Bio-
logical results showed that the osteogenic commitment of hBMSCs was enhanced on bi-
functionalized surfaces as compared to surfaces containing BMP-2, while on RGD sur-
faces cells mainly preserved their stemness character. These results demonstrated that
RGD and BMP-2 mimetic peptides act synergistically to enhance hBMSCs osteogenesis
without supplementing the media with osteogenic factors. These findings contribute to
the development of biomimetic materials, allowing a deeper understanding of signaling
pathways that govern the transition of stem cells towards the osteoblastic lineage.
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1. Introduction

Mesenchymal Stem Cells (MSCs) are considered as a promising cell source for muscu-
loskeletal regeneration due to their high osteogenic differentiation potential when stimu-
lated with growth factors and specific signaling molecules [9] [91]. The first stem cell-
based therapies involved the injection of cells directly into bone defect sites. Unfortu-
nately, this approach had limited success due to the high death rate of the cells and their
poor engraftment into host tissues [308]. Therefore, much effort has been dedicated to
design biomaterials capable of recruiting stem cells, interact with them and drive their
fate in a controlled manner towards the osteoblastic lineage.

Up to now, a large panel of natural and synthetic materials has been investigated for bone
tissue engineering applications [309] [310] [311]. However, no single material fulfills all

the criteria of biocompatibility. For example, natural materials have an acceptable level
of cytocompatibility but exhibit poor mechanical properties compared to cortical bone
[312]. Synthetic materials are more available and their mechanical properties, degradation
rate, shape, and composition, etc. can be tailored [313] [314]. For example, synthetic hy-
drogels are usually used to mimic pre-calcified bone tissue of approximately 25-40 kPa
of stiffness [236]. Nevertheless, most of synthetic materials are intended to be bioinert
and lack regulatory signals required to control cell-biomaterial interactions [312].To in-
crease materials bioactivity, several recent works have attempted to create a biomimetic
microenvironment on conventional synthetic materials by chemically conjugating bioac-
tive ligands or short peptide sequences derived from the Extra Cellular Matrix (ECM)
proteins [315].

During the last decades, biomimetic peptides have gained much more notoriety than full-
length native matrix proteins due to their straightforward synthesis, high purity, minimal
cost and tight control of their conformation and density when grafted onto biomaterials
[316]. In fact, several classes of peptides, mimicking properties of the native ECM com-
ponents, have been designed, synthesized and exploited for their potential to induce de-
sired cell response [317] [318] [319] [320] [321] [322]. This has, of course, led to develop

strategies for functional peptide sequences conjugation to biomaterials [317] [321] [322]

[323]. In this work, we propose to develop biomaterials functionalized by one or several
biomimetic peptides and subsequently to investigate their effect on hBMSCs osteogenic
differentiation. One of the most commonly used peptides to functionalize biomaterials

are cell adhesion peptides containing the arginine-glycine-aspartic acid (RGD) sequence,
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which is present in several proteins such as collagen I, fibronectin, bone sialoprotein and
osteopontin [324] [325] [326]. It was shown in several instances that RGD peptide grafted

materials interact with integrin cell surface receptors and enhance adhesion of bone mar-
row stem cells [325] [186]. Moreover, several studies have demonstrated that this peptide
is a mild promoter of osteogenic differentiation in vitro [327] [328] and can stimulate
bone formation in vivo [188].

Beside integrin ligands, growth factors have also been used to improve materials bioac-
tivity due to their ability to stimulate stem cells expansion and differentiation towards a
specific lineage [329] [330]. For example, Bone Morphogenetic Proteins (BMPs), be-
longing to the Transforming Growth Factor beta family ((TGF-B), promote the differen-
tiation of mesenchymal stem cells into mineral-depositing osteoblasts [331], via different
signaling pathways [332]. Indeed, BMPs interact with their cell surface receptors through
non-covalent bonds [333], leading to the phosphorylation of Smad 1, Smad 5, and Smad
8 signaling pathways. Phosphorylated Smads associate with Smad 4, leading to the trans-
location of this complex from cytoplasm into nucleus [334], which leads to the transcrip-
tion of genes mediating cell differentiation such as Runx2 and Osterix [178] [335]. These
growth factors can also trigger the activation of the Mitogen-Activated Protein Kinase
(MAPK) pathway which plays a critical role in cell commitment and differentiation into
osteoblastic lineage [336] [337]. Another pathway that influences osteogenic differentia-
tion mediated by BMPs proteins is the Wnt canonical pathway [338] [339]. The activation
of this pathway through the binding of Wnt ligands to their Frizzled receptors and
LRP5/LRP6 coreceptors stabilizes B-catenin and causes its translocation to the nucleus
[340]. This leads to the activation of specific genes like c-Jun that, in turn, influences the
early osteoblast differentiation [341].

Among 20 BMPs identified to date, BMP-2 is considered as the most potent one in terms
of inducing osteogenesis, hence its widespread use in the clinic for bone therapy [342]
[342]. For instance, the USA Food and Drug Administration (FDA) approved recombi-
nant human BMP-2 delivered in a collagen scaffold, called Infuse Bone Graft ®, as a bone
tissue engineering product for spinal fusion surgery [104]. Due to the high cost of BMP-
2 and satisfactory clinical outcomes reported using this protein, several peptide sequences
derived from the knuckle epitope of BMP-2 protein have been identified, synthesized and
used both in vitro and in vivo [187] [206] [171]. It was shown that these BMP-2 peptides

also bind to BMP receptors | and 11, thus activating specific signaling pathways similarly
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to the full-length BMP-2 protein [206]. Further studies demonstrated that materials func-
tionalized with BMP-2 peptides induced osteoblastic differentiation of mesenchymal
stem cells in vitro and bone regeneration in vivo [179]. In addition, several literature
works have shown that integrins and BMP-2 proteins/peptides cooperate synergistically
to up-regulate osteogenic differentiation [187] [227] [343] [211] [225]. However, most

of studies investigated this synergistic effect on committed pre-osteoblasts or in the pres-
ence of osteogenic supplements in the medium. For example, we previously determined
that the concomitant immobilization of RGD and BMP-2 mimetic peptides on polyeth-
ylene terephthalate (PET) surfaces elicit a synergistic effect that positively affects the
osteogenic differentiation and mineralization of mouse calvaria-derived pre-osteoblastic
cells [187]. Although such animal models are widely used in basic and applied research,
cells from mice are likely to behave differently than human cells. Hence the current study
objectives to investigate RGD and BMP-2 ligands crosstalk in more physiologically rel-
evant conditions. In fact, we used more primitive cells, hBMSCs, which are likely to
differentiate into pre-osteoblastic cells and more mature bone cells. These cells were har-
vested from patient’s iliac crest and cultured in basal medium free of soluble osteogenic
factors. Moreover, to facilitate the interactions of grafted ligands and their cell receptors,
hBMSCs were plated and maintained on the different materials in serum-free medium for
the first 6 h since we can imagine that serum proteins may adsorb on modified surfaces
and mask specific cell/material interactions. In this work, three categories of materials
chemically modified were synthesized: glass material surfaces grafted with RGD or
BMP-2 peptides and bifunctionalized surfaces with both peptides. Both mimetic peptides
used in this work have been reported as potent effectors of cell adhesion [326] and differ-
entiation [187]. The surface physicochemical characterization after each step of peptide
grafting was achieved by XPS and AFM while the peptide surface density was quantified
using fluoro-tagged peptides. The osteogenic differentiation of hBMSCs was then char-
acterized after four weeks of cell culture by fluorescent staining of two specific markers,
STRO-1, the best known mesenchymal stem cells marker and Runx-2 which is an earlier
osteogenic marker. The expression level of STRO-1 and Runx2 were evaluated by quan-
tifying the average fluorescence intensity of each marker in hBMSCs on different peptide
modified surfaces. This study contributes to the development of biomimetic microenvi-

ronment on material surfaces as tool to better understand signaling pathways that govern
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the switch of stem cells from their stemness state into differentiated state. This fundamen-
tal understanding seems to be essential to improve biomimetic materials, thereby, pro-

moting desired cell response.

2. Materials and methods

2.1 Materials

Borosilicate glass was chosen as a model material because of its transparency, allowing
its use for microscopy experiments. Borosilicate glass slides (76 x 26 mm, thickness ~ 1
mm) were obtained from Schott (Tempe, AZ, USA). These slides were then laser-cut into
10x10 mm pieces to fit in 24 well cell culture plates. H202 (33 wt %), concentrated HoSOa,
acetone, ethanol, anhydrous toluene, dimethylsulfoxyde (DMSQO), 3-aminopropyltrieth-
oxysilane (APTES) and succinimidyl-4-(p-maleimidophenyl) butyrate (SMPB) were all
purchased from Sigma-Aldrich, France. The fluorophore-tagged CG-K(PEG3-TAMRA)-
GGRGDS adhesion peptide (referred to as RGD-TAMRA; MW 1437 g/mol) was synthe-
sized by Anaspec (Fremont, CA, USA). CKIPKASSVPTELSAISMLYL and fluoro-
phore-tagged CKIPKASSVPTELSAISMLYLK-FITC peptides (referred to as BMP-2
mimetic peptide; MW 2251.75 g/mol and BMP-2-FITC mimetic peptide; MW 2769
g/mol, respectively) were produced by Genecust, Belgium. These peptides were first dis-
solved at 2 mM in DMSO and stored at -20 °C until use. Peptides, to be conjugated with
material surface, were resuspended at 20 uM in a 0.2 um-filtered Phosphate-Buffered

Saline (PBS, Life Technologies, France) solution containing 7.5 % glycerol.

2.2 Methods
2.2.1 Surface conjugation with mimetic peptides

Prior to surface conjugation, borosilicate glass slides were washed with deionized water
(DI H20), and ultrasonically cleaned in successive baths containing ethanol (30 min),
acetone (30 min), ethanol (10 min), and finally acetone (2 min). Glass slides were then
activated by a further cleaning in a piranha solution (mixture of 3 mL of H202 (33% wt)
and 7 mL of concentrated H>SO4) for 15 min in an ultrasonic bath. Samples were then
successively ultrasonically cleaned three times in water for 10 min and in acetone for 2
min. Piranha treatment not only activates glass substrates by providing hydroxyl groups

on their surfaces but also reduces the percentage of carbon contamination; so this cleaning
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step is essential for the subsequent grafting of aminosilane molecules [344]. Cleaned sur-
faces were immediately functionalized with aminoalkylsilane molecules according to the
protocol of Moon et al. with some slight modifications [345] (Figure 20). Briefly, sam-
ples were immersed in a 34.5 mM (1 % v/v) solution of APTES dissolved in anhydrous
toluene for 3 h. The reaction was performed under agitation and under inert atmosphere
of Argon (Ar). After silanization, a slight wash with anhydrous toluene of glass materials
was performed to remove any excess of APTES, followed by three washes of 2 min in an
ultrasonic bath. Subsequently, the substrates were outgassed at 120 °C under vacuum (3.
10 Torr) for 30 min. Aminated glass surfaces were then conjugated with the heterobi-
functional SMPB crosslinker (Figure 20). The succinimidyl function of this molecule
reacts with the surface amine groups, therefore leaving a maleimidyl group which further
reacts with thiol groups from terminal cysteine of both peptides. Briefly, aminated glass
surfaces were immersed in a 3 mg/mL solution of SMPB dissolved in DMSO for 2 h
away from light. The substrates were then rinsed in DMSO for 10 min in ultrasonic bath.
Once washed, the substrates were air-dried and stored in the dark for 24 h prior to peptide
grafting to avoid SMPB degradation. Finally, immobilization of mimetic peptides was
achieved by covering SMPB grafted surfaces of 1x1 cm? with 200 pL of 20 uM solution
of RGD-TAMRA, BMP-2-FITC or a mixture of both peptides at a 1:1 ratio in humidified
and dark chamber (Figure 20). After grafting, slides were ultrasonically cleaned three
times for 15 min in DMSO, and then thoroughly washed in DI H2O to remove DMSO
solvent. The substrates were stored for at most 1 month in PBS until use. All reactions

were performed with = 50 rpm agitation, at room temperature.
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Figure 20: Schematic of the different steps involved in the grafting of each peptide alone

or in combination.
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2.2.2 Surface characterization

The surface chemical composition was investigated after each step of covalent peptide
grafting by XPS using a PHI 5600-ci spectrometer (Physical Electronics, Eden Prairie,
MN, U.S.A). The survey spectra were recorded using a standard aluminum X-ray source
(1486.6 eV) at 300 W with charge neutralization. High resolution C1s XPS spectra were
recorded using a standard magnesium X-ray source (1253.6 eV) at 150 W without charge
neutralization and then curve-fitted by referencing each spectrum to carbon at 285 eV.
The size of the analytical X-ray spot was about 0.5 mm2. To ascertain the reproducibility
of the surface chemistry, three measurements per sample were carried out.

The amine surface density (NH2) was ascertained on the aminoalkysilane-modified sur-
faces by vapor-phase chemical derivatization using 4-chlorobenzaldehyde according to
Chevallier et al. [346]. Briefly, the substrates were introduced in a sealed glass tube con-
taining the reagent covered with 1 cm thick bed of soda-line to prevent the direct contact
between the substrate surface and the reagent. After 2h of reaction at 40 °C, the surfaces
were vacuum-dried overnight at 40 °C and analyzed by XPS.

To quantify covalently grafted peptides, glass surfaces were functionalized with RGD-
TAMRA, BMP-2-FITC or RGD-TAMRA+BMP-2-FITC mimetic peptides according to
the previously described protocol. These surfaces were observed using fluorescence mi-
croscopy (Leica DM5500B, Germany) at magnification of 2.5. In parallel, a series of
droplets of RGD-TAMRA and BMP-2-FITC mimetic peptides with well-known concen-
trations (from 5 nM to 10 uM) were deposited on bare glass surfaces. These peptides
droplets were then imaged at the same magnification and exposure time and a standard
curve was constructed for each peptide. Finally, the fluorescence intensity on different
peptide modified surfaces was quantified by Leica MMAF software and the peptide den-
sity was evaluated according to the standard curve in pmol/mm2,

The surface roughness and morphology were evaluated on 20x20 um?2 scanned areas using
tapping mode AFM (line scan rate = 1 Hz). Three measurements per sample were carried
out at room temperature in clean room with a Dimension 3100 Atomic Force Microscope
(Veeco, Santa-Barbara, CA, USA) using etched silicon tips (OTESPA, tip radius of cur-
vature < 10 nm, aspect ratio = 1.6/1). The surface roughness was calculated by the root

mean square (Rrms) parameter using Nanoscope software.
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2.2.3 Cell culture

Commercially available hBMSCs (Lonza, France) were grown on gelatin coated culture
flasks in MSCs growth medium (MSCGM) (Lonza, France), subcultures using tryp-
sinfEDTA 1x (Sigma-aldrich, France) and maintained in a humidified atmosphere con-
taining 5 % CO; at 37 °C. Modified glass substrate of 1x1 cm? were sterilized with 70 %
ethanol and rinsed by PBS, then placed in cell culture plates 24 well. To induce osteogenic
differentiation, hBMSCs at passage 4 were seeded on different peptides grafted surfaces
at a density of 10* cells/cm? for 6 h in serum free a-MEM medium (Life technology,
France). This allows the interactions between grafted peptides and their cell surface re-
ceptors without hassle of serum proteins. Serum-free medium was then removed and re-
placed with a-MEM medium containing 10 % fetal bovine serum (FBS) and 1 % penicil-
lin/streptomycin. The culture media was changed twice per week during four weeks of

cell culture.

2.2.4 Immunocytochemical analysis

At four weeks of cell culture, hBMSCs were rinsed in PBS, and fixed in 4 % paraformal-
dehyde at 4 °C for 20 min. Samples were then permeabilized with 0.5 % Triton X-100 in
PBS for 15 min and blocked with 1 % Bovine Serum Albumin (BSA) in PBS for 30 min
at 37 °C. Next, samples were incubated with 10 pg/mL of primary antibodies mouse
monoclonal anti-STRO-1 (R&D Systems, France) and mouse monoclonal anti-Runx-2
(abcam, UK) in 1 % BSA in PBS overnight at 4 °C. After washing in PBS containing
0.05 % Tween 20, samples were incubated with the secondary antibody Alexa Fluor 647
goat anti-mouse 1gG (H+L) (1:400 dilution) for 1 h at 37 °C. To visualize cell cytoskeletal
filamentous actin (F-actin), cells were incubated with Alexa Fluor 488 phalloidin on
RGD-TAMRA and RGD-TAMRA/BMP-2 surfaces or Alexa Fluor 568 phalloidin on
BMP-2-FITC surfaces (Invitrogen, France) (1:400 dilution) for 1 h at 37 °C. The sub-
strates were then rinsed three times with PBS containing 0.05 % Tween 20, and counter-
stained and mounted on glass microscope slides with a ProLong Gold antifade reagent
with DAPI (Sigma, France). Finally, surfaces were examined using a Leica microsystem
DM5500B, microscope with a motorized and programmable stage, and a CoolSnap HQ
camera controlled by Metamorph 7.6. Quantitative analyses of the expression levels of
STRO-1 and Runx-2 were performed wusing Image J freeware (NIH,

http://rsb.info.nih.gov/ij/), using a slightly modified version of the Jensen’s protocol
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[347]. Briefly, all images of stained markers were acquired at the same exposure time,
using a 40X objective. Image files were opened with Image J and converted to 16-bit
files. These fluorescence images were then used to determine the intensity of the red color
emitted by the label from which was subtracted the background signal measured on hBM-
SCs cultures on glass surfaces and only incubated with the secondary antibody Alexa
Fluor 647. Fluorescence intensity measurements were performed on at least 60 cells per

each type of surface.

2.2.5 Statistical analysis

Data are expressed as mean values + standard deviation (SD). Statistical analysis was
performed by one-way analysis of variance (ANOVA) and Tukey’s test for multiple com-
parisons, using GraphPad Prism version 6.07 for Windows, (GraphPad software, San Di-

ego California USA, www.graphpad.com). Differences were considered statistically sig-

nificant for P value of at least < 0.01.

3. Results and discussion
3.1 Characterization of the biochemical modification of glass surfaces
3.1.1 XPS analyses

The grafting of peptides on glass substrates was confirmed by XPS after the different
steps of surface modification. XPS survey analyses are given in Table 2 while high res-
olution C1s XPS spectra are shown in Figure 21. At first sight, piranha-treated glass
surfaces exhibited the expected silicon (Si: 23.7 £ 0.3 %) and oxygen (O: 65 £ 2 % )
elements with a slight carbon contamination of 10 = 4 % (Table 2), which remains ac-
ceptable compared to the carbon surface pollution reported in previous works [52, 56].
High resolution C1s spectra allowed detailed chemical characterization of this carbon
pollution. Indeed, it mainly consists of CH/ C-C/ C=C bonds at 285 eV and a mixture of
oxidized carbonaceous species as evidenced by the presence of contributions at 287 eV
assigned to C-O/C=0 moieties (Figure 21).

On aminosilane grafted surfaces, XPS survey spectra showed a substantial increase of
carbon compounds (19 + 2 %), a slight decrease of oxygen (54 £ 1 %) and silicon (22 +
1 %) as well as the appearance of nitrogen (1.4 = 0.4 %) (Table 2) which can be assigned
to the formation of an aminosilane monolayer on the surface. However, the experimental

N/C ratio of 0.08 £ 0.01 was quite lower than the theoretical one which is around 0.14 -
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0.33 depending on the number of ethoxy groups that are eliminated upon functionaliza-
tion with APTES (Figure 20). The amount of primary amine moieties available on ami-
nated glass surfaces was evaluated by chemical derivatization reaction, and calculated
based on the relative percentage of chlorine atoms detected in XPS. The percentage of
amino groups was estimated at 0.9 + 0.4 %, meaning that ~ 64 % of nitrogen atoms avail-
able onto glass surfaces are primary amine functions.

These amino groups allowed the subsequent grafting of SMPB linking arms, to provide
terminal maleimide groups for peptide grafting, thereafter raising the carbon and nitrogen
amounts from19+2%and 1.4+ 0.4%to 25+ 1% and 2.2 = 0.6 %, respectively (Table
2). However, the oxygen amount did not significantly increase in spite of the presence of
3 oxygen atoms on the crosslinker chain. This may due to the relative percentage of oxy-
gen which was already high on aminated glass substrates. Indeed, these variations ob-
served in the surface chemical composition after SMPB grating match well with its struc-
ture, composed of C, N and O atoms. Interestingly, the experimental N/C ratio of reacted
SMPB, estimated at 0.09, was close to that expected (0.1-0.12) (Figure 20), which con-
firmed that the increase of N/Si ratio is due to the coverage of Si substrates with a layer
of SMPB crosslinker (Table 2). XPS high resolution of C1s also evidenced the grafting
of SMPB linking arm, as revealed by the appearance of a new peak at 288.2 eV (Figure
21). This peak corresponds to the imide (O=C-N-C=0) and amide (NH-C=0) groups pre-
sent on grafted SMPB crosslinker.

Finally, fluorescent RGD and BMP-2 mimetic peptides were covalently attached through
their Neerminai CySteine amino-acid on SMPB modified surfaces. On the one hand, XPS
survey spectra mainly showed significant increase in nitrogen amount and decrease in
silicon percentage from 2.2 + 0.6 % and 21 + 1 % on SMPB treated surfaces to 5.9 £ 0.3
% and 15.2 £ 0.5% on BMP-2-FITC grafted surfaces, respectively. Moreover, higher N/C
and N/Si ratios were noticed after BMP-2-FITC peptide grafting compared to SMPB
grafted surfaces Table 2. The experimental N/C ratio of 0.15 £+ 0.01 was close to the
theoretical one (~ 0.19), thus confirming the presence of BMP-2-FITC peptide onto the
surface. These observations were further supported through C1s high resolution analyses
since the grafting of BMP-2-FITC peptide led to a greater contribution of the peak at
288.2 eV. Indeed, the percentage of amide groups, characteristic of peptide bonds, in-
creased from 1.9 % on SMPB modified surfaces to 6.5 % on BMP-2-FITC surfaces (Fig-
ure 21).
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On the other hand, the grafting of RGD-TAMRA peptide was difficult to assess by XPS
survey analyses due to the slight variations in the surface chemical composition before
and after RGD-TAMRA grafting. For instance, N/C and N/Si ratios slightly increased
from 0.09 + 0.02 and 0.10 £ 0.03 on SMPB treated surfaces to 0.12 + 0.02 and 0.14 £
0.03 on RGD-TAMRA surfaces, respectively (Table 2). However, high resolved C1s
spectra clearly evidenced the peptide grafting, as demonstrated by a significant increase
of NH-C=0 bonds from 1.9 % to 3.3 % on peptide modified surfaces (Figure 21). Com-
pared to RGD-TAMRA surfaces, it is reasonable that the grafting of BMP-2-FITC pep-
tide elicited more important changes in the surface chemical composition, since BMP-2
peptide sequence contains many more amino-acids than RGD sequence.

From XPS results, it could be concluded that glass materials were effectively functional-
ized with a thin and homogenous aminosilane layer, leading to a surface concentration of
primary amines intended to be sufficient to conjugate biological molecules such as pep-
tides, proteins or growth factors [326] [348]. On SMPB treated surfaces, XPS analyses
clearly showed that the variation in the atomic surface composition closely matches with
the chemical structure of the SMPB crosslinker, thus evidencing its immobilization on
aminated glass substrates. Finally, the grafting of peptides elicited changes in the surface
chemical composition as revealed by a significant increase of amide bonds after peptide
grafting with higher amount on BMP-2-FITC surfaces than RGD-TAMRA surfaces.
Therefore, it seems reasonable to postulate that the conjugation of RGD-TAMRA and
BMP-2-FITC mimetic peptides with glass material was successfully achieved.

3.1.2 Atomic Force Microscopy

The surface topography and roughness obtained by tapping mode AFM after each step of
surface modification are shown in Figure 22 and Table 3. The surface functionalization
with SMPB did not lead to an important surface roughness change with respect to ami-
nosilane and piranha treated glass surfaces [344] [349]. Indeed, statistical analyses of the
data showed no significant increase in surface roughness during these three steps of sur-
face modification; i.e. from piranha to SMPB treated surfaces. In contrast, after peptide
grafting, significant change in the surface topography was noticed, leading to an increase
in surface roughness from 1.3 £ 0.3 nm on SMPB surfaces to 2.2 £ 0.2 nm and 2.5 + 0.4
nm after RGD-TAMRA and BMP-2-FITC mimetic peptides grafting, respectively. This
could be due to the fact that the sequences of grafted peptides are much longer than

APTES or SMPB chains. Even though the surface roughness significantly increased after
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peptide grafting, it remains relatively low, thus confirming that peptides were homogene-
ously grafted without the formation of aggregates on the surface. On the other hand, there
was no significant difference in surface roughness between the different peptide modified
surfaces, therefore ruling out the possibility that cells behave differently due to surface
topography features [252] [350] [351] .

3.1.3 Peptide surface density

Peptide densities were evaluated by fluorescence microscopy on glass materials solely or
dually functionalized with fluorescent peptides. On substrates containing only one pep-
tide, the total peptide surface density was estimated to 1.8 + 0.2 pmol/mm2and 2.2 £ 0.3
pmol/mm2 on RGD-TAMRA and BMP-2-FITC surfaces, respectively (Figure 23). The
measured peptide densities were in agreement with those reported in some previous
works. For example, Chollet et al. [352] estimated the RGD peptide density at 1.7
pmol/mm?2 on polyethylene terephthalate (PET) surfaces, while Boivin et al. [353] showed
that the density of RGD peptides on polytetrafluoroehylene (PTFE) was 1.5 pmol/mm2.
Kim et al. evaluated hMSCs osteogenic differentiation on modified tissue culture plastic
(TCP) surfaces where the density of BMP-2 peptides was 0.69 pmol/mm?2 [354]. In the
same context, Moore et al. fabricated a linear gradient of BMP-2 peptide (0-1.4
pmol/mm?2) on glass surfaces and showed that at least 0.8 pmol/mm2 is required to up-
regulate Runx-2 gene expression [229]. On the other hand, the dual peptide grating; i.e.
RGD-TAMRA+BMP-2-FITC surfaces led to lower individual peptide densities as com-
pared to the sole peptide grafting, which was expected. Indeed, on bifunctionalized sur-
faces, the surface density of RGD-TAMRA and BMP-2-FITC mimetic peptides was es-
timated at 0.7 £ 0.1 pmol/mm2 and 1.0 + 0.1 pmol/mm?, respectively, representing almost
half the density of peptides grafted alone. In other words, the global peptide density on
bifunctionalized surfaces, estimated at 1.7 + 0.1 pmol/mm?, was close to that measured
on surfaces containing only RGD-TAMRA or BMP-2-FITC. These results are consistent
with previous literature works showing that the grafting of pre-mixed RGD and BMP-2
peptides at equimolar concentration leads to a 50:50 combination, such that each peptide
covers half of the whole surface [229] [354].
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In this work, RGD-TAMRA and BMP-2-FITC mimetic peptides were covalently grafted
onto glass surfaces in controlled manner leading to a quite similar total peptide density
on the different peptide modified surfaces. In addition, changes in the surface roughness,
recognized to greatly influence cell behaviors, was statistically not significant between
the different type of peptide grafted surfaces [252] [350] [351]. Thereby, the probability

that cells may behave differently in response to the surface peptide densities and surface
roughness can be eliminated, thus keeping the specific effect of each peptide and their
synergistic cooperation as the main parameters influencing hBMSCs fate. Therefore, cre-
ating a well-defined biochemical microenvironment on material surfaces is crucial to sub-
sequently investigate stem cell differentiation and signaling pathways governing this cell

behavior.

Table 2: XPS survey analyses of glass surfaces at each step of peptide grafting.

Si C ) N N/C N/Si
Glass “Piranha” 23.7+0.3 10+4 65+ 2 — — -
+ APTES 221 192 541 14zx04 0.08 +0.01 0.07 +0.02
+ SMPB 211 25+1 49+1 2206 0.09 +0.02 0.10+£0.03
+ RGD-TAMRA 204 +0.5 25+2 502 2905 0.12 +0.02 0.14 +0.03
+ BMP-2-FITC 152+0.5 39+2 38+2 59+03 0.15+0.01 0.40 £0.03
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Figure 21: C1s XPS spectra obtained at each step of RGD-TAMRA and BMP-2-FITC
peptide grafting.
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Figure 22: AFM images of the surface topography on different modified glass surfaces
Scale bar: 5 um.

Table 3: Surface roughness measurements after each step of surface modification.

Glass “Piranha” APTES SMPB RGD-TAMRA BMP-2-
FITC

Rrms (nm) 1.1+01 1.4+0.3 1.3+0.3 22+0.2 25+04
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Figure 23: Fluorescent measurements of peptide surface density on different peptide
modified surfaces using a standard curve with well-known peptide concentrations per
mm2.

3.2 hBMSCs osteogenic differentiation

Identification of biochemical cues that precisely control the switch of stem cells into ma-
ture cells exhibiting osteoblast phenotype is crucial to the advancement of biomaterials
used as bone tissue-engineered scaffolds. Surface modification of biomaterials by cova-
lent binding of signaling molecules and growth factors derived from the natural ECM
provides a useful model to identify these biochemical features and to understand the sig-
naling pathways triggered by their interactions with stem cells. In a previous study, PET
(Polyethylene Terephthalate) was conjugated with different ECM-derived peptides. It
was demonstrated that RGD peptide enhances the osteoinductive potential of BMP-2 pep-
tide on mouse calvaria-derived preosteoblast-like cells (MC3T3-E1) [211] [355]. The
present study focuses on the response of more primitive cells derived from human bone
marrow (hBMSCs) to these peptides, either alone or combined together. All cell culture
experiments were performed in serum-free media for the first 6 h and in the absence of
soluble osteogenic factors over 4 weeks of cell differentiation. These cell culture prod-
ucts, frequently used in biological experiments, are not physiologically relevant, greatly
influence cell behavior and might mask the specific effect of immobilized ligands on stem

cells fate.
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To screen for potential changes in hBMSCs phenotype on the various peptide modified
surfaces, the number of stemness (STRO-1) and osteogenic (Runx-2) markers expressed
by cells was measured using fluorescence microscopy. hBMSCs seeded on bare glass
substrates, in the same cell culture conditions as modified surfaces, were used as negative
control. No release of cells from the different materials was noticed after 4 weeks of cell
culture. At first sight, images of fluorescently stained markers showed that hBMSCs ex-
press STRO-1 marker only on bare glass and RGD surfaces (Figure 24.a-d). Quantitative
analyses confirmed these observations since we noticed a decrease of STRO-1 expression
on substrates containing RGD and/or BMP-2 mimetic peptides compared to control con-
dition, with stronger effect on BMP-2 and RGD+BMP-2 surfaces (Figure 24.i). The dif-
ference in STRO-1 expression was statistically significant between the control and sur-
faces containing RGD peptide, while the difference between surfaces containing BMP-2
mimetic peptide was not significant (Figure 24.1). This indicates that the population of
hBMSCs that have lost their stemness was greater on surfaces presenting BMP-2 peptide
compared to RGD or control surfaces. Therefore, it could be hypothesized that these cells
underwent a lineage-specific commitment, probably a commitment towards the osteo-
blastic lineage. To confirm this hypothesis, hBMSCs were stained for Runx-2 marker,
considered to be the first transcription factor required for determination of osteoblast lin-
eage. Indeed, fluorescent images showed that the expression profile of the osteogenic
marker Runx-2 exhibits an opposite trend compared to that of stem cells marker STRO-
1 (Figure 24.e-h). Quantitative analysis clearly evidenced the underlying trend as re-
vealed by an overexpression of Runx-2 on BMP-2 and RGD+BMP-2 surfaces and a slight
expression on RGD and control surfaces, suggesting that surfaces containing the mimetic
peptide of BMP-2 are osteoinductive. Specifically, significantly higher expression of
Runx-2 was noticed on RGD+BMP-2 surfaces with respect to BMP-2 surfaces, meaning
that RGD peptide up-regulates the stimulatory activity of BMP-2 mimetic peptide (Fig-
ure 24.j). Together, the expression profile of STRO-1 and Runx-2 markers demonstrated
that RGD peptide alone weakly affected stem cells commitment, as confirmed by de-
creased STRO-1 and equivalent Runx-2 levels compared to the control. In contrast, BMP-
2 peptide effectively induced hBMSCs osteogenic commitment, as revealed by a down-
regulation of STRO-1 and an up-regulation of Runx-2 markers. Specifically, RGD and
BMP-2 mimetic peptides synergistically enhanced BMP-2-mediated osteoblast differen-
tiation of hBMSCs.
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Figure 24: Osteogenic commitment of hBMSCs after 4 weeks of culture on Bare glass
surfaces (a, €), RGD surfaces (b, f), BMP-2 surfaces (c, g) and RGD/BMP-2 surfaces (d,
h). Cells were stained for STRO-1, a hBMSCs marker (A-D) and Runx-2, an osteoblast
marker (E-F) in red, with F-actin stained in green and cell nucleus in blue. Scale bar: 50
um. (i, j) Quantitative analysis of the total cellular STRO-1 (i) and Runx-2 (j) immuno-
fluorescence intensity in hBMSCs cultured on various types of modified surfaces (*P <
0.01).

Basically, the RGD peptides were commonly used for their ability to mediate cell adhe-
sion and spreading [325] [186], however, conflicting results were reported as to whether
RGD peptides promote osteoblast differentiation. The osteogenic effect of RGD peptides
was often demonstrated on osteoblast and committed pre-osteoblasts [349] [356] than
more primitive uncommitted cells such as BMSCs [227] [229] [357]. He et al. observed

increased ALP and calcium in rat BMSCs cultured on hydrogels containing 0.02
pmol/mm? of RGD peptides [227], while Moore et al. found that hBMSCs seeded on
RGD peptide gradient substrates (0-1.4 pmol/mm?2) down-regulated the expression of
Runx-2 mRNA compared to the negative control [229]. However, it should be noted that
in contrast to the Moore et al. study, He et al. tested the osteogenic effect of RGD peptide

in the presence of osteogenic medium, which can explain the difference in stem cells
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response to RGD between these two studies. Our results are in agreement with those pub-
lished by Moore et al. Indeed, we demonstrated that the RGD peptide alone, at a density
of 1.8 pmol/mm2, effectively reduced the stemness phenotype of hBMSCs but weakly
induced their osteogenic commitment, in the absence of osteogenic medium (Figure 24.i-
J)- The RGD peptide may thus promote osteogenic differentiation of hBMSCs in the pres-
ence of soluble osteogenic factors in the culture media.

The differentiation of MSCs and progenitors towards the osteoblastic lineage is usually
accomplished in response to BMP proteins or their mimetic peptides. BMPs interact with
BMPR-1 and BMPR-1I receptors leading to the phosphorylation of BMPR-I by BMPR-
I1, which in turn activate Smad 1/5/8 signaling pathways [334] [179]. This Smad-depend-
ent pathway leads to an up-regulation of Runx-2 transcriptional factor, which in turn reg-
ulates the expression of other osteoblast-specific proteins such as bone sialoprotein (BSP)
and osteopontin (OPN) [358]. Indeed, quantitative analysis of osteogenic markers expres-
sion showed that surfaces containing BMP-2 mimetic peptide alone at a density of 2.2
pmol/mm?2 (surfaces 2) up-regulated Runx-2 levels in hBMSCs, consistent with previous
works [104] [354] [229] [359] [360]. On the other hand, bifunctionalized surfaces exhib-
ited a significant decrease of each peptide surface density compared to the sole peptide

grafting. Indeed, because bifunctionalized surfaces were obtained from a 50:50 peptide
mixture, the BMP-2 density on these surfaces was 1 pmol/mm2, which is almost half the
density measured on surfaces containing only BMP-2 mimetic peptide. However, results
showed that the osteogenic effect of BMP-2 is still maintained, suggesting that the density
of BMP-2 mimetic peptide ranging from 1 to 2.2 pmol/mm? was sufficient to promote
hBMSCs osteogenic commitment. These observations are supported by Moore et al.
where they investigated the extent of hBMSCs osteogenic differentiation as a function of
BMP-2 surface density in basal medium. Indeed, they noticed increased fluorescence in-
tensity of Runx-2 as BMP-2 concentration increases along a peptide gradient ranging
from 0 to 1.4 pmol/mm? [229].

The combination of RGD and BMP-2 mimetic peptides at a density of 0.7 pmol/mm?2 and
1 pmol/mm?, respectively, noticeably influenced the expression of osteogenic markers,
leading to 2 fold increases in Runx-2 level compared to surfaces containing BMP-2 mi-
metic peptide alone. The up-regulation of Runx-2 expression strongly suggested that
hBMSCs were switched towards the osteoblast lineage and that RGD and BMP-2 mimetic
peptides act synergistically to accelerate hBMSCs osteogenic commitment. This syner-

getic effect has been previously observed by He et al. on rat BMSCs cultured on hydrogels
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functionalized with RGD+BMP-2 mimetic peptides. They hypothesized that RGD pep-
tide provides sites for cell attachment to the substrates, which facilitates the interaction
of BMP-2 mimetic peptides with their transmembrane receptors, BMPR | and BMPR 11,
thereby, leading to enhanced osteogenesis [227]. This assumption seems reasonable since
Lai and Cheng demonstrated that BMP-2 receptors co-localize/overlap with ay and 1
integrin subunits at focal adhesion points, which makes easier the interaction between
BMP-2 receptors and their ligands sequestered within the ECM [225]. Moreover, it was
shown that integrin signaling plays an essential role in the activation of BMP-2 receptors
since blocking avf integrins using ay integrin antibodies L230 suppressed the Smad sig-
naling elicited by the activation of BMP-2 receptors. Koepsel et al. also confirmed these
findings; they showed that hnBMSCs could not interact with BMP-2 when cells are seeded
onto gold surfaces presenting a cell adhesion peptide mutant (GRGESP) in combination
with BMP-2 mimetic peptide [361]. This means that the osteogenic effect of BMP-2 mi-
metic peptide is not only related to BMP-2 receptors activation as suggested in several
previous works [332] [334], but is also integrin signaling dependent. Suzawa et al. pro-
vided further details about the mechanism involved in the cooperation between RGD and
BMP-2 mimetic peptides. Indeed, they clearly demonstrated that Ras-ERK signals poten-
tiate BMP-2 bioactivity through their direct effects on Smad 1 transcriptional activity,
and that Ras-ERK might be downstream signals of activated a2p1-integrin [362].

Although this synergetic effect was highlighted in several studies, the scientific literature
also provides contradictory results [354] [361]. For example, Kim et al. prepared modi-
fied tissue culture polystyrene (TCP) surfaces with BMP-2, RGD+BMP-2 or
scCRDG+BMP-2 peptides, where sScRDG was used as a negative control sequence of RGD.
Results showed that the density of BMP-2 ranging from 0.33 pmol/mm?2 on sc-
RDG+BMP-2 surfaces to 0.69 pmol/mm?2 on BMP-2 surfaces promotes hMSCs osteo-
genic differentiation, without any influence of osteogenic differentiation extent within
this range. However, on RGD+BMP-2 surfaces, having the same BMP-2 density as sc-
RDG+BMP-2 surfaces, the osteogenic effect of BMP-2 peptides was clearly reduced
causing a down-regulation of Alkaline Phosphatase (ALP) activity and calcium deposi-
tion compared to BMP-2 and sc-RDG+BMP-2 surfaces [354]. Kim et al. and Koepsel et
al. reported that this discrepancy between the results regarding the effect of RGD peptides
on stem cells and progenitor response to BMP-2 peptide could be due to differing peptide
densities that can significantly impact cell behavior, the way to attach peptides on the

biomaterial as well as the medium conditions used for biological experiments [354] [361].
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Taken together, our data demonstrate that RGD and BMP-2 mimetic peptides work in
synergistic manner to enhance the osteogenic differentiation of hBMSCs, without the
need of additional osteogenic supplements.

With regard to potential applications, these osteoinduction systems can be used in regen-
erative medicine, tissue repair or even tissue engineering. For example, such systems
could be proposed as cell culture models to induce lineage-specific differentiation of
MSCs into bone cells. Differentiated cells might be harvested and then loaded in a biore-
actor to maintain their phenotype and produce bone-like tissues for cell-based therapies.
It could also be conceivable to develop 3D biodegradable matrices simultaneously loaded
with osteoinductive combined ligands (RGD/BMP-2) and hMSCs. Interestingly, mechan-
ical properties of these scaffolds could be tailored to mimic the stiffness of immature bone
tissue [236]. Such materials could be used as tissue engineered products to repair bone
defects throughout two strategies. The constructs could be either incubated in vitro for
only a few hours or cultured for sufficient time to produce osseous entities prior to im-
plantation. One can also imagine functionalizing the surface of metallic and ceramic ma-
terials, used as bone fixation and/or replacement implants, with these ligands. Osteoblasts
are likely to colonize implants and produce a mineralized ECM, which may avoid the
formation of a fibrous layer at the interface bone/implant, therefore improving the inte-
gration of implants with the surrounding bone tissue. In addition, this osteoinduction sys-
tem would be an insightful tool for an in-depth understanding of MSCs interactions with

their microenvironment.

4. Conclusion

The effect of RGD and/or BMP-2 mimetic peptides on osteogenic differentiation of hBM-
SCs was evaluated. RGD peptide is known to promote hBMSCs adhesion to glass sur-
faces through their integrins, while BMP-2 mimetic peptide induces hBMSCs commit-
ment and differentiation towards the osteoblastic lineage. The results demonstrated that
BMP-2 mimetic peptide at a density in the pmol/mm? effectively induced the switch of
hBMSCs into osteoblast cells. Importantly, compared to BMP-2 grafted surfaces, the co-
grafting of both RGD and BMP-2 mimetic peptides on glass surfaces increased the ex-
pression of Runx-2 levels by 2 fold after 4 weeks in the absence of osteogenic media, thus
suggesting that these peptides synergistically enhanced the extent of hBMSCs commit-

ment towards the osteoblastic lineage. These findings contribute to the sum of efforts
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deployed by researchers to design biomaterials capable of fostering the response of stem

cells toward bioactive molecules for bone tissue engineering applications.
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II. Study 2: Microscale geometric cues en-
hance osteogenic differentiation on BMP-2-,
but not RGD-modified surfaces.
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Résumé:

Le developpement de matrices extracellulaires (MECSs) artificielles, in vitro, basé sur la
récapitulation de la distribution temporaire et spatiale des facteurs biochimiques in vivo
(tel que les gradients des protéines et facteurs de croissance au sein de la MEC naturelle)
semble étre une étape importante vers une meilleure compréhension des mécanismes de

régénération des tissus vieillissants ou endommages.

Dans la présente étude, la technique de photolithographie a été utilisée afin de mimer
I’organisation spatiale des biomolécules séquestrées dans la MEC. Deux ligands dont
I’effet biologique est différent ont été sélectionnés ; le peptide RGD, facilitant 1’adhé-
rence cellulaire, et le peptide BMP-2, connu pour sa capacité a induire la différenciation
ostéoblastique des cellules souches mésenchymateuses (CSMs). Chaque peptide a été
greffé sur la surface d’un matériau sous forme de micro-motifs afin d’étudier 1’effet de la
distribution spatiale des ligands a bioactivité différente sur la différenciation des CSMs
en ostéoblastes. Les résultats ont révélé que la modification de la forme des micro-motifs
peptidiques influence la différenciation des CSMs, dépendamment de la nature du ligand
présenté aux cellules. En effet, contrairement au peptide RGD, la distribution spatiale du
peptide BMP-2 a I’échelle micrométrique a significativement amélioré la différenciation
ostéoblastique des CSMs, comparativement a la distribution aléatoire des ligands. Ces
résultats confirment que 1’effet de la microstructuration des ligands dépend considérable-

ment de leur nature et bioactivité.

Ce type de systémes in vitro représente un outil trés intéressant pour explorer les méca-
nismes par lesquels les cellules souches pergoivent et répondent a leur microenvironne-
ment, ce qui pourrait contribuer au développement des biomatériaux de nouvelle généra-

tion, capables de répondre aux besoins cliniques actuels en chirurgie orthopédique.
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Abstract

Engineering artificial extracellular matrix (ECM) based on the presentation of proteins
and growth factors in a spatially controlled manner, mimicking the distribution of bio-
chemical cues within the native environment, is of great importance for understanding
mechanisms of bone tissue regeneration. Herein, photolithography was used to decorate
glass surfaces with subcellular patterns of RGD and BMP-2 ligands; two mimetic pep-
tides recognized to be involved in stem cells osteogenesis. Well-defined micropatterned
surfaces were used to compare the effect of the micro-scale distribution of these ECM-
derived ligands on directing human mesenchymal stem cells (hMSCs) differentiation into
osteoblasts, in the absence of induction media. By manipulating micropatterns shape
while keeping their overall area constant, the differentiation of hMSCs was affected dif-
ferently depending on the type of ligand presented to cells. Obviously, the micro-scale
distribution of BMP-2, but not RGD peptide, significantly enhanced the extent of hMSCs
differentiation, suggesting that geometric cues guide stem cells specification into special-
ized cells in a ligand type dependent manner. Such cell culture models provide an inter-
esting tool to investigate how stem cells perceive and respond to their microenvironmen-
tal cues and may contribute to the development of next-generation biomaterials capable

of producing clinically relevant volume of bone tissue.

104



Stem Cell

Subcellular patterns
of BMP-2 peptide

;f,/Osthblast

Graphical table of content

105



Stem cell commitment and differentiation into specialized cells is governed by their local
microenvironment known as the stem cell niche [363] [364]. The ECM, a key component
of the stem cell niche in vivo, has emerged as a crucial regulator of extracellular signals
mediating the maintenance of stem cells or their differentiation [365] [366]. So, identify-
ing ECM cues dictating cell-fate decision and understanding how stem cells perceive and
respond may help to recapitulate the complexity of the native ECM and eventually mimic
their physiologically relevant properties in vitro. During the last decades, it has become
evident that cell behaviors are influenced by biochemical cues such as ligands type and
density [367] [368] as well as physical cues such as matrix stiffness, surface topography,
free energy, wettability and electric charges [138] [155] [236]. Biochemical cues are the

most studied and the best characterized ECM features affecting stem cells fate [369]. In-
deed, different signaling molecules were found to be tethered within the ECM during
mesenchymal stem cells (MSCs) differentiation into distinct lineages, such as fibroblast
growth factor (FGF) during proliferation [370], bone morphogenetic protein-2 (BMP-2)
during osteogenenic differentiation [371], transforming growth factors (TGFp) during
chondrogenic differentiation [372], and vascular endothelial growth factor (VEGF) dur-
ing angiogenic differentiation [373]. Therefore, growth factors and other bioactive mole-
cules such as adhesive ECM-derived proteins, including fibronectin, vitronectin, colla-
gen, and Laminin [374] have been extensively used as ECM mimics to induce, guide and
control lineage-specific differentiation of stem cells [375] [376].

Beside biochemical properties of the native ECM, many literature works have reported
that cells in vivo are exposed to both nano- and micro-sized structures of different geom-
etries such as pits, pores, ridges, protrusions, crystals and fibers [257] [259] [377] [378].

For instance, bone tissue is hierarchically organized from nanometer to centimeter scale,
with an average roughness of 32 nm [379]. Therefore, within a very brief time-frame, the
idea of designing biomaterials that closely mimic the complex architectural conditions in
vivo has excited many scientists over the world and attracted interest in various biomedi-
cal applications including tissue engineering, drug discovery, permanent implants, high
throughput microarrays, cell-based biosensors, and fundamental studies in cell biology.
Structuring material surfaces consists of creating either topographical or chemical pat-
terns, thanks to the microfabrication techniques [380]. Topographical patterns have long
been recognized to control short and longer cellular functions such as cell adhesion and

differentiation, respectively [251]. However, the effect of chemical patterns has been less
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addressed and mainly focused on controlling early cell responses (cell adhesion, prolifer-
ation and migration) [299]. This may be related to the fabrication process complexity,
poor reproducibility, restricted range of materials suitable for chemical patterning and
risks of affecting ligands bioactivity due to the use of harsh organic solutions and heat
treatment.

Although the existing literature exploring the impact of chemical patterns on stem cells
fate is quite limited, some few recent studies clearly revealed that MSCs and progenitor
cells sense and response to spatially distributed ligands, when pattern features are care-
fully selected and designed to target a lineage-specific differentiation. For example, it has
been shown that maintaining the stemness character of stem cells or eliciting their differ-
entiation can be regulated by varying the features of chemical patterns, including their
shape, aspect ratio, or size at both nano- and micro-scale [242] [381] [382] [383] [384].

These recent studies have shown that chemical micropatterning has a more profound im-

pact on cell behavior than had previously been recognized, however most of them have
been focused on investigating MSCs differentiation in response to the spatial distribution
of adhesive ligands, such as fibronectin or RGD peptide rather than growth factors [385].
Additionally, micropattern systems have been mainly used to manipulate stem cells com-
mitment and differentiation at single cell scale [241] [242] [381] [383]. Even though these

in vitro models are used as tool to decipher the complexity of ECM-cell interactions and
shed light on new mechanisms by which stem cells recognize their microenvironment and
respond to, they do not likely reflect the physiological situation for several reasons, in-
cluding: (i) cells interactions are neglected, while cell-cell contact are known to play an
important role in mediating MSCs differentiation, (ii) it is very challenging for materials,
used for single cell patterning, to keep their anti-adhesion properties for long time, thereby
restricting usually the time of cell differentiation to 1 week (iii) the osteogenic differen-
tiation of MSCs and signaling pathways assumed to be modulated by the pattern features
are usually assessed in induction media, which may mask the specific effect of the pattern.
In the present study, the osteogenic differentiation of human mesenchymal stem cells
(hMSCs) was evaluated on glass surfaces decorated with a checkerboard of adhesive
RGD or osteoinductive BMP-2 patterns at subcellular scale. RGD and BMP-2 mimetic
peptides have proven as potent effectors of cell adhesion [326] and differentiation [187],
respectively. Peptide patterns of different geometries but similar overall area were created
using photolithography technique, in such a way that cells are allowed to communicate

with each other and move freely over the substrate, without imposing to cells specific
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physical features (shape and/or dimension). The osteogenic differentiation of hMSCs,
grown during 4 weeks in a medium free of soluble osteogenic factors, was assessed on
the different patterned surfaces by determining the expression levels of STRO-1, as spe-
cific stemness marker, and Runt-related transcription factor 2 (Runx-2), Osteopontin
(OPN) and Alkaline Phosphatase (ALP) activity, as specific markers of osteoblast phe-
notype.

In this study the following questions were explored: 1) Is the effect of geometric cues
alone sufficient to modulate stem cells fate? 2) Does the spatial distribution of cell adhe-
sion peptide, RGD, affect hMSCs differentiation? 3) At what extent the spatial distribu-
tion of BMP-2 peptide affect its bioactivity?

Results

Characterization of peptide patterned surfaces. The spatial distribution of peptides
was ascertained at different stages, before and after peptide grafting and patterning. In a
previous study, the covalent grafting of fluoro-tagged RGD-TAMRA and BMP-2-FITC
peptides was evidenced using XPS [185]. Herein, the same protocol of peptide grafting
was used to immobilize RGD-TAMRA and BMP-2-FITC peptides as specific patterns.
First, the creation of resist patterns on glass substrates, using photolithography, was vis-
ually confirmed under fluorescence microscopy due to the S1818 resist auto-fluores-
cence. Images depicted in (Figure 25) clearly showed well defined geometries shaped as
triangles, squares and rectangles. The size of resist patterns size was measured using op-
tical interferometry. The obtained X and Y surface profiles revealed that the overall area
of resist patterns was close to the originally defined micro-sized features of 50 pum2, thus
demonstrating high fidelity of pattern transfer (Table 4) (Figure 26). Fluorescent images
and interferometric measurements were acquired at different locations on material surface

to verify the reproducibility of resist patterns.
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Figure 25: Fluorescence microscopy images of resist micropatterned surfaces showing
three different pattern geometries (Triangle, rectangle, square) with a constant surface
area. Scale bar: 50 um.

Table 4: Measurements of pattern dimensions obtained on X and Y interferometry pro-
files and compared to the pattern features defined by the photomask.

Replicated feature dimensions Photomask feature dimen-

Micropatterns shape .

Triangle (um?)

Square (um?)

7202 x 7+0.2 7.07 x 7.07 }50 pm?

Rectangle (um?)
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Figure 26: X and Y surface profiles obtained on different resist micropatterned surfaces
using optical interferometry.

Subsequently, well-characterized resist micropatterned surfaces were used as a template
to spatially distribute fluorescent RGD and BMP-2 peptides onto glass substrates. The
efficiency of peptide patterning was confirmed by fluorescence microscopy. As shown in
Figure 27, RGD-TAMRA and BMP-2-FITC micropatterns are readily identifiable and
exhibit the expected shapes (triangular, square and rectangular geometries) and size (~ 50
pum?). It is worth noting that fluorescent images of micropatterned peptides are representa-
tive of pattern features on the entire surface of 150 samples used for cell culture experi-
ments. Such criterion seem of outmost importance to ensure a high reproducibility of
biological results, given that these pattern systems are used as cell culture model to in-

vestigate stem cells response to their microenvironment.
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Figure 27: Fluorescence images of the different patterned and unpatterned surfaces with
RGD-TAMRA (labeled in red) and BMP-2-FITC (labeled in green). Dark background

corresponds to SMPB regions.
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Osteogenic differentiation of h(MSCs mediated by patterns shape. Given that the sur-
face roughness has been recognized for long time to greatly affect stem cells behavior
and functions [350] [351], we previously evaluated the surface roughness of RGD-
TAMRA and BMP-2-FITC peptides distributed in homogenous way on glass surface
[185]. Results showed no significant difference in the surface roughness between these
two conditions. In the present work, the same protocol of peptide grafting was used to
immobilize these peptides on glass material as specific patterns. Also, attention was paid
to the fact that hMSCs seeded on peptide micropatterned surfaces are exposed not only
to peptide patterns but also to the surrounding crosslinker regions, as shown in Figure
27. Indeed, the peptides were grafted through SMPB crosslinker, previously demon-
strated by our team to exert no specific effect on cell behavior [344]. The focus was,
therefore, made on comparing the effect of the spatial distribution of peptides as specific
geometries on hMSCs osteogenesis. The extent of stem cell osteogenic differentiation
was evaluated after 4 weeks of cell culture by measuring expression levels of stemness
marker (STRO-1) and osteogenic markers (Runx-2, OPN, ALP) on patterned and unpat-
terned surfaces. Negative controls consisted of hMSCs cultured on bare glass surfaces.

On one hand, results showed that most of hMSCs maintained their stemness state on
RGD-TAMRA surfaces, regardless the peptide pattern geometry. Indeed, fluorescence
images indicated that hMSCs expressed STRO-1 marker on all RGD-TAMRA micropat-
terned surfaces (Figure 28) while only a slight expression of Runx-2 and OPN was no-
ticed (Data not shown). Quantitative analysis also confirmed these observations, as re-
vealed by an inverse correlation between the expression profile of stem cells marker and
osteogenic markers, i.e. high expression of STRO-1 and very low expression of Runx-2
and OPN (Figure 32-S1). ALP activity, which is the most frequently used marker for
osteogenic differentiation, was also measured. Compared to the pattern of expression of
fluorescently stained osteogenic markers, a similar trend of ALP expression, determined
by colorimetric assay, was observed (Figure 32-S1), thus confirming again that the dis-
tribution of RGD-TAMRA peptide at subcellular scale weakly induced the differentiation

of hMSCs towards the osteoblasts lineage.
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On the other hand, the extent of hMSCs differentiation into osteoblasts was evaluated in
response to micropatterned surfaces with osteoinductive ligands. Herein, the purpose was
to verify whether the stimulatory effect of BMP-2-FITC is still maintained or enhanced
when the peptide is spatially distributed as specific geometrical cues at subcellular scale.
The cell phenotype was analyzed using the same stemness and osteogenic markers as
those employed for the evaluation of hMSCs fate in response to RGD-TAMRA patterns.
Fluorescent images of stained markers revealed that all pattern geometries of BMP-2-
FITC induced hMSCs osteoblast differentiation, as revealed by the suppression of STRO-
1 marker (Figure 28) and the expression of both earlier Runx-2 and late OPN osteogenic
markers (Figure 29). Specifically, quantitative analysis showed significant increase in
the expression yield of osteogenic markers depending on the pattern shape of BMP-2-
FITC peptide. Indeed, the expression levels of Runx-2 and OPN markers were signifi-
cantly higher on BMP-2-FITC patterns shaped as triangles and squares and similar on
rectangular micropatterns as compared to unpatterned surfaces (Figure 30). The under-
lying expression profile of fluorescently stained osteogenic markers was also observed
on ALP results, showing the highest levels ALP activity on triangular and square patterns
(Figure 33-S2).
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Figure 30: Quantitative analysis of the total cellular immunofluorescence intensity of
STRO-1, Runx-2, and OPN in hMSCs cultured on patterned and unpatterned BMP-2-
FITC surfaces.
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Discussion

Identifying ECM cues that direct MSCs differentiation towards the osteoblastic lineage
is crucial for the design of in vitro cell culture models that closely mimics the extracellular
microenvironment of bone cells, which may help to produce clinically relevant quantities
of bone tissue. Indeed, modulating chemical, topographical and mechanical properties of
biomaterial surfaces are the most investigated approaches in an effort to recapitulate key
aspects of the native ECM dictating MSCs fate, thus applying the acquired knowledge
for bone tissue engineering application [315] [364]. The present work aims to investigate
whether the grafting of BMP-2-FITC mimetic peptide as specific patterns with defined
shapes and sizes, which somewhat mimics the organization of the native ECM compo-
nents, enhances hMSCs osteogenic differentiation. Adhesive RGD-TAMRA peptide was
also spatially distributed to examine whether geometrical cues effects are peptide depend-
ent or influence hMSCs fate regardless ligand bioactivity. hMSCs were seeded on glass
surfaces containing RGD-TAMRA or BMP-2-FITC patterns with different shapes but
constant surface area at subcellular scale. To rule out the interference of the external cues
beyond pattern shapes, all experiments were performed in serum-free media during the
first six hours and in the absence of osteogenic soluble factors along the cell culture ex-
periment, thus all of cells were exposed to the same local environments except geomet-
rical cues. Quantitative and qualitative investigation of hMSCs differentiation provided
two main information. First, the effect of the patterns shape is peptide-dependent as re-
vealed by relevant changes in cell behavior on BMP-2-FITC patterns, unlike RGD-
TAMRA patterns. Second, patterning of BMP-2-FITC mimetic peptide improves its bio-
activity and consequently enhances hMSCs osteogenesis, depending on the pattern shape.
The insensitivity of cells to RGD-TAMRA patterning demonstrated that the spatial dis-
tribution of RGD-TAMRA peptide was not a potent cue to sufficiently induce hMSCs
differentiation (Figure 33-S2). Although the nano-scale presentation of adhesive ligands

has been widely recognized to affect stem cell fate [350] [386] [387], little is known re-

garding the biological effect of their distribution at subcellular scale. Indeed, some liter-
ature studies reported that the distribution of RGD peptide and other adhesive ligands at
the micro-scale level is not sufficient to direct MSCs towards mature cell lineages. Hence,
soluble growth factors are usually added to the media in such cell culture models to push
stem cells to become terminally differentiated cells [236] [241] [351] [294]. In addition,

cell differentiation in response to RGD peptide was mainly observed on pre-committed
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cells such as pre-osteoblasts [349] rather than more primitive cells such as MSCs [227]
[229].

Although patterning of RGD peptide as different shapes (rectangle, triangle, square) did
not affect hMSCs fate, BMP-2-FITC peptide patterns exhibiting similar subcellular
shapes significantly enhanced hMSCs differentiation towards osteoblastic lineage. In-
deed, both ALP activity and levels of early and late fluorescently stained osteogenic
markers were substantially up-regulated on triangular and square BMP-2-FITC patterns.
However, on rectangular BMP-2-FITC patterns hMSCs expressed similar levels of oste-
ogenic markers compared to those cultured on unpatterned BMP-2-FITC surfaces. Spe-
cifically, the correlation of the pattern shapes with a physical factor, known as the aspect
ratio (AR), revealed that square and triangular patterns exhibit higher AR of 1 and 0.7,
respectively, compared to rectangular micropatterns (AR = 0.5). The aspect ratio is de-
fined as the Feret’s minimum length to the Ferets’s maximum length [388]. Therefore,
experimental data demonstrate that; (i) the spatial presentation of BMP-2-FITC peptide
as specific geometries is a strong regulator of cell differentiation and (ii) higher feature
aspect ratios accentuate osteoblastic phenotype on differentiated hMSCs. Changing pat-
terns geometry locally changes the distribution of BMP-2-FITC peptide and this may in
turn change the binding affinity of the ligand with its receptors. It is important to reiterate
that all patterns exhibited a constant subcellular size of 50 umz2, so the differences ob-
served in cell behaviors can be attributed directly to differences in pattern shapes and their
aspect ratio. Creating a well-defined microenvironment by controlling the distribution of
ligands on biomaterial surfaces remains a recent topic of biomaterials science, introduced
by Whitesides and Ingber groups in 1994 [298]. The first investigations, using chemical
patterning techniques, were focused on modulating the early cell responses such as cell

adhesion, spreading, migration, proliferation and apoptosis [382] [389] [390]. Since 2004,

this approach began to be applied to regulate more complex cell behaviors, such as cell
differentiation and cell-cell communication [351] [383]. Some elegant works described
in detail how stem cells respond to spatially distributed ligands as patterns of specific
shapes and dimensions. For example, McBeath et al. [241] observed that MSCs seeded
on large square micropatterns of fibronectin and exposed to mix osteogenic/adipogenic
media differentiate preferentially towards osteoblast phenotype, while those cultured on
relatively small square micropatterns (10 fold smaller) undergo adipogenesis. In this
work, it was demonstrated that the signaling pathway governing lineage specific commit-

ment of MSCs is mediated by the degree of cell spreading which is controlled by the
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patterns size. Consequently, RhoA and ROCK activity is regulated, which in turn affect
myosin-generated cytoskeleton tension. Therefore, high and low cytoskeleton contractil-
ity induces MSCs osteogenic and adipogenic commitment, respectively.

Kilian et al.?” and Peng et al. [242]reported in insightful works that geometrical cues
(pattern shape) also influence MSCs commitment into distinct specific lineages. Although
some of the conclusions from the two groups are similar, such as signals mediating MSCs
fate in response to pattern features, contradictory results were also reported. For example,
Kilian et al. showed enhanced osteogenesis with decreased aspect ratio (AR 1:1 to 1:4)
of rectangular micropatterns, while Peng et al. revealed that higher level of osteogenesis,
determined by measuring ALP activity, was found at aspect ratio of 1:2 among a series
of rectangular micropatterns of aspect ratios ranging from 1:1 to 1:16. Conflicting results
were also reported regarding the impact of isotropic geometries (aspect ratio = 1:1) on
stem cells fate. Indeed, Peng et al. [294]observed that the osteogenic differentiation of
MSCs, based on ALP activity measurement, was higher on star micropatterns followed
by triangular and square micropatterns of the same pattern dimension. However, in a sim-
ilar recent work done by Wang et al. [381], it has been shown that MSCs maintained their
stemness regardless the shape of micro-sized patterns (circle, triangle, square, pentagon,
and hexagon).

Although some experimental conditions and results vary between these works such as
material matrices, strategy of ligand immobilization, culture media composition, pattern
size and shape and their effects, the golden rule says that pattern features that promote
high cytoskeleton tension and cell spreading favor osteogenic differentiation. To date, the
best-known mechanism by which geometric features influence stem cells fate was de-
scribed by Kilian et al. [242] suggesting that MSCs commitment into osteoblasts in re-
sponse to geometrical cues is modulated by cytoskeleton rearrangement leading to a high
actomyosin contractility, which in turn stimulates the expression of the non-canonical
Whnt signaling molecules, their receptors, and their downstream effectors, including RhoA
and ROCK. Subsequently, expression of genes involved in MAP kinase pathways
(ERK/INK) is enhanced by either mechanical stimuli (cytoskeleton tension) or biochem-
ical stimuli (Wnt signaling), leading to an up-regulation of master osteoblast regulators
expression. Therefore, this signaling pathway might be involved in enhancing hMSCs
osteogenesis on BMP-2-FITC micropatterned surfaces, since induced cells were well
spread, presenting highly organized and contractile F-actins and exhibited cuboidal shape

characteristic of mature osteoblasts.
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In our cell culture model, other factors may also come into play to improve the specifica-
tion of hMSCs towards osteoblast phenotype. Among these parameters, cell-cell interac-
tions, known to play a crucial role in stem cells differentiation [391], may contribute in
enhancing hMSCs osteogenesis since in the present study cells were allowed to interact
with each other’s, unlike to previous cited works where cells were confined in adhesive
micro-islands for single cell manipulation. In this regard, Ding group [300] [392] inves-
tigated differentiation of stem cells in response to controlled and pre-defined cell contact
extents, using micro-contact printing technique. Their results clearly demonstrated that
the osteogenic differentiation of MSCs was significantly enhanced by cell-cell contact
gap junction signaling. In addition, Jeon et al. demonstrated that structured materials can,
in turn, influence cell-cell interactions extent, as revealed by a significantly higher gene
expression of Cadherin 1 in MSCs cultured on 3D micropatterned hydrogels with the 50,
100, and 200 um patterns compared to those grown on unpatterned hydrogels or the 25
pum pattern [382]. Moreover, they noticed a linear correlation between pattern features
and cell behavior since osteogenic and chondrogenic differentiation increased with in-
creasing pattern size and cell-cell contact. Therefore, it should be taken into account the
contribution of such cell cues in regulating osteogenesis in our cell culture systems.

The third likely scenario involved in regulating the extent of hMSCs differentiation could
be related to the modulation of BMP-2 bioactivity through the geometrical distribution of
this ligand. Assuming that cells are highly sensitive to the spatial distribution of adhesive
ligands, thus modulating integrin/ligands interactions, focal adhesion formation and mat-
uration as well as the subsequent cell behaviors, it is likely that the spatial distribution of
BMP-2 as specific shapes may also affect the binding affinity of this peptide to its recep-
tors and the downstream signaling pathway [393]. This is supported by Zouani et al. work
where they demonstrated that MSCs sense the stiffness of their microenvironment and
respond to by modulating cytoskeleton contractility as well as BMP-2-induced smads
signaling pathway, which in turn regulates the extent of MSCs osteogenic differentiation
[210]. Moreover, it should be not neglected that the pattern shape and BMP-2 peptide can
act synergistically to induce and enhance osteogenesis since both of them have been
shown to trigger the activation of Mitogen-Activated Protein Kinase (MAPK) pathway
known to play an important role in directing stem cell fate towards osteoblast phenotype

[242] [336].
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To summarize, we have demonstrated for the first time that spatially distributed BMP-2-
FITC peptide as specific geometries at subcellular scale, even in the absence of any in-
duction media, enhances the osteogenic differentiation of hMSCs as compared to uni-
formly distributed BMP-2-FITC peptide onto material surfaces. Molecular events that
govern lineage-specific differentiation of hMSCs, in response the geometric distribution
of growth factors, would be of interest for future studies using these cells culture models.

Conclusion

Microfabrication techniques offer a unique and versatile tool to explore and dissect the
role of distinct cues within stem cells niches, including cell shape and dimension, matrix
stiffness and topography as well as the spatial distribution of proteins and growth factors.
In this study, structured glass surfaces were developed using photolithography by manip-
ulating pattern geometry of RGD-TAMRA or BMP-2-FITC peptide at subcellular scale
while keeping the overall area constant. When hMSCs were grown for 4 weeks on RGD-
TAMRA micropatterned surfaces, most of them have kept their stemness character simi-
larly to those cultured on homogenous surfaces, meaning that the spatial distribution of
adhesive RGD-TAMRA peptide did not affect stem cells fate. Unlike RGD-TAMRA
peptide, our results clearly demonstrated that the extent of hMSCs osteogenic differenti-
ation can be modulated only by controlling the presentation of BMP-2-FITC peptide on
material surfaces. Indeed, hMSCs acquired osteoblast phenotype on both homogenous
and micropatterned surfaces containing BMP-2-FITC peptide, however, triangular and
square peptide patterns, i.e. geometric features with aspect ratio of 1 and 0.7 significantly
enhanced hMSCs osteogenesis.

These findings suggest that the effect of subcellular geometrical features is peptide de-
pendent and that an optimal control of growth factors distribution over biomaterials sur-
faces may help to precisely guide stem cells commitment and differentiation into osteo-

blast cells, without recourse to osteogenic differentiation media.
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Experimental Details

Materials. BorosilicateBorosilicate glass slides (76 x 26 mm, thickness = 1 mm) were
obtained from Schott (Tempe, AZ, USA). These slides were laser-cut into 10x10 mm
pieces, to fit in 24 well cell culture plates, by ALPhANOV, France. H202 (33 wt %),
concentrated H.SOg, acetone, ethanol, anhydrous toluene, dimethylsulfoxyde (DMSO),
3-aminopropyltriethoxysilane (APTES) and succinimidyl-4-(p-maleimidophenyl) butyr-
ate (SMPB) were all purchased from Sigma-Aldrich, France. The fluorophore-tagged
CG-K(PEG3-TAMRA)-GGRGDS adhesion peptide (referred to as RGD-TAMRA; MW
1437 g/mol) was synthesized by Anaspec (Fremont, CA, USA). CKIP-
KASSVPTELSAISMLYL and fluorophore-tagged CKIPKASSVPTELSAISMLYLK-
FITC peptides (referred to as BMP-2 mimetic peptide; MW 2251.75 g/mol and BMP-2-
FITC mimetic peptide; MW 2769 g/mol, respectively) were produced by Genecust, Lux-
emburg. These peptides were first dissolved at 2 mM in DMSO and stored at - 20 °C until
use. Peptides, to be conjugated with material surface, were resuspended at 20 pM in a 0.2
pum-filtered Phosphate-Buffered Saline (PBS, Life technologies, France) solution con-

taining 7.5 % glycerol.

Preparation of resist patterned surfaces. Resist patterns were created on glass sub-
strates using photolithography technique. Briefly, photosensible resist S1818 (CHIMIE
TECH, France) was coated on glass surfaces and spun at 4000 rpm for 30 s, leading to a
homogenous photoresist of approximately 2 um. The surfaces were then baked at 110 °C
for 60 s prior exposure to a pattern of light emitted by UV lampe (365 nm, 19,5 mW/cm2,
contact mode, 50 Hz, exposure time: 5 s) through photomasks with checkerboard patterns
of different geometries (Département de génie électrique et de génie informatique, uni-
versité de Sherbrooke, QC, Canada). Subsequently, the exposed resist was developed by
emerging the substrates in Microposit Developer solution (MF319, CHIMIE TECH,
France) for 40 s. Finally, the samples were slightly washed with deionized water to re-

move any traces of developed resist and dried with nitrogen gas (Figure 31).
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Peptide grafting and patterning. The covalent grafting of peptides was achieved as de-
scribed in a previous work [185]. Briefly, glass substrates were first cleaned using a pira-
nha treatment. Then, material surfaces were immediately aminated by immersing in
APTES solution (34.5 mM in anhydrous toluene) for 3 hours, under Argon (Ar) atmos-
phere. The samples were washed three times with anhydrous toluene to remove unat-
tached aminosilanes and vacuum dried at 120 °C for 30 min. Subsequently, aminated
surfaces were conjugated with the heterobifunctional SMPB crosslinker by emersion in
SMPB solution (3 mg/mL in DMSO) for 2 h, and then rinsed in DMSO for 10 min. This
step was followed by creating resist patterns on SMPB surfaces using photolithography
as described in the aforementioned section. Finally, resist patterned surfaces were covered
with 200 pL of 20 uM solution of RGD-TAMRA or BMP-2-FITC peptides. After 3 h of
reaction, samples were washed with deionized water under agitation, and then immersed
in acetone for 1 min to remove the resist pattern, resulting in peptide patterns surrounded
with SMPB domains (Figure 31). Finally, the substrates were rinsed three times for 15
min in DMSO, thoroughly washed with deionized water, and stored for at most 1 month
in PBS until use. Unless otherwise indicated, all reactions needed for surface modification
were carried out with =~ 50 rpm agitation, at room temperature, away from light, and
cleaning steps were performed in ultrasonic bath. Patterns of RGD-TAMRA and BMP-
2-FITC peptides developed using this protocol are shaped as triangles, squares or rectan-
gles and exhibit a constant overall area at subcellular scale. In other words, each sample
of 10 mm?2 is composed of 10° peptide patterns of 50 um2, regardless the pattern shape.
Unpatterned glass surfaces functionalized with RGD-TAMRA and BMP-2-FITC were

also prepared and served as controls for biological experiments.
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Figure 31: Schematic representation of peptide micropatterning onto glass surfaces using
photolithography technique.

Surface characterization. The covalent grafting of peptides, the density of grafted pep-
tides as well as the surface roughness after each step of surface modification were evalu-
ated in a previous work on unpatterned glass surfaces using X-ray Photoelectron Spec-
troscopy (XPS), fluorescence microscopy and Atomic Force Microscopy (AFM), respec-
tively [185]. In the present work, we have focused on evaluating the efficiency of peptide
patterning using fluorescence microscopy and optical interferometry.

On resist patterned surfaces (materials corresponding to step 3 of surface patterning pro-
tocol (Figure 31) fluorescence microscopy was used to characterize the shape of resist
patterns while optical interferometry (Bruker Nano-NT9080) was employed to measure
the pattern dimensions. Resist patterns were visible under fluorescence because the S1818
resist is auto-fluorescent when excited with a 543 nm laser line. Optical interferometry

measurements were carried out on dry samples, at room temperature, using the vertical
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scanning interferometry mode with a vertical resolution of approximately 2 nm. The in-
terferograms were digitalized with a CCD camera and converted into 2D topographic
maps. Pattern dimensions, according to the X and Y axes, were measured on these maps

using Veeco software.

Well-characterized glass surfaces containing resist patterns were then used as template
for fluorescent RGD and BMP-2 patterning. Finally, the spatial distribution of peptides
(samples corresponding to the step 5 of surface patterning protocol, shown in Figure 31
was visualized under fluorescence microscopy (Leica microsystem DM5500B, micro-
scope with a motorized, programmable stage using a CoolSnap HQ camera controlled by
Metamorph 7.6).

Cell culture. hMSCs purchased from Lonza, France were maintained in MSCs growth
medium (MSCGM) (Lonza, France), subcultured once a week using trypsin/EDTA 1x
(Sigma-Aldrich, France) and incubated in a humidified atmosphere containing 5 %
(vol/vol) CO2 at 37 °C. Subconfluent cultures of hMSCs at low passage (passage 4) were
used; the cells were seeded at a density of 10* cells/cm? on patterned and unpatterned
glass surfaces, sterilized with 70% ethanol prior to cell plating. All cell culture experi-
ments were performed in serum free a-MEM medium (Life technologies, France) for the
first 6 h of culture. This allows for interactions between grafted peptides and their cell
surface receptors without interference of serum proteins. Once this time has elapsed, the
medium was completed with 10 % fetal bovine serum (FBS) and 1 % penicillin/strepto-
mycin, without addition of soluble osteogenic growth factors. The growth medium was

changed twice per week for up to 4 weeks.

Lineage-specific differentiation assays. The extent of hMSCs osteogenic differentiation
and cell morphology were evaluated on different conditions using immunocytochemistry
staining. Briefly, at 4 weeks, cells were fixed in 4 % paraformaldehyde at 4 °C for 20
min, permeabilized with 0.5 % Triton X-100 in PBS for 15 min and blocked with 1 %
Bovine Serum Albumin (BSA) in PBS for 30 min at 37 °C. The osteogenic differentiation
of hMSCs was assessed by incubating cells overnight at 4 °C with 10 pg/mL monoclonal
anti-STRO-1 (R&D Systems, France), 10 pg/mL monoclonal anti-Runx-2 (abcam, UK)
and 1/200 (v/v) monoclonal anti-OPN (Santa Cruz Biotechnology, USA), primary anti-
bodies produced in mouse. Subsequently, cells were treated with the secondary antibody
Alexa Fluor 647 goat anti-mouse 1gG (H+L) (1:400 dilution) for 1 h at 37 °C. To visualize

125



cytoskeleton organization, filamentous actin (F-actin) was stained with 1/200 (v/v) Alexa
Fluor 488 phalloidin on RGD-TAMRA surfaces and with 1/200 (v/v) Alexa Fluor 568
phalloidin (Invitrogen, France) on BMP-2-FITC surfaces for 1 h at 37 °C. The cell nuclei
were counterstained with DAPI (Sigma, France). Finally, samples were mounted on glass
microscope slides with ProLong Gold antifade reagent (Sigma, France) and imaged using
fluorescence microscopy (DM5500B, Germany) and MetaMorph software.

The osteogenic differentiation was also evaluated by measuring the ALP activity of
hMSCs using an ALP Assay kit (Abcam, UK), according to the manufacturer’s protocol.
To measure intracellular ALP activity, cells were detached from the different modified
glass surfaces, centrifuged at 300 g for 3 min and the supernatant was carefully removed.
The cell pellets were then homogenized in the assay buffer and 80 pL of cell suspension
were incubated with 50 pL of 5 mM of p-nitrophenyl-phosphate (pNPP) solution in 96-
well plate at 25 °C for 60 min, away from light. The reaction was stopped by adding 20
ML of stop solution to each sample, then the absorbance (OD) was measured at 405 nm
in a plate reader and compared to a standard curve obtained from simultaneously prepared
pNPP solutions of known concentrations. Basically, three samples per condition were
prepared for ALP assay. However, due to the low density of cells initially plated on ma-
terials (10%) compared to that recommended by the manufacturer to measure intracellular
ALP activity (10°), we pooled cells harvested from the three samples of each condition
for ALP measurements. Therefore, preliminary ALP results were obtained from only one
sample per condition.

To quantify the expression levels of fluorescently stained STRO-1, Runx-2, OPN mark-

ers, we used ImageJ freeware (NIH, http://rsb.info.nih.gov/ij/). Fluorescent images to be

analyzed were acquired at the same exposure time and 40x magnification. These images
were opened with ImageJ software and the area of interest, which corresponds to the re-
gion of marker expression within the cell, was identified by setting a threshold. The av-
erage fluorescence density was then measured on selected area of interest. A minimum
of 60 cells per condition were analyzed.

The background signal was measured on hMSCs incubated with only the secondary anti-
body Alexa Fluor 647; three measurements of the average fluorescence intensity per sam-
ple were performed (n=3). Finally, the background signal was subtracted from the average

fluorescence density measured on all images of stained markers.
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Statistical analysis. All data are expressed as mean values + standard deviation (SD).
Statistical analysis was performed by one-way analysis of variance (ANOVA) and
Tukey’s test for multiple comparisons, using GraphPad Prism version 6.07 for Windows,

(GraphPad software, San Diego California USA, www.graphpad.com). A difference was

regarded as significant when P < 0.01.
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Figure 32-S1: Quantitative analysis of the total cellular immunofluorescence intensity of
STRO-1, Runx-2, and OPN in hMSCs cultured on patterned and unpatterned RGD-
TAMRA surfaces. ALP activity measured by colorimetric assay on the different RGD-
TAMRA modified materials. H: homogenous surfaces, R: rectangular patterns, S: square
patterns, T: triangular patterns.
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Figure 33-S2: ALP activity measurements on patterned and unpatterned surfaces con-
taining BMP-2-TAMRA mimetic peptide.
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[Il. Study 3: Microscale geometric cues en-
hance RGD/BMP-2  crosstalk-mediated
hMSCs osteogenesis.
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Résumé:

Au sein du microenvironnement naturel, les cellules souches mésenchymateuses (CSMs) hu-
maines régulent leur devenir suite a leurs interactions avec la matrice extracellulaire (MEC).
Cette derniere joue non seulement le role de support cellulaire via les interactions intégrines/li-
gands mais sert également de réservoir de facteurs de croissance. De plus, ces dernieres années
ont apporté des informations instructives sur la fagon dont les intégrines s’associent aux récep-
teurs de facteurs de croissance et modulent leur activité, ainsi générant un effet synergétique qui
joue un role crucial au cours du processus de différenciation cellulaire. Jusqu’a présent, la plu-
part, voire I’ensemble des études décrivant cet effet synergétique ont été réalisées avec des ma-
tériaux fonctionnalisés simultanément et d’une maniére aléatoire avec des protéines d’adhésion
et facteurs de croissance. Cependant, il est actuellement bien admis qu’au sein de la MEC natu-
relle, les biomolécules sont distribuées d’une maniére hétérogene.

Afin de mimer a la fois 1’organisation spatiale des protéines et facteurs de croissance et leur
coopération in vivo, nous avons greffé simultanément le peptide d’adhésion RGD et le peptide
ostéo-inducteur BMP-2 sous forme de motifs juxtaposés, a 1’échelle micrométrique. Cela a per-
mis d’évaluer I’effet combiné de la microstructuration des ligands et leur coopération sur la dif-
férenciation des CSM humaines vers la voie ostéoblastique. En variant la forme géométrique des
micro-motifs peptidiques tout en maintenant leur taille constante, la différenciation ostéoblas-
tique a été considérablement affectée. En effet, les micro-motifs triangulaires et carrés ont signi-
ficativement amélioré la différenciation des CSMs, comparativement aux micro-motifs rectan-
gulaires. Ces résultats suggerent que 1’organisation spatiale des molécules bioactives peut chan-
ger la facon par laquelle les CSMs percoivent et répondent aux signaux biochimiques. Ce type
de systemes in vitro présente un outil intéressant pour explorer des nouveaux mécanismes res-
ponsables de la régulation de la différenciation des CMS, ainsi contribuant a la conception et au

développement des biomatériaux mimant intimement la situation physiologique.
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Abstract:

Within the native microenvironment, human mesenchymal stem cells (hMSCs) regulate their fate
by binding to the extracellular matrix (ECM) that not only acts as support for adherent cells
through integrin ligands but also as reservoir of growth factors. In fact, there is compelling evi-
dence that integrin ligands such as RGD and growth factors such as BMP-2 are not independent
systems but rather cooperate and crosstalk to regulate osteogenic differentiation. By far, cell be-
haviors in response to this synergistic effect have been investigated only when these ligands are
homogenously distributed on material surfaces. However, recent advances in stem cell biology
highlighted a heterogeneous distribution of ligands within the native environment, spanning over
different length scale. Towards recapitulating the complexity of the native ECM, we present a
strategy for the simultaneous patterning of RGD and BMP-2 mimetic peptides to understand the
interplay of geometric cues and ligands combination in regulating hMSCs osteogenesis. RGD
and BMP-2 were covalently bound to glass surfaces in patterned micro-scale regions using pho-
tolithography. By manipulating pattern shape while keeping the overall area constant, the osteo-
genic differentiation of hMSCs was significantly enhanced on triangular and square peptide mi-
cropatterns, as revealed by a very low expression of stemness markers (STRO-1) and an up-
regulation of osteogenic markers (Runx-2 and osteopontin (OPN)) as compared to rectangular
peptide micropatterns. These results demonstrate that the spatial organization of ECM-derived
ligands can change how hMSCs perceive and interpret biochemical signals. Such in vitro systems
provide an interesting tool to investigate mechanisms by which the spatial organization of ECM
cues dictate hMSCs fate, thereby contributing to the design of synthetic, biomimetic versions of

in vivo microenvironments for bone tissue engineering applications.
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1. Introduction

Mesenchymal stem cells (MSCs) are considered as potential candidate in tissue engineering and
regenerative medicine due to their high proliferative rate, multipotency, immunocompatibility
and convenient sources with respect to ethical and religious issues [90]. In situ, in response to
injuries, trauma or diseases, MSCs migrate from their niche to the lesion site where they repair
damaged tissues and restore their functions [394]. These biological events, including stem cells
self-renewal, migration and differentiation are orchestrated by a highly structured and complex
cell microenvironment, so-called stem cell niche [287]. Specifically, the extracellular matrix
(ECM), a key component of the stem cell niche, provides various stimuli that drastically influ-
ence MSCs fate decision [395]. Biochemical cues are the most explored and best characterized
stimuli. Their distribution and abundance within the native ECM depend on the type of the tar-
geted cell response as well as the location of the stem cell niche in the body [396]. For instance,
a continuous remodeling in the composition and organization of the native ECM has been noticed
at different stages of MSCs proliferation and differentiation, including the ECM enrichment with
fibroblast growth factor (FGF) during proliferation [370], bone morphogenetic protein-2 (BMP-
2) during osteogenenic differentiation [371], transforming growth factors (TGFp) during chon-
drogenic differentiation [397] and vascular endothelial growth factor (VEGF) during angiogenic
differentiation [373].

On this basis, it has been hypothesized that the translation of the in vivo ECM features to in vitro
models may help to effectively and precisely control MSCs fate [10] [398]. The common ap-
proach to do so consists of decorating bioinert material surfaces with specific signaling molecules
derived from the native ECM. Of a long list of these biochemical cues, fibronectin, vitronectin,
collagen and laminin are the most widely used as cell adhesive ligands, while growth factors
including, but not limited to, BMPs, TGFP, VEGF, FGF are of particular relevance in guiding
stem cells/progenitors towards specific lineages [180]. The particular strength of this approach
rely on the concept of “solid induction mode”, based on tethering functional ligands to bio-
materials rather than their delivery in soluble form [211, 399]. The solid induction mode is
thought to mimic the physiological situation since in vivo growth factors associate with ECM
components such as proteoglycans and are released by cell-initiated proteolytic degradation of
the matrix [395] [400]. In addition, cell exposure to matrix-bound growth factors has been shown
to delay the internalization of growth factor receptors, resulting in continuous receptor activation,

thereby promoting persistent signaling [395] [211] [401]. Moreover, this strategy requires

smaller amounts of expensive ligands while increasing their local concentration. For example, it
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has been shown that matrix-bound BMPs promote bone formation at dosages lower than those
used in soluble delivery [402].

Such progress in biomaterials research, in parallel with the development of mimetic peptides,
have significantly contributed in reducing experimental costs, thus offering further opportunities
for scientist to deeply invest in understanding mechanisms by which biochemical cues affect
stem cell fate. Indeed, a bidirectional crosstalk between growth factors and integrins ligands has
been highlighted three years ago [403] [404], however, the underlying mechanism has been se-
riously investigated only more recently. Among evidences suggesting the existence of such cross-
talk are: (i) various growth factor binding sites have been found in ECM proteins, such as the
heparin binding domains identified in fibronectin [395] [405], (ii) aV integrins, an RGD-binding
integrins, form physical complexes with several growth factor receptors, such as IGF, PDGF,
VEGF, FGF and TGFp1 receptors [406] [407] [408], (iii) growth factors receptors/ligands bind-

ing elicits a preferential activation of receptors fraction which is integrin-associated [406] and

(iv) Integrins/ligands binding promotes cell adhesion to the matrix, which in turn induces tyrosine
phosphorylation and the subsequent activation of several tyrosine kinase proteins such as focal
adhesion kinase (FAK) [409] and PDGF, FGF-R, EGF receptors [410] [411]. Specifically, the
synergistic cooperation between integrins ligands and growth factors has been exploited in bone
tissue engineering applications and promising results have been reported both in vitro and in vivo
[343] [412] [413] [414]. In spite of these considerable progresses in biomimetic materials engi-

neering, it is still difficult to produce clinically relevant amount of MSCs in vitro and obtain,
from these cells, a homogenous and fully differentiated cell population.

One promising direction towards resolving this hurdle involves the consideration of other prop-
erties of the native ECM such as geometric and mechanical cues that also have a distinct impact
on stem cell fate. So far, most of biomimetic materials used in tissue engineering impose to the
cells ahomogenous microenvironment while in the physiological situation, stem cells are thought
to encounter complex, spatially and temporally controlled biochemical mixtures of chemokines,
cytokines and growth factors, as well as ECM proteins [415] [416]. This has been proven fol-
lowing the characterization of several niches in various mammalian tissues as described else-
where [287] [417] [418] [419] [420]. In addition, several recent in vitro studies supported these

observations, as it has been reported that varying the spatial presentation of functional ligands
elicits very distinct patterns of cellular response [132]. Therefore, presenting proteins and growth
factors in a spatially controlled manner is an additional step toward recreating the natural cellular

microenvironment by combining both biochemical and topographical properties. Creating finely-
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tuned in vitro microenvironments can be achieved thanks to the recent progress in micro-engi-
neering techniques. The extent of these techniques during the last couple decades can be easily
noticed by a rapid growing body of literature on the use of surface micropatterning as tool to
decipher the complexity of stem cell niche [288].

In stem cell research, microfabrication techniques have been applied to (i) dissect combinatorial
effects of multiple ligands on stem cell fate using high throughput protein microarrays [31], (ii)
recapitulate the spatial complexity of ECM components, including biomolecules gradients and
distribution [315] (iii) investigate the behavior of individual, spatially confined stem cells using

high-throughput single-cell handling techniques [132] [288] [415]. The study presented here be-

longs to the second category of micropatterning applications given that the objective is to evalu-
ate hMSCs fate in response to dually grafted and micropatterned RGD/BMP-2 peptides on glass
surfaces. This work is a continuity of a recent published study reporting enhanced hMSCs oste-
ogenesis in response to the synergistic cooperation of RGD and BMP-2 peptides, when homog-
enously grafted [185]. Herein, the issue is to investigate whether RGD/BMP-2 crosstalk and ge-
ometric cues cooperate together to accelerate MSCs osteogenesis. Directing MSCs fate towards
the osteogenic lineage by controlling the spatial organization of ECM-derived ligands has been
achieved either on confined single cells [241] [242] or at the multicellular level [421] [422].
However, most, if not all studies have been conducted using individual spatially distributed lig-
ands, mainly cell adhesion proteins/peptides [385]. In this study, the designed in vitro systems
consist of combined and spatially distributed RGD and BMP-2 peptides, thereby imposing de-
fined cell adhesion pattern, while promoting osteogenic differentiation. Such in vitro systems,
which somewhat closely mimic the native ECM, are of particular interest to better understand

stem cell biology, whereby contributing to the development of optimized cell culture substrates.
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2. Materials and methods

2.1 Materials

Borosilicate glass slides (76 x 26 mm, thickness = 1 mm) were purchased from Schott (Tempe,
AZ, USA). To fit in 24 well cell culture plates, these slides were laser-cut into 1 cm? pieces by
ALPhANOV, France. H20> (33 wt %), concentrated H>SO4, acetone, ethanol, anhydrous toluene,
dimethylsulfoxyde (DMSO), 3-aminopropyltriethoxysilane (APTES) and succinimidyl-4-(p-ma-
leimidophenyl) butyrate (SMPB) were all purchased from Sigma-Aldrich, France. The fluoro-
tagged CG-K(PEG3-TAMRA)-GGRGDS adhesion peptide (referred to as RGD-TAMRA; MW
1437 g/mol) was synthesized by Anaspec (Fremont, CA, USA). CKIPKASSVPTELSAISMLYL
and fluoro-tagged CKIPKASSVPTELSAISMLYLK-FITC peptides (referred to as BMP-2 and
BMP-2-FITC mimetic peptides, respectively) were produced by Genecust, Luxemburg. Peptides,
to be conjugated with glass surfaces were first dissolved at 2 mM in DMSO and then resuspended
in a 0.2 um-filtered Phosphate-Buffered Saline (PBS, Life Technologies, France) solution con-
taining 7.5 % glycerol to reach a final concentration of 20 uM.

2.2. The creation of RGD/BPM-2 micropatterns onto glass surfaces

2.2.1. Surfaces functionalization

The grafting of spatially distributed RGD and BMP-2 peptides was achieved by conjugating glass
surfaces with an aminosilane coupling agent (CoH2103Si-NH2), thus allowing the creation of
covalent link between the NH> terminated aminosilane and the Nerminal Cysteine-containing pep-
tides through a heterobifunctional crosslinker. Briefly, glass substrates were, first, cleaned using
piranha treatment and subsequently immersed in APTES solution (34.5 mM in anhydrous tolu-
ene) during 3 hours, under agitation and Argon atmosphere. After silanization, the samples were
successively washed and ultrasonically cleaned with anhydrous toluene to remove unattached
APTES. Aminated glass substrates were then vacuum-dried at 120 °C for 30 min and subse-
quently conjugated with the heterobifunctional SMPB crosslinker by emersion in SMPB solution
(3 mg/mL in DMSO) for 2 h under agitation. SMPB-modified surfaces were then ultrasonically
cleaned in DMSO for 10 min, air-dried and finally stored under vacuum and away from light for
a maximum of 24 h prior to peptide micropatterning. More details regarding the strategy of pep-
tide grafting are published in a previous work [185].
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2.2.2. Microstructuration of functionalized surfaces using photolithography

Photolithography was used for the dual grafting of RGD and BMP-2 peptides in a spatially con-
trolled manner. Photosensible resist S1818 (CHIMIE TECH, France) was coated on functional-
ized glass substrates, spun at 4000 rpm for 30 s and then baked at 110 °C for 60 s to drive off
excess resist solvent. After baking, photosensible resist was exposed to a pattern of light emitted
by a UV lamp (365 nm, 19.5 mW/cm2, contact mode, 50 Hz, exposure time: 5 s), which allows
the transfer of geometric patterns from a photomask to resist-coated glass surfaces. Predesigned
patterns on the photomask were shaped as triangles, squares or rectangles, exhibiting a constant
overall area of 50 um2. The exposed resist was then removed by immersion in Microposit De-
veloper solution (MF319, CHIMIE TECH, France) for 40 s, thus allowing the appearance of
micro-sized resist patterns on glass surfaces. Finally, the samples were slightly washed with de-
ionized water (DI H20) and dried with nitrogen gas. Under optical microscopy, microstructured
surfaces resemble to a checkerboard of resist micropatterns surrounded with SMPB-grafted re-

gions. The steps involved in the photolithographic process are shown in Figure 34.

2.2.3. Dual peptide grafting and micropatterning onto glass materials

Peptide micropatterning was performed in two steps. First, resist microstructured surfaces with
photosensible resist were covered with 200 pL of 20 uM fluoro-tagged RGD-TAMRA solution
for 3 h. This permits the interaction of SMPB crosslinker via its maleimide function with the
Nterminat CySteine of each peptide, in resist-free regions. The substrates were then thoroughly
washed with DI H20 to remove any excess of peptide solution. In a second step, materials were
immersed in acetone bath for 1 min to remove photosensible resist, thus allowing the immobili-
zation of BMP-2-FITC peptide between RGD-TAMRA micropatterns, using the same protocol
of peptide grafting (Figure 34). Finally, the substrates were ultrasonically cleaned three times
for 15 min in DMSO, thoroughly washed with DI H2O and stored for at most 1 month in PBS
until use. In short, three types of structured surfaces were developed; triangular, square and rec-
tangular micropatterned surfaces containing co-grafted RGD-TAMRA and BMP-2-FITC pep-
tides. Glass surfaces homogenously functionalized with RGD-TAMRA and BMP-2-FITC pep-
tides were also prepared to be used as controls for cell differentiation experiments.
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Figure 34: Schematic representation of peptide micropatterning onto glass surfaces using photo-
lithography.

2.4. Surface characterization

Peptide micropatterned surfaces were characterized using optical interferometry and fluores-
cence microscopy. At first, optical interferometry, a non-contact 3D surface mapping instrument
(Bruker Nano-NT9080), was used prior to peptide grafting on glass substrates containing resist
micropatterns. Analyses of surface features were carried out on dry samples, at room tempera-
ture, using the vertical scanning interferometry mode with a vertical resolution of approximately
2 nm. The interferograms were digitalized with a CCD camera and converted into 2D topographic
maps. As previously mentioned, these structured surfaces were used as template for peptide mi-
cropattering. Peptide micropatterns were evaluated using fluoro-tagged RGD-TAMRA and
BMP-2-FITC peptides under fluorescence microscopy (Leica microsystem DM5500B, micro-
scope with a motorized, programmable stage using a CoolSnap HQ camera controlled by Meta-
morph 7.6).
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2.4. Cell culture

Materials used for cell differentiation experiments were slightly different from those shown in
Figure 36, since the RGD peptide was labeled with a fluorescent tag (RGD-TAMRA), but not
the BMP-2 peptide. In fact, hMSCs differentiation was evaluated on patterned and unpatterned
glass surfaces containing RGD-TAMRA/BMP-2 peptides. By this way, cells were fluorescently
stained for several components (nuclei, cytoskeleton and osteogenic differentiation markers),
whilst tracking their interactions with readily identifiable peptide micropatterns. Later in this
study, peptides will be referred as RGD and BMP-2 for the sake of simplification.
Commercially available hMSCs, purchased from Lonza, France, were maintained in MSCs
growth medium (MSCGM) (Lonza, France), subcultured once a week using trypsin/EDTA 1x
(Sigma-Aldrich, France) and incubated in a humidified atmosphere containing 5 % (vol/vol) CO2
at 37 °C. For differentiation experiments, hMSCs at low passage (passage 4) were seeded at a
density of 10,000 cells /cm? on patterned and unpatterned glass surfaces, all previously sterilized
with 70 % ethanol. hMSCs were cultured in a-MEM growth medium (Life Technology, France)
containing 10 % fetal bovine serum (FBS) and 1 % penicillin/streptomycin for 4 weeks, except
for the first 6 h where cells were exposed to serum free a-MEM medium. This permits the inter-
actions between grafted peptides and their cell surface receptors without interference of serum
proteins. Cell culture medium was changed every three days.

2.5. Lineage-specific differentiation assays

The extent of hMSCs osteogenic differentiation was evaluated using specific markers of both
hMSCs (STRO-1) and osteoblastic cells (Runx-2, osteopontin (OPN)).

The expression of these markers in hMSCs was assessed by immunocytochemistry staining after
4 weeks of cell differentiation. Cells were fixed in 4 % paraformaldehyde at 4 °C for 20 min,
permeabilized with 0.5 % Triton X-100 in PBS for 15 min and blocked with 1 % Bovine Serum
Albumin (BSA) in PBS for 30 min at 37 °C. Subsequently, cells were incubated overnight at 4
°C with 10 pg/mL monoclonal anti-STRO-1 (R&D Systems, France), 10 pg/mL monoclonal
anti-Runx-2 (Abcam, UK) or 1/200 (v/v) monoclonal anti-OPN (Santa Cruz Biotechnology,
USA), primary antibodies produced in mouse. Cells were washed in PBS containing 0.05 %
Tween 20 and then incubated with the secondary antibody Alexa Fluor 647 goat anti-mouse 1gG
(H+L) (2:400 dilution) for 1 h at 37 °C. The cell morphology and cytoskeleton organization were
evaluated by labeling filamentous actin (F-actin) with Alexa Fluor 488 phalloidin (Invitrogen,
France) [1/200 (v/v), 1 h, 37 °C]. Samples were then mounted on glass microscope slides and

stained for nuclei using Fluoroshield™ with DAPI (Sigma, France). Fluorescently stained cells
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were examined by fluorescence microscopy (DM5500B, Germany) and MetaMorph 7.6 soft-

walre.

The expression levels of STRO-1, Runx-2 and OPN markers in differentiated hMSCs were quan-

tified using ImageJ freeware (NIH, http://rsb.info.nih.gov/ij/), using a slightly modified version

of the Jensen’s protocol [46]. Fluorescent images to be analyzed were acquired at the same ex-
posure time and 40x magnification. Fluorescently stained cells were imaged at the same exposure
time and 40x magnification. Image files were opened with Image J, converted to 16-bit files, and
the area of interest, which corresponds to the red color emitted by the label, was selected by
setting a threshold. The average fluorescence density was then measured on selected area of in-
terest on a minimum of 60 cells per condition. The background signal, measured on hMSCs only
stained with the secondary antibody Alexa Fluor 647, was subtracted from the average fluores-

cence density of stained STRO-1, Runx-2 and OPN markers.

2.6. Statistical analysis

The data of fluorescence intensity were expressed as the mean + standard deviation (SD) and
were analyzed by one-way analysis of variance (ANOVA) and Tukey’s test for multiple com-
parisons, using GraphPad Prism version 6.07 for Windows (GraphPad software, San Diego Cal-

ifornia USA, www.graphpad.com). Significant differences were determined for P values of at
least < 0.01.

3. Results

3.1. Characterization of micropatterned surfaces

Prior to the characterization of peptide micropatterned surfaces, the completion of peptides con-
jugation was monitored using X-ray Photoelectron Spectroscopy (XPS), Atomic Force Micros-
copy (AFM) and fluorescence microscopy. These results were presented in a previous work
[185]. In the present study, the same protocol of peptide grafting was used to immobilize RGD
and BMP-2 on glass surfaces as specific micropatterns, and therefore, the attention was focused
on the evaluation of pattern features (shape and size) by optical interferometry and fluorescence
microscopy. Pattern shapes were first verified through the observation of structured surfaces con-
taining photosensible resist micropatterns (Figure 35). Indeed, images clearly showed well de-
fined geometries shaped as triangles, squares, and rectangles, which demonstrates the high fidel-
ity of pattern transfer from the photomask to the substrate. Well-characterized resist micropat-
terned surfaces were then used as a mold for the dual micropatterning of RGD and BMP-2 pep-

tides. Fluorescent images, depicted in Figure 36, showed readily identifiable micropatterns of
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fluoro-tagged RGD/BMP-2 peptides. Indeed, they exhibited the expected geometries with di-
mension, measured using ImageJ, close to the originally defined features size of 50 um? (Figure
36). In addition, uniform fluorescence intensity across micropatterned surfaces was observed,

suggesting that the peptides were evenly distributed.
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Figure 35: Optical interferometry 2D maps of the resist micropatterns of varied geometries cre-
ated onto glass substrates.

Figure 36: Fluorescence photomicrographs of triangular (a), square (b), rectangular (c) micro-
patterned glass surfaces containing combined fluoro-tagged RGD-TAMRA (red) and BMP-2-

FITC (green) peptides. (d) corresponds to RGD-TAMRA and BMP-2-FITC peptides homoge-
nously grafted onto glass substrates. Scale bar: 50 um.
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3.2. Osteogenic differentiation of hMSCs mediated by micropatterns shape

The extent of hMSCs differentiation in response to the spatial distribution of combined
RGD/BMP-2 peptides, known to act synergistically in regulating osteogenesis, was evaluated on
hMSCs grown on peptide micropatterns of different geometries. The early lineage commitment
of hMSCs towards the osteoblastic lineage was evaluated after 4 weeks of culture in basal me-
dium by assessing the expression of fluorescently stained STRO-1 and Runx-2 markers. STRO-
1 is known as the most frequently used stem cells marker, while Runx-2 is considered as an early
marker of osteogenic commitment. Negative controls consisted of hMSCs cultured on bare glass
surfaces. At first sight, the vast majority of hMSCs have lost their stemness state on RGD/BMP-
2 surfaces, regardless the spatial distribution of grafted peptides. Indeed, fluorescent images in-
dicated that hMSCs did not express STRO-1 marker on both patterned and unpatterned glass
substrates with peptides, while those cultured on control materials maintained their stemness state
(STRO-1 positive) (Figure 37). These observations were in agreement with quantitative anal-
yses, as they showed very low levels of STRO-1 in all conditions, except the controls (Figure
37).
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Figure 37: hMSCs cultured for 4 weeks on micropatterned and unpatterned surfaces containing
combined RGD/BMP-2 peptides. Cells were stained for stemness (STRO-1) marker in red, with
F-actin stained in green and cell nucleus in blue (left). Quantitative analyses of the total cellular
immunofluorescence intensity of STRO-1 in hMSCs (right). H: homogenous surfaces, T: trian-
gular patterns, S: square patterns, R: rectangular patterns. Scale bar: 50 pm.

142



To verify whether hMSCs that have lost their stemness character underwent osteoblast lineage
commitment, the expression profile of Runx-2 was evaluated. Based on qualitative analyses,
hMSCs expressed Runx2 on all peptide modified surfaces, but not on bare glass surfaces (Figure
38). However, quantitative analyses revealed noticeable differences in Runx-2 intensity which
varies by varying the shape of peptide micropatterns. Specifically, the highest Runx-2 intensities
were observed on triangular and square geometries, conversely to rectangular ones, where the
expression level was similar to that observed on unpatterned surfaces (Figure 38). Compared to
bare glass materials, all of the four conditions exhibited significantly higher levels of Runx-2
(Figure 38).
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Figure 38: hMSCs cultured for 4 weeks on micropatterned and unpatterned surfaces containing
combined RGD/BMP-2 peptides. Cells were stained for the early osteogenic (Runx-2) marker in
red, with F-actin stained in green and cell nucleus in blue (left). Quantitative analyses of the total
cellular immunofluorescence intensity of Runx-2 in hMSCs (right). H: homogenous surfaces, T:
triangular patterns, S: square patterns, R: rectangular patterns. Scale bar: 50 pm.

Taken together, the expression profile of STRO-1 and Runx-2 markers confirmed that the micro-
scale distribution of RGD/BMP-2 peptides can regulate hMSCs commitment towards the osteo-
blastic lineage. These interesting observations conducted towards further analyses in order to
verify whether committed hMSCs reached a mature osteoblast phenotype on the different peptide
modified glass surfaces. To do this, cells were stained for OPN, which is a later stage osteogenic

marker, and analyzed both qualitatively and quantitatively. The expression of OPN was first vis-
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ually observed on hMSCs grown for 4 weeks on peptide micropatterned surfaces as well as un-
patterned surfaces, as depicted in Figure 39. By quantifying marker expression yield, data clearly
showed that triangular and square micropatterns of RGD/BMP-2 had significantly higher impact
on up-regulating the expression of OPN than rectangular micropatterns (Figure 39). Compared
to unpatterned surfaces, rectangular micropatterned surfaces induced similar levels of OPN,
meaning that rectangular geometries had no significant influence on regulating hMSCs osteo-
genic differentiation (Figure 39). hMSCs cultured on bare glass substrates exhibited very low
expression of OPN marker. Taken together, these results obviously demonstrated that hMSCs
cultured on RGD/BMP-2 micropatterns exhibiting triangle and square shapes had entered a more
mature stage of osteoblast lineage differentiation than those cultured on rectangular micropat-
terns. It is worth noting that micro-geometrical distribution of combined RGD/BMP-2 peptides
can greatly affect h(MSCs osteogenesis without the need of supplementing culture media with

soluble osteogenic factors.
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Figure 39: hMSCs cultured for 4 weeks on micropatterned and unpatterned surfaces containing
combined RGD/BMP-2 peptides. Cells were stained for the late osteogenic (OPN) marker in red,
with F-actin stained in green and cell nucleus in blue (left). Quantitative analyses of the total
cellular immunofluorescence intensity of OPN in hMSCs (right). H: homogenous surfaces, T:
triangular patterns, S: square patterns, R: rectangular patterns. Scale bar: 50 um.
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4. Discussion

Directing fate-specific differentiation of MSCs is a complex process involving subtle changes in
cell morphology, gene expression and ECM proteins abundance. In vivo, this process is governed
by various stimuli, chemical or physical in nature, originating from stem cell niches [287] [395]
[396]. In vitro, biochemical cues are the most explored ECM feature for guiding MSCs towards
the desired cell phenotype. For example, BMP-2, belonging to the Transforming Growth Factor
beta family ((TGF-B), has been successively tested in vitro [342], in animal models [423] and
has gained USA Food and Drug Administration approval for spinal fusion procedure, tibial shaft
fracture treatment and oral-maxillofacial reconstruction [424]. However, the current strategy re-
lies on the principle of presentation-dependent ligand activity. Obviously, this vision, inspired
from the physiological situation, highlights the combinatorial effect of a mixture of ligands in-
tended to synergize together and elicit faster and more robust cell differentiation. To date, several
reports have proved the importance of presentation-dependent ligand activity. The Wang et al.
study, amongst others, demonstrated that collagen IV proteins enhance the interactions of
Decapentaplegic, a BMP-4 homologue, with its receptors in Drosophila early embryo [401]. Lig-
and crosstalk has also been observed between partial sequences of the ECM proteins and mor-
phogen (mimetic peptides). For instance, He et al. investigated the effect of several combinations
of RGD, BMP-2 and OPN peptides on rat MSCs osteogenic differentiation. They demonstrated
a significant continuous increase of ALP activity (at 14 days) and calcium content and OPN
expression (at 28 days) from RGD, RGD+BMP-2 to RGD+BMP-2+0OPN hydrogels [228]. Con-
sistent with these findings, we recently demonstrated that RGD peptide enhanced BMP-2-in-
duced hMSCs osteogenesis, without recourse to differentiation media [185]. In addition, a bidi-
rectional crosstalk has been reported between integrins and growth factors receptors, resulting in
the regulation of integrins expression by growth factors, such as a2 and oz by hepatocyte growth
factor (HGF) [425] or the activation of growth factors receptors by the integrin/ligand interac-
tions, even in the absence of soluble growth factors [411]. Therefore, accumulating evidences
suggested that integrins control the functional activities of growth factor receptors and act syn-
ergistically with them, to activate the same signaling pathway.

Towards the design of the next-generation biomaterials, it seems of great interest to not only
recapitulate the biochemical composition of the native ECM, but also its hierarchical organiza-
tion. Indeed, it is now well-established that biochemical cues distribution within the bone ECM
span several orders of magnitude, taking as an example the organization of fibronectin into 5-20
nm diameter fibrils that extend for several um [426].
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On this basis, we investigated here whether the micro-scale distribution of dually grafted RGD
and BMP-2 peptides accentuates hMSCs lineage specification as compared to the homogenous
distribution of these peptides. Indeed, well-defined artificial microenvironments, comprising
highly organized and co-localized patterns of RGD/BMP-2 peptides, were developed (Figure
36).

Patterns size, leading to a center-to-center spacing varying from 5 to 10 um, was chosen so that
they can probe the size of mature focal adhesions of approximately 1-5 um [53]. Patterns shape
(triangle, rectangle, square) has been inspired from the characteristics of geometric cues reported
to preferentially promote multipotent MSCS to differentiate into osteoblastic cells [242] [294]
[301]. Other parameters have also been carefully controlled to eliminate the maximum of inter-
ferential factors that may influence cellular responses, thereby allowing a reliable evaluation of
hMSCs differentiation in response to micro-scale spatially distributed peptides. First, the effi-
ciency of peptide micropatterning was checked on all materials. Indeed, fluorescent images of
RGD/BMP-2 micropatterns, shown in Figure 36, are representative of the pattern quality on the
150 samples employed for cell differentiation experiments. Second, hMSCs were plated on pat-
terned and unpatterned surfaces in serum-free medium during the first 6 h of cell culture in order
to allow the interactions of peptides with their receptors, thus avoiding the effect of adsorbed
serum proteins. Third, the differentiation of hMSCs was evaluated after 4 weeks of culture in the
absence of osteogenic differentiation media, known to greatly influence cell differentiation.
Therefore, all of cells were exposed to the same local environments, thus ruling out the probabil-
ity that cells may behave differently in response to external factors besides RGD/BMP-2 micro-
patterns. Regarding the characterization of hMSCs state, stemness (STRO-1) marker and both
early (Runx-2) and late (OPN) osteogenic markers were employed to ascertain the degree of
which geometric cues influence the extent of hMSCs osteogenesis.

Cell differentiation data clearly demonstrated that hMSCs sense peptide micropatterns of specific
geometric cues and respond to. Indeed, square and triangular RGD/BMP-2 micropatterns signif-
icantly enhanced hMSCs osteoblast-lineage differentiation, while rectangular micropatterns in-
duced similar trend of hMSCs differentiation as compared to unpatterned surfaces (Figure 37)
(Figure 38). These findings provide evidence that both biochemical and geometric cues are in-
volved in regulating the osteogenic differentiation of hMSCs.

RGD peptide, derived from fibronectin ECM proteins, and BMP-2 peptide, corresponding to
residues 73-92 of Bone Morphogenetic Protein-2, were successfully tested for their ability to

promote cell adhesion [326] and osteogenic differentiation [185] [187], respectively, and syner-
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gistically enhance hMSCs osteogenesis when combined [211] [185] . BMP-2-mediated osteo-
genesis begins by the interactions of BMP-2 ligand with type | and type Il transmembrane ser-
ine/threonine kinase receptors. The activation of BMP-2 receptors induces the phosphorylation
of smads 1/5/8 and their translocation into the nucleus. This smad-dependent pathway promotes
the expression of early and critical transcription factors regulating osteoblast differentiation such
as Runx-2 [187] [211], which in turn regulates the expression of late osteoblast phenotype mark-
ers such as bone sialoprotein (BSP) and osteopontin (OPN) [358]. Although BMP-2 ligands can
modulate cell differentiation independently, they can also affect cell fate in cooperation with
integrins binding ligands. Several signaling pathways have been suggested as modulators of cell
differentiation through integrins/growth factors receptors interactions, including Ras-MAPK
(mitogen-activated protein kinase) pathway, phosphoinositide 3-kinase (PI3K)-Akt pathway,
regulation of Rho family GTPases, activation of focal adhesion kinase (FAK) and its downstream
targets such as ERK and JNK/MAPK pathways. For a more comprehensive understanding of
these signaling pathways, we refer readers to several recent reviews [427] [375] [224]. Very

recently, Fourel et al. demonstrated in an impressive work that Smad signaling is also involved
in controlling cell migration and fate commitment through BMP-2 receptors and B3 integrin
crosstalk [413]. Besides RGD/BMP-2 crosstalk, the spatial distribution of functional ligands as
specific micro-sized geometric patterns seems to play a crucial role in dictating lineage-specific
differentiation of hMSCs. Although, the use of geometric cues to control MSCs fate is a recent
topic of debate, interesting findings have been reported regarding the specification of MSCs into
specialized phenotypes in response to micro-scale spatially distributed ligands. For example,
McBeath et al. [241] cultured MSCs on different micro-sized fibronectin islands (1024 umg?, 2025
pm?2 and 10 000 um?) for one week in mixed osteogenic/adipogenic media. They found that
MSCs seeded on the largest micro islands differentiate preferentially towards osteoblast pheno-
type while those on relatively small micro

islands tend to differentiate into adipocytes. Peng et al. [294] investigated the effect of patterns
shape on MSCs fate by creating RGD micropatterns of different geometries (circles, squares,
triangles and stars) on poly (ethylene glycol hydrogel) (PEG). They observed that the optimal
osteogenesis and adipogenesis happened on star and circular micropatterns, respectively, after
one week of induction. In contrast to Peng et al. Wang et al. explored the possibility of maintain-
ing the stemness character of MSCs by manipulating patterns shape [381]. Although the precise
mechanism by which geometric cues induce the switch of stem cells into osteoblasts is still not
fully understood, efforts have been dedicated to draw a rough signaling pathway [241] [242]
[294] [301]. The tentative explanation is constructed on the basis that geometric cues, eliciting
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high cell spreading, activate RhoA pathway and Rho Kinase Effector (RhoA/ROCK), which in
turn stimulates myosins-mediated actin stress fibers contraction. Consequently, the activation of
RhoA/ROCK stimulates osteogenesis while inhibiting adipogenesis.

Although our data provide clear evidence that hMSCs perceive geometric cues in their microen-
vironment, it is quite intriguing that RGD/BMP-2 micropatterns shaped as triangles and squares
significantly enhanced hMSCs osteogenesis while those shaped as rectangles exerted no specific
effect on hMSCs fate. Even though further investigations are required to elucidate these findings,
one possible explanation lies in the fact that varying the shape of RGD/BMP-2 micropatterns
elicits different tensile stresses and cytoskeleton reorganization of hMSCs, which ultimately
caused different degrees of differentiation. Another likely scenario may involve the modulation
of the interactions of RGD and BMP-2 peptides with their receptors, thus regulating the down-
stream signaling pathways. Indeed, it is well-established that the spatial distribution of adhesive
ligands greatly affects integrin/ligands interactions and focal adhesion formation and maturation,
which in turn influences cell commitment and differentiation [385]. In addition, Zouani et al.
[210] demonstrated that matrix stiffness modulates BMP-2-induced smads signaling pathway,
suggesting that the spatial distribution of BMP-2 peptide as specific geometric cues may also
affect the binding affinity of this peptide to its receptors and the downstream effectors.

As a final point, a careful interpretation of these data indirectly provides new insights regarding
the crosstalk between integrins and growth factors. Indeed, the synergistic effect of RGD and
BMP-2 peptides to enhance hMSCs osteogenic differentiation does not necessarily require lig-
ands co-localization at the molecular scale.

Overall, it was demonstrated for the first time that geometric cues intensify the osteoinductive
potential of combined RGD/BMP-2 peptides, even in the absence of any induction media. En-
hanced hMSCs osteogenesis may result following an eventual synergistic effect of biochemical
and geometric cues since both of them activate Mitogen-Activated Protein Kinase (MAPK) [242]
[336] [337] and RhoA [241]; two signaling pathways recognized to play an important role in

directing stem cell fate towards osteoblast phenotype.
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5- Conclusion

Novel artificial ECMs were engineered on 2D model material to examine the osteogenic differ-
entiation of hMSCs in response to the micros-scale distribution of co-grafted RGD/ BMP-2 mi-
metic peptides. We recently demonstrated that combined and homogenously grafted RGD/ BMP-
2 peptides onto glass substrates significantly enhanced hMSCs osteogenesis as compared to
solely grafted BMP-2 peptide. Herein, we determined that the same peptides further accentuate
the osteoblastic phenotype on hMSCs, when spatially distributed as specific micro-sized geomet-
ric cues.

Taken together, the findings suggest that the combination of biochemical and geometric cues,
when carefully selected, are of great interest in directing stem cell fate towards the desired cell
response, without having to use osteogenic differentiation media. Therefore, geometric cues
should be taken into consideration in tissue engineering and regenerative medicine in conjunction
with biochemical signals. In addition, these in vitro systems provide an interesting tool to eluci-

date how MSCs perceive and respond to stimuli from the surrounding microenvironment.
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I. General discussion

The rapid growing of orthopaedic biomaterials market, along with the long-term failure of im-
plants reflect the real need for biomaterials with higher levels of biocompatibility to ensure their
long-term performance.

In total joint replacement surgery, clinicians are still faced to the lack of implant osseointegration
due to the formation of a fibrous layer, instead of bone tissue, at the interface bone/implant. In
tissue engineering applications, tissue-engineered constructs often fail to restore large bone de-
fects caused by fractures of critical size, musculoskeletal diseases and tumors resection. This is
mainly due to the poor osteogenic potential of currently available biomaterials. In both cases, the
problem relies on the inadequate and incomplete instructions emitted by the biomaterial and per-
ceived by the surrounding cells. Therefore, the desired new bone formation “osteogenesis”
around the implanted material is often compromised owing to irrelevant cell-material interac-
tions. One exciting approach that may pave the way towards a definitive solution for the under-
lying issues is to engineer artificial ECM in vitro, with the aim of deconstructing and then recon-
structing the in vivo microenvironment that intimately control the decision of quiescent or pro-
liferative MSCs to undergo osteoblast lineage differentiation.

During the last decade, three areas of research have been dedicated to the identification of the
key ECM properties that guide MSCs during their lineage-specific differentiation.

The first area concerns the physical properties of the ECM, including stiffness, porosity, mechan-
ical load (compression, stretching, and fluid-induced shear), microgeometry, micro/nano-topog-
raphy and ordered/disordered topography.

The second area is related to the biochemical aspects of the ECM. Various biochemical cues have
been extensively studied for their biological relevance, such as ligands nano-/micro-spacing, den-
sity, gradient, clustering, affinity to cell receptors and co-signaling [11] [12] [10].

The third area regards the properties inherent to MSCs themselves, such as cell shape, anisotropy,
spreading, subcellular geometries and cytoskeleton tension [241] [242] [300] [294] [301].

All these factors have been recognized as potent modulators of MSCs commitment and differen-

tiation towards the osteoblastic lineage [11] [12] [10]. In addition, it is believed that the underly-
ing properties are strongly interconnected and one can influence the others to target specific cel-
lular responses that neither individual cues can elicit alone.

The studies presented in this thesis fall, of course, in the second area of research as the focus was
made on evaluating the effect of various biochemical cues on directing hMSCs osteogenesis. To
ovoid a repetitive interpretation of results, already reported in the three papers, we will provide

151



in the next paragraph a brief summary of the key achievements made in this project and their

relevance in stem cell and biomaterials research progress.

Controlling hMSCs osteogenic differentiation through RGD/BMP-2 cross-
talk:

As discussed in the first paper, BMP-2 mimetic peptide, homogenously immobilized on glass
surfaces, induced hMSCs differentiation towards the osteoblastic lineage after 4 weeks of culture.
Currently, BMP-2 peptides are widely recognized as potent osteoinductive factors. Several
groups have attempted to conjugate these mimetic peptides to biomaterials for bone tissue engi-
neering purposes, as nicely reviewed in [179]. We evidenced that the stimulatory effect BMP-2
can be improved in the presence of adhesive RGD ligand, without the help soluble osteogenic
factors. Interestingly, BMP-2-mediated osteogenic differentiation was significantly enhanced on
bifunctionalized surfaces (RGD+BMP-2), as compared to BMP-2 surfaces, despite the signifi-
cant decrease of BMP-2 surface density from 2.2 on BMP-2 surfaces to 1 pmol/mm2 on
RGD+BMP-2 surfaces. These findings suggest the establishment of a sort of combinatorial effect
or crosstalk between RGD and BMP-2 peptides that effectively enhanced hMSCs osteogenic
differentiation. However, it would be interesting to verify throughout further experiments
whether BMP-2 density of 1 pmol/mm2 on RGD+BMP-2 surfaces was sufficient to induce
hMSCs osteogenic differentiation or the presence RGD triggered a compensatory effect. The
underlying synergistic effect of integrin ligands and growth factors becomes even more evident
by taking advantage of such new insights to interpret some clinical outcomes reported in previous
studies. For example, in the seminal Urist’s work, it has been reported that demineralized bone
matrices induced ectopic bone formation when transplanted in vivo [175]. The osteoinductive
factors within the bone ECM, known as BMP-2, have been later isolated and their amount was
estimated at 1-2 pg/kg [428]. In clinics, however, supraphysiological doses of BMPs, -in the
order of mg/kg- have been used to achieve satisfactory outcomes. One possible explanation for
this obvious difference may be related to the crucial role of ECM components in regulating
growth factors bioactivity. Therefore, signals triggered via the crosstalk between adhesive lig-
ands (RGD) and growth factors (BMP-2) are likely to play a key role in regulating hMSCs oste-
ogenic differentiation during bone formation. During the last two decades, distinct mechanisms
of integrin ligands and growth factors cooperation have been proposed. Figure 40 provides a
simplified schematic representation of some suggested signaling scenarios, even though the exact

mechanism is yet to be elucidated.
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Figure 40: Some expected mechanisms involved in triggering integrin and growth factor receptors inter-
actions-mediated signaling pathways. (a) The activation of the two receptor systems can take place inde-
pendently to regulate the same pathway. (b) Given that the activation of growth factor receptors (GFRS)
often requires cell adhesion, integrins, along with focal adhesion signaling proteins, may support growth
factors-dependent signals. (c) Integrins have also been reported to activate GFRs even in the absence of
growth factors [411]. (d) Growth factors-dependent signals are known to increase integrins expression.
Consequently, the amplification of integrin signals may accentuate the activation of GFRs and the down-
stream pathway. [427]
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Controlling hMSCs osteogenic differentiation through the spatial control of
BMP-2 presentation

The second paper highlighted the significant contribution of geometric cues in regulating BMP-
2-mediated osteogenic differentiation. Specifically, peptide micropatterns exhibiting triangular
and square shapes enhanced hMSCs osteogenesis, while rectangular micropatterns did not. To
date, it is still difficult to provide a definite interpretation of changes in MSCs differentiation
extent in response to the shape of BMP-2 micropatterns. Indeed, further experiments are needed
to elucidate mechanisms by which microscale geometric cues affect hMSCs fate. As discussed
in the paper Il, several factors may influence the extent of cell differentiation on BMP-2 micro-
patterned surfaces, including BMP-2 receptors distribution and binding affinity, cytoskeleton re-
modeling, cell-cell interactions and integrins expression. In addition, it should be not neglected
that, inversely to homogenous surfaces, micropatterned surfaces promote BMP-2 clustering in
well-defined regions, which may favor receptors oligomerization and BMP-2 signals amplifica-
tion. To the best of our knowledge, no similar work, in term of the choice of ligand, pattern size,
cell type and lineage specification, was published in the literature. Indeed, we found only two
studies in bone tissue engineering research area, where BMP-2 was patterned on material sur-
faces at the subcellular scale. However, these studies are quite far from our objective. In the first
study, 25 pm-wide patterned stripes of BMP-2 were created on glass substrates by microcontact
printing. The objective of this work was to compare between the effect of immobilized and sol-
uble BMP-2 on myoblasts migration and osteogenic differentiation. BMP-2 tethering resulted in
prolonged Smad phosphorylation over a period of 90 min, leading to a sustained localization of
the Smad complex in the nucleus, as compared to soluble BMP-2 [429]. In the second study,
circular BMP-2 micropatterns were created onto gold substrates using microcontact printing and
dip-pen nanolithography. The distance between the micropatterns was 5 pm or 22 um and their
diameter was 4-5 um. After 24 h of cell culture, myoblastic cells exhibited higher osteogenic
marker (osterix) expression on BMP-2 micropatterns with small center-to-center spacing (5 pm).
However, the authors reported that the local BMP-2 density was similar in micropatterns with 5
and 22 um interspacing, while the overall ligand density was significantly higher on micropat-
terns with 5 um interspacing. Therefore, it is not clear, in this work, whether the extent of osteo-
genic differentiation was affected by the density BMP-2, micropattern spacing or both of them
[421]. These studies, even though interesting, do not provide insightful information about the
role of geometric cues in modulating BMP-2-mediated osteogenesis.

Overall, we believe that the microscale distribution of BMP-2 and others biologically relevant

molecules more closely mimics the organization of ECM components in vivo, than conventional
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cell culture models (homogenous ligands presentation). In addition, our findings suggest that
geometric features should be carefully selected to favor the desired cell response, which means

that an in-depth understanding of the spatially distributed ligand and stem cells is of great benefit.

Controlling hMSCs osteogenic differentiation through the dual action of
RGD/BMP-2 crosstalk and microscale geometric cues

The focus in the third paper was made on the design of novel in vitro cell culture models to
investigate the intriguing cooperation of ECM cues in regulating one cell behavioral pattern. In
the paper I, we evidenced that the homogenous cografting of RGD and BMP-2 peptides effec-
tively enhanced hMSCs osteogenic differentiation. Interestingly, we demonstrated here, for the
first time, that cell differentiation could be further enhanced when the distribution of RGD and
BMP-2 is finely controlled at the microscale length. Again, triangular and square RGD/BMP-2
micropatterns appeared more effective in inducing osteogenic differentiation than rectangular
geometries. In this study (paper I11), RGD/BMP-2 micropatterned surfaces were compared to
homogenous RGD/BMP-2 surfaces, but not to BMP-2 micropatterned surfaces, in term of their
biological relevance. Therefore, in the paragraph below, the comparison will be also made with
BMP-2 micropatterned surfaces in order to provide a broader results interpretation than that given
in the paper IlI.

On one hand, the comparison between homogenous and micropatterned RGD/BMP-2 surfaces
revealed the importance of microscale geometric cues in regulating RGD/BMP-2 crosstalk-me-
diated osteogenesis.

On the other hand, the comparison between micropatterned surfaces with both peptides (paper
I11) and micropatterned surfaces with only BMP-2 peptide (paper 1) determined that BMP-2
micropatterning-mediated osteogenesis was effectively enhanced in the presence of RGD pep-
tide, as revealed by significantly higher levels of osteogenic markers (Runx-2, OPN, ALP) on
RGD/BMP-2 micropatterns, as compared to BMP-2 micropatterns. Thereby, our data provide
obvious evidence of the interplay between ligands/growth factors crosstalk and geometric cues
in modulating hMSCs specification towards the osteoblastic lineage.

As discussed in the paper 11, actin-myosin machinery and integrins may play a key role as trans-
ducers of inside-out and outside-in signaling. In a study carried-out by Kolodziej et al., it has
been demonstrated that 1 um square RGD/FGF patterns, with a center-to-center spacing of 3 um,
significantly enhanced human umbilical vein endothelial cells (HUVECs) spreading, as com-
pared to micropatterned substrates containing only RGD ligand [430]. Although, cell spreading
was the only cell behavior investigated in this study, this finding emphasizes the importance of
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cytoskeleton rearrangement in mediating cellular events, in response to combined and micropat-
terned adhesive and growth factors ligands.

Besides, a growing body of evidence points at ECM ligands clustering in predefined regions as
an important parameter in regulating cellular behavior, given that cells within their in vivo mi-
croenvironment are exposed to temporal and spatially distributed ligands. For example, it has
been shown that the morphogen Hedgehog, known for its role in tissue patterning during embry-
onic development, exhibits a hierarchical organization and its clustering is essential for a correct
activation of downstream signals [431]. Another physiological phenomenon, witnessing ECM
proteins clustering in vivo, is the formation of growth factor gradients during morphogenesis,
such as long range BMP-2 gradient along the ventral and dorsal axis [432]. Accordingly, several
groups have attempted to mimic the spatial distribution of ligands in vivo, by creating a wide
range of gradients and micro-/nanopatterns of proteins and growth factors on material surfaces.
For example, Spatz group investigated the effect of ligand clustering on integrins assembly. They
developed RGD patterned gold surfaces with micro/nano-sized features. RGD nanopatterns ar-
ranged in 2 umz2 squares (with 1.5 pum spacing) [433] or in 1.5 um diameter circles (with 1.7 um
spacing) [434] were compared with substrates containing a homogenous layer of RGD nanopat-
terns. Although, micro/nano-patterned substrates exhibited lower peptide density than homoge-
nously nanopatterned substrates, they were more supportive for focal adhesion formation and
clustering. These observations highlight the importance of ligand clustering at the microscale in
modulating cell adhesion strength.

Currently, there is an extensive body of literature focusing on the effect of ligand clustering at
the nanoscale on MSCs fate, however little is known about its biological relevance at the mi-
croscale.

On the basis of the above-mentioned studies, micropatterned surfaces developed in our study
could be considered as a template for RGD and BMP-2 clustering. Therefore, ligand clustering
is likely to have a prominent role in enhancing osteogenic differentiation on RGD/BMP-2 and
BMP-2 micropatterned surfaces, through the following schema. Based on Spatz group studies
[433] [434], RGD peptide clustering may promote focal adhesion formation and clustering,
which may in turn regulate BMP-2 signaling pathways through RGD/BMP-2 crosstalk previ-
ously discussed (see Figure 40).

Overall, our findings, reported in the study Ill, provide evidence of the high hMSCs sensitivity
to integrin ligands/growth factors crosstalk and micro-sized geometric cues as well as their con-

certed action. Such ECM cues interplay has been previously reported in several instances, in-
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cluding the interplay between biochemistry and topography [435] [436], biochemistry and stiff-
ness [210] [240], micro- and nanoscale topography [437], micro- and nanoscale chemical pat-
terns [433] [434] [438], chemical patterns and stiffness [439] and stiffness and topography [440].

[I. Conclusion

Stem cells within the human body are constantly receiving a plethora of information from their
niches that are precisely interpreted and applied to ensure the maintenance of tissues homeostasis.
ECM is a key component of stem cell niches since it provides, through its physical and biochem-
ical properties, supportive and regulatory functions for cells. Following an injury, bone tissue
can repair itself by establishing a sort of bridge or bone-like matrix, rich in structural proteins
and growth factors essential for the recruitment of stem cells and osteoprogenitor cells at the site
of injury. However, the regenerative capacity innate to bone tissue is drastically lost in critical
size defects, which requires in such clinical case the use of biomaterials. In initial steps towards
the development of clinically relevant biomaterials, it seems inevitable to understand the com-
plexity stem cells interactions with their microenvironment in vivo. In this regard, a body of
research in regenerative medicine and bone tissue engineering has been recently dictated to the
reconstruction of the native ECM complexity by engineering artificial matrices as in vitro models
for dissecting the role of single ECM cues or a combination of them on stem cell behaviors.
From this perspective, we designed different in vitro models that allowed for evaluating of three
main ECM aspects: integrin ligands/growth factors crosstalk signaling, microscale presentation
of individual ligands and the interplay between ligands crosstalk and microscale geometric cues.

Regarding the synerqistic effect of RGD and BMP-2 peptides on hMSCs fate

In this study, RGD and/or BMP-2 were homogenously immobilized on glass substrates. The
covalent peptide immobilization was ascertained by physical-chemical characterization (XPS,
AFM, fluorescence microscopy). Fluorescence measurements of peptide density revealed quite
similar RGD and BMP-2 densities on glass surfaces containing only one peptide. On bifunction-
alized surfaces (RGD/BMP-2 ratio 1:1), the density of each peptide was almost half the density
measured on the corresponding surfaces containing only one peptide. Given that the surface to-
pography may affect cellular responses, we measured the surface roughness after each step of
peptide grafting. Results showed slight differences in the surface roughness between RGD and
BMP-2 materials.
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Cell differentiation experiments were performed for all studies in the absence of soluble osteo-
genic factors in the medium in order to exclude the interference of external factors that may
influence the extent of hMSCs, and thus mask the biological relevance of biomimetic surfaces.

The characterization of osteogenic differentiation, by staining cells for STRO-1 as stemness
marker and Runx-2 and OPN as osteogenic markers, showed that hMSCs acquired an osteoblast
phenotype on BMP-2 surfaces, but not RGD surfaces. Interestingly, the combination of RGD
and BMP-2 peptides significantly enhanced the expression of osteogenic makers in hMSCs, as

compared to the sole grafting of BMP-2 peptide.

Regarding the effect of the single peptide micropatterning on hMSCs fate

Micropatterned surfaces with RGD or BMP-2 peptide were developed using photolithography.
The spatial distribution of peptides as specific micro-sized patterns of varied shapes but constant
surface area was assessed using optical interferometry and fluorescence microscopy. Highly or-
dered and well-defined micropatterns exhibiting triangular, square or rectangular geometries
were obtained.

RGD and BMP-2 micropatterned surfaces were evaluated for their potency to induce hMSCs
osteogenic differentiation. RGD did not affect hMSCs osteogenic regardless the pattern geome-
try, as revealed by the expression of stemness and osteogenic markers at levels equivalent to
those observed on homogenous RGD surfaces. On the hand, the influence of geometric cues on
stem cell fate was distinguishable on BMP-2 surfaces. Unlike rectangular micropatterns, trian-
gular and square micropatterns resulted in enhanced hMSCs osteogenic differentiation, as com-
pared to the homogenous distribution of BMP-2.

Regarding the effect of the dual peptide micropatterning on hMSCs fate

In this third part of the project, RGD and BMP-2 peptides were simultaneously micropatterned
on glass substrates in order to evaluate whether the factors reported, in study I (ligands crosstalk)
and study Il (geometric cues), as potent osteogenic cues can overlap to further improve osteo-
genesis. The differentiation of hMSCs on RGD/BMP-2 micropatterns was performed in the same
cell culture conditions.

Although the interplay between RGD/BMP-2 crosstalk and geometric cues was evident, it was
pattern shape dependent. In fact, osteogenic markers expression peaked on triangular and square
RGD/BMP-2 micropatterns, while on rectangular micropatterns, the extent of hMSCs osteo-

genenic differentiation was similar to that observed on homogenous RGD/BMP-2 surfaces.
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In summary, this thesis project provides valuable insights into the role of several ECM aspects
in controlling stem fate decision. Such in vitro platforms are undoubtedly a powerful tool to
benefit from a deeper understanding of how stem cells interpret and explore external signals from
their microenvironment, which should pave the way towards the development of clinically rele-

vant biomaterials.

lll. Perspectives

There are still several key questions, related to this thesis project specifically, and bone tissue

engineering from a general perspective, that remain unanswered and need further investigations.

From an experimental perspective

- It would be interesting to investigate the homogeneity of osteoblast cell population obtained
after 4 weeks of culture on the different biomimetic materials by quantifying cells that have
maintained their stemness and those exhibiting an osteoblast phenotype or other phenotypes, such
as adipocyte- and chondrocyte-specific markers.

- The evaluation of hMSCs fate decision at several time intervals may also help to pursue the
evolution of osteogenic markers in response to the different biochemically modified surfaces.

- Osteogenic differentiation was assessed using STRO-1 as stemness marker, Runx-2 and ALP
as early osteogenic markers and OPN as late osteogenic marker. Other terminal differentiation
markers such as osteocalcin, Von Kossa and Alizarin red could be used to evaluate the mineral-
ization of deposited ECM.

- Real-time polymerase chain reaction (PCR) and western blotting are routinely employed in
stem cell research and may be considered in future experiments to support the current findings.
- An additional condition that should be taken into account upon experimental design is a stand-

ard positive control for the sake of comparison with similar works from others groups.

From a fundamental perspective

In initial steps towards deciphering the mechanism by which ECM cues (RGD/BMP-2 crosstalk
and the microscale distribution of single or combined ligands) guide MSCs fate determination,
the following pathways should be investigated.

Given that integrins and actin-myosin machinery are systematically involved in cell-ECM inter-
actions, it is very important to precisely evaluate the spatial distribution of integrins, the extent
of focal adhesion and their size, the degree of cell spreading and cytoskeleton tension on all

biomimetic material surfaces. Specifically, micropatterned surfaces containing BMP-2 peptide,
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shown to positively affect hMSCs differentiation down the osteoblastic lineage are expected to
elicit an adequate BMP-2 receptors (BMPR | & I1) clustering, thus fostering their crosstalk and
activation, which may in turn lead to an up-regulation of BMP-2 signaling pathways. It is there-
fore of essential importance to examine the activation of BMP-2-induced pathways, mainly
Smads and MAPK signaling.

Given the reciprocal interactions between integrins and BMP-2 receptors previously highlighted,
the investigation of integrin-based signaling activation, specifically the focal adhesion kinase
(FAK), known as an important mediator of osteogenic differentiation, may provide further in-
sights into the synergistic effect of RGD/BMP-2 crosstalk in regulating hMSCs osteogenic dif-
ferentiation.

RhoA and its effector, ROCK, are widely recognized to play a key role during osteogenesis [241]
[301]. The extent of these signals is inherently linked to the degree of actin-myosin contractility.
Taking into account that geometric cues have proved in several examples to affect cytoskeleton
tension, RhoA/ROCK pathways are also expected to regulate osteogenic differentiation on mi-
cropatterned surfaces developed in this work. In addition, some signaling pathways, such as
MAPK and WNT have been shown to mediate osteogenesis in response to geometric cues [242],
BMP-2 [31] [179] and integrin-binding ligands [244] [441], which may explain the interplay
between two or more ECM cues in regulating stem cell fate, as demonstrated in the paper III.
Therefore, the study of the above-mentioned pathways may help to provide an insightful inter-
pretation of how the different artificial ECM created on glass surfaces interact with hMSCs to
direct their fate towards the osteogenic lineage.

Although our group and many others are just beginning to exploit the wide range of biochemical
and physical ECM properties, it is believed that the concerted efforts will lead in the future to the
reconstruction stem cell niche in all its aspects. This paves the way toward the development of

efficient, safe and long-term performance biomaterials capable to meet the current clinical need.
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