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General Introduction

The loss or failure of an organ or tissue is one of the most important problems in human
health care. Because of the shortage of organs and tissues available for donation, physicians and
scientists are searching for alternatives.

Tissue engineering applies the principles of biology and engineering to the development of
functional substitutes for damaged tissue. Current tissue engineering approach consists in
combining cells, engineering and biomaterials to improve the biological functions of damaged
tissues or to replace them. Production of “artificial tissues” is still challenging and requires
collaboration of scientists from different domains like cell biology, chemistry, materials and
polymer science.

Different types of tissues may be engineered by this approach, and among them skeletal
muscle, which is one of the major tissues of the human body. Skeletal muscle tissue engineering
holds promise for the replacement of muscle due to an injury following a surgery or due to a
trauma, and for the treatment of muscle diseases, such as muscle dystrophies or paralysis.
Engineered muscle tissues models are also required for pharmaceutical assays and fundamental

studies of muscle regeneration.

Satellite cells, muscle stem cells, are now considered as a powerful source for the
regeneration of skeletal muscle, but also of several other tissues. A major limitation to the study
and clinical applications of satellite cells consists in a rapid lost of their stem properties in vitro.
The development of skeletal muscle is known to strongly depend on the interaction of muscle
cells with their surrounding extracellular matrix (ECM), which provides them a variety of
physical and biochemical signals. These are now recognized as being key parameters in
numerous cellular processes, from adhesion to regulation of the cell fate. Moreover, mature
skeletal muscle has a complex three-dimensional (3D) organization of aligned muscle fibers
surrounded by ECM.

Thus, engineering of a functional muscular tissue requires complex environments
mimicking in vivo niche, to control cell adhesion, proliferation, differentiation and properly
organize the cells. To this end, materials with tunable mechanical and chemical/biochemical
properties for myoblast expansion and differentiation in vitro, as well as for the studies of

myogenesis on controlled 2D microenvironments or in 3D scaffolds, are crucially needed.

In this context, layer-by-layer (LbL) films offer numerous possibilities for the development
of substrates with well-controlled mechanical and biochemical properties. The technique was
introduced in the early 1990s and has attracted an increasing number of researchers in recent
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years due to its high versatility and wide range of advantages they present for biomedical
applications. Polyelectrolyte multilayer (PEM) films are currently emerging as a new kind of
biomaterials coating that can be used to guide cell fate. They can be used either as 2D materials
for investigation of cellular behavior on defined substrates, or for coating of 3D constructions

such as implants or tissue engineering scaffolds.

In this thesis work, we used layer-by-layer (LbL) assemblies for two goals. The first
consisted in the development of multifunctional biomimetic thin films for the control of skeletal
muscle cell fate on 2D substrates. We used LbL films made of polypeptides, which can be
stiffened by chemical cross-linking and can be specifically functionalized by grafting of
biomimetic peptides onto their surface. In addition, we combined the peptide-grafted films with
substrate microtopography. Such approach is promising for the development or multifunctional
materials that combine the different stimuli present in in vivo ECM. This part of the project was
conducted in collaboration between two Grenoble laboratories, LMGP and CERMAYV, one
specialized in biomaterials and other in polymer chemistry.

In the second part, we used LbL assemblies for the construction of 3D skeletal muscle
microtissues by “cell-accumulation technique”. This part was conducted in collaboration with
the laboratory of Pr Mitsuru Akashi from Osaka University, Japan. The method consists in
coating myoblasts with fibronectin-gelatin nanofilms mimicking the ECM, before seeding them
onto a substrate where the cells self-organize. Such approach makes it possible to rapidly build

3D tissues and is promising for the in vitro construction of tissue models.

During this project I had opportunity to work with people from different disciplines, trying
to adapt their know-how to biological science. Being a cell biologist, according to my Master
diploma, I could acquire new knowledge and competences in biomaterials, nanomaterials,
chemical synthesis and discover methods for the analysis of synthesized products and different
tools for the characterization of materials. This experience was very enriching both in human and
in professional senses.

My strong wish is to continue collaboration with people from different scientific fields in
order to create “smart” materials for the control of cellular processes and develop new

approaches for the construction of artificial tissues.



CHAPTER | — Introduction
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This chapter serves to introduce important concepts of the biomaterials field and present
the possibilities offered by different types of biomaterials for musculo-skeletal tissue

engineering. It is divided in three parts.

First, the importance of cell-surrounding environment will be demonstrated. An overview
of the different types of stimuli presented by the surrounding matrix will be given.

Second, an overview of currently existing biomaterials and their properties will be done
and the concept of tissue engineering will be presented. The emphasis of this discussion will be
on the currently existing methods for modification of biomaterials properties for better control of
cellular behavior and tissue regeneration. LbL films as a type of highly versatile biomaterial
offering numerous advantages for biomedical applications will be presented.

Finally, the focus will be done on skeletal muscle tissue engineering, current approaches
and challenges in this field. The applications of LbL films for the control skeletal muscle stem

cell fate will be discussed.

The objectives of this thesis will be presented at the end of the chapter.

11



|.A. THE CELL ENVIRONMENT

I.A.1. General presentation of the extracellular matrix

Our body is made of several types of tissues (skin, muscle, bone, cartilage...) whose
properties and functions strongly depend on their composition. Tissues are composed of cells
embedded within an extracellular matrix (ECM) made of proteins, polysaccharides and other
bioactive molecules such as growth factors (Hynes 2009; Frantz et al. 2010). Tissues differ in
cell types that compose them, but also in ECM composition and quantity (Halfter et al. 2013).
For instance, tissues like cartilage are predominantly made of the ECM, while in brain it is only a
minor constituent.

ECM properties are extremely dynamic and are spatially- and temporally-controlled during
development. From the earliest stages of embryogenesis and throughout the life, the ECM plays
a role in development and morphogenesis, induces stem cells to differentiate into mature tissue
cells, provides structural support to the cells and determines tissue architecture and function
(Adams and Watt 1993; Gullberg and Ekblom 1995; Reilly and Engler 2010; Rozario and
DeSimone 2010).

The ECM molecules are synthesized intracellularly, secreted by exocytosis and remodeled
by the cells. Abnormal ECM deposition is a characteristic feature of many diseases, and a
number of pathologies involve changes in matrix properties (Jarvelainen et al. 2009; Frantz et al.
2010). Deposition of amyloid fibers takes place in Alzheimer’s, Parkinson’s, Huntinghon’s
diseases, atherosclerosis and rheumatoid arthritis, diabetes mellitus type 2 (Meredith 2005;
Rambaran and Serpell 2008). In the liver, pancreas, kidney and lung fibrosis significantly affects
organ functions (Zeisberg and Kalluri 2013). Fibrosis is characterized by changes in the
composition and amount of many ECM proteins. Duchenne muscular dystrophy is also
characterized by an increase in connective tissue (Klingler et al. 2012). Recently, evidence of
important ECM remodelling in adipose tissue and, in particular, during the development of

obesity was discovered (Divoux and Clement 2011).
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I.A.2. Composition of the extracellular matrix

The ECM is composed of several types of macromolecules (Fig. I-1): glycosaminoglycans
(GAGs), which are polysaccharide chains usually covalently linked to a protein core, and
proteins, including collagen, elastin, fibronectin, and laminin. Bioactive molecules, such as
growth factors (GF), are often bound to ECM components and presented to the cells in a matrix-

bound manner (Fig. I-1)
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Figure I-1. Composition of the extracellular matrix. The glycosaminoglycans and proteoglycans form a
highly hydrated substance in which the fibrous proteins are embedded. Growth factors bind to ECM
components and are presented to the cells in a matrix-bound manner. The cell senses its environment
through cell surface receptors, especially cell adhesion and cell/cell receptors.

Extracellular matrix includes the interstitial matrix and the basement membrane. Interstitial
matrix is ia highly hydrated network present in the intercellular spaces. The negatively-charged
proteoglycan molecules form a highly hydrated substance in which the fibrous proteins are
embedded. This gel allows rapid diffusion of nutrients and bioactive molecules, while fibrous
proteins strengthen and organize the matrix. Basement membranes (BM) are the thin sheets of
ECM that surround muscle cells, Schwann cells, fat cells and underlies epithelial and endothelial
cells (Yurchenco 2011; Halfter et al. 2013). BM proteins emerged about 500 million years ago
during the evolution of metazoan species, and they are the evolutionary oldest ECM proteins
(Hynes 2012). BM contain collagen, proteoglycans and laminin, which is the major glycoprotein
of the BM (Durbeej 2010). A core network of cross-linked collagen is associated with laminin,
laminin-binding glycoprotein nidogen and a very large and complex heparan sulfate
proteoglycan perlecan (Yurchenco 2011; Hohenester and Yurchenco 2013). Mutations in genes
encoding components of the skin basement membrane are associated with inherited skin
disorders such as epidermolysis bullosa, which is characterized by skin fragility, mechanically

induced blisters and erosions of the skin and mucous membranes (Bruckner-Tuderman and Has
2013).
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Laminin, a major glycoprotein of the BM, consists of the three subunits: a, f and vy, and
contains many distinct domains with different structure and functions (Engel and Furthmayr
1987; Beck et al. 1990) (Fig. 1-2). At present, 5 o, 3 f and 3 y chains are known for mouse and
human, that form 16 laminin isoforms (Miner and Yurchenco 2004). Laminins can self-assemble
into a sheet through interactions between the ends of the laminin arms. Cellular receptors
specifically recognizing laminins are mainly integrins, a-dystroglycan, syndecans, and other cell

surface molecules (Miner and Yurchenco 2004).

Figure I-2. Scheme of laminin heterotrimeric structure.
integrin binding Laminin o chain is depicted in green, f in violet and y in
blue. Laminin o chain consists of: the N terminal globular
domain (LN),; tandem rod domains of epidermal growth
factor (LEa, LEb, LEc), separating the LN, L4a and L4b

B LEa @ v globular domains, the laminin coiled-coil (LCC) domain
that tangles with the LCC domains of the f and y chains;
entactin/nidogen binding and the C-terminal laminin globular (LG) domains. Sites

of binding to different cell surface receptors are
indicated.Adapted from (Nguyen and Senior 2006).

coiled-coil

heparin binding

dystroglycan binding

L
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Collagen, elastin and fibronectin are major components of the ECM fibrillar network.

Collagens are a family of fibrous proteins found in all multicellular animals. They are
major components of skin and bone and constitute about 25% of the total protein mass of the
body. Collagen molecule has triple-stranded helical structure made of three collagen polypeptide
chains. Collagen triple helices can be further cross-linked and form sheet-like structures (Fig. I-
3A). Collagens play structural roles and contribute to mechanical properties, organization, and

shape of tissues (Ricard-Blum 2011).

Fibronectin, a large glycoprotein found in all vertebrates, is a dimer composed of two very
large subunits joined by disulfide bonds at one end. One of the FN isoforms, plasma fibronectin,
is soluble and circulates in the blood and other body fluids. In other forms, fibronectin dimers are
cross-linked to one another by additional disulfide bonds and assemble on the cell surface and

are deposited as highly insoluble fibers (Fig. I-3B) (Ruoslahti 1988a).
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Figure I-3. Extracellular matrix fibrillar components. (4) Fibrillar and sheet-like collagen network
(image by Thomas Caceci, http://vetmd.vt.edu). (B) Fibronectin matrix (labeled in green) secreted by
C2C12 myoblasts in culture.

Elastin is one of the major components of elastic fibers. Soluble tropoelastin is crosslinked
into amorphous elastin by lysyl oxidase, making from it a highly stretchable molecule, which is a
major provider of tissue elasticity. Elastin is the dominant ECM protein in arteries, comprising

50% of the dry weight of the largest artery - the aorta (Debelle and Tamburro 1999).

Glycosaminoglycans (GAG) are a heterogeneous group of negatively charged
polysaccharides that are covalently linked to protein to form proteoglycan molecules (except for
hyaluronan which is not linked to a protein core). They occupy a large volume and form
hydrated gels in the extracellular space. Some proteoglycans, such as syndecans or glypicans, are

also found anchored to the cell surface (Fig. [-4) (Ruoslahti 1988b).

link protein

Aggrecan

Hyaluronan

Syndecan

glycosaminoglycan
chains

cell membrane

Figure I-4. Scheme showing some proteoglycans and other GAGs of the extracellular space. An
example of membrane-bound proteoglycan is syndecan which has several heparan sulfate chains
attached to a core protein. Aggrecan is a common proteoglycan of the interstitial space that form
hydrated gels in complexes with the free polysaccharide hyaluronan.
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I.A.3. Cell adhesion receptors

Deciding which protein to express, when to divide, when to specialize, and when to
commit or get into apoptosis are processes that permanently occur within the cells. These
decisions are taken in response to the environmental stimuli such as extracellular signaling
molecules (growth factors, cytokines...) and ECM. All the signals provided by the environment
are transmitted from the outside by cell surface receptors and activate signaling pathways that
regulate gene expression, protein synthesis and thus contribute to the control of cell fate (Fig. I-
5).

The discovery of the integrins in the 1980s (Ruoslahti 1988a) allowed understanding of the
physical linkages between intracellular and extracellular compartments that serve to mediate
adhesion and bidirectional flow of the signals. Adhesion is of fundamental importance to a cell,
as it provides anchorage, cues for migration, and signals for growth and differentiation. There are
two principal types of cell adhesion: cell-matrix adhesion and cell-cell adhesion. Integrins appear
to be the primary mediators of cell-matrix adhesion, and they also serve as one of the many
families of molecules active in cell-cell adhesion (Ruoslahti 1988a; Hynes 1992; Hynes 2002).
Later it became clear that a group of cell-surface associated proteoglycans named syndecans
might act as co-receptors for the ECM and for certain growth factor receptors (Ruoslahti 1988b).
Later, dystroglycan have emerged as another type of receptors that link the cytoskeleton to the
ECM (Gullberg and Ekblom 1995; Matsumura et al. 1997).

Soluble ligands
Transcription

& factor (inactive)
0

Receptor \ /

Activated
transcription
factor

Slgnallng
pathway

\

\
\/
\\

Receptor M

ECM components ‘

Control of cell fate

Protein
synthesis

Figure I-5. Schematic presentation of signal transduction by cell surface receptors. Cell interaction
with environmental cues (soluble ligands, extracellular matrix components) activate signaling pathways
that regulate gene expression and protein synthesis.
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The first integrin to be discovered bound to fibronectin (Ruoslahti and Pierschbacher
1987; Ruoslahti 1988a) but it was soon found that several ECM components bind to similar
types of receptors (Hynes 1992; Ruoslahti 1996b). Integrins are transmembrane heterodimeric
molecules composed of a and £ chains. So far, 24 distinct heterodimeric isoforms have been
identified, composed of various combinations of the 18 a and 8 f chains (Hynes 1992).
Generally the subunits possess a small intracellular domain, a single transmembrane spanning
region, and a large extracellular domain, and link the intracellular compartment with the ECM
(Fig. 1-6). The name integrin was given to denote the importance of these receptors for the
integrity of both the cytoskeleton and the ECM (Ruoslahti and Pierschbacher 1987; Ruoslahti
1988a).

From the large integrin repertoire that exists for each specific cell type, cells are known to
sense the underlying substrates mainly via a,f3; and asp;, through focal complexes and focal
adhesions. The a,f; and osPB; integrins serve as receptors for a variety of extracellular matrix
proteins with the exposed arginine-glycine-aspartic acid (RGD) sequence. The tripeptide
sequence RGD is present in many ECM proteins, including fibronectin, vitronectin, fibrinogen,
von Willebrand factor, thrombospondin, laminin, osteopontin, bone sialo protein, and some
collagen isoforms (Ruoslahti 1996b), and binds to a wide range of integrin receptors.

Focal adhesions are protein assemblies on the cytoplasmic side of the cell membrane
where integrin receptors mechanically link the extracellular matrix to the actin cytoskeleton.
Focal adhesions originate from the maturation of small focal complexes; they associate with
actin stress fibres and are a place for cell traction (Fig. I-6). The transformation of focal
adhesions into even bigger fibrillar adhesions is driven by integrin and cytoskeletal-generated
tension (Zamir and Geiger 2001b; Zamir and Geiger 2001a; Hynes 2002; Bershadsky et al.
2006).

Syndecans are transmembrane heparan sulfate proteoglycans that bind a variety of ECM
components, including fibronectin, laminin, tenascin, thrombospondin, vitronectin, and the
fibrillar collagens. Their polysaccharide chains allow interaction with a variety of growth factors,
so that syndecans act as “regulators” of growth factor receptor activation.

The syndecan family includes 4 members named Syndecan-1 to -4, which are expressed in
cell type-specific manner (Bernfield et al. 1999). Syndecan-1 (SDC-1), or cell surface antigen
CD138, is the most studied of all the syndecans in cancer research. Altered expression of SDC-1
has been detected in several different tumor types and (Beauvais and Rapraeger 2004). SDC-1 is
also known to mediate fibroblast growth factor-2 binding and activity (Filla et al. 1998).
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Figure I-6. Integrin-mediated bidirectional signaling between the intracellular and extracellular
compartments and focal adhesion formation. The majority of integrins exist at the plasma membrane in
a resting, inactive state in which they can be activated by inside—out or outside—in cues. With regard to
outside—in activation, when cells encounter a mechanically rigid matrix or are exposed to an exogenous
force integrins become activated, which favours integrin oligomerization or clustering, vinculin—talin
association, and Src and focal adhesion kinase (FAK) stimulation of RhoGTPase-dependent actomyosin
contractility and actin remodelling. Focal adhesions mature with the recruitment of a repertoire of
adhesion plaque proteins, including w-actinin to facilitate actin association, and adaptor proteins such as
paxillin, which foster interactions between multiple signalling complexes to promote growth, migration
and differentiation. From (Butcher et al. 2009).

For a long time, syndecans were considered as co-receptors (Fig. I-7). Recently, their
independent role in mediating cell adhesion and signaling has emerged (Couchman 2003). Also,
synergistic control of cell adhesion by integrins and syndecans has been described (Morgan et al.
2007), although the mechanisms and precise roles of this interplay remain unclear. SDC-1 was
shown to support integrin a2/1-mediated adhesion to collagen in Chinese hamster ovary cells,
suggesting a previously unknown link between integrin-a2f1 and SDC-1 (Vuoriluoto et al.
2008). Hozumi et al. showed that syndecan-1/4 and integrin-a2f1 binding peptides derived from
laminin-al synergistically accelerated cell adhesion (Hozumi et al. 2010).
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Dystroglycan (DG) is a component of dystrophin-glycoprotein complex which, in muscle
cells, forms an important receptor system for ECM (Gullberg and Ekblom 1995). DG was shown
to be crucial for maintaining the integrity of sarcolemma and protecting muscle from damage.
(Matsumura et al. 1997; Cohn et al. 2002; Han et al. 2009). (Fig. I-8). DG is also expressed in
peripheral nerves (Masaki et al. 2003), where it plays diverse roles in Schwann cells such as

myelination and maintenance of myelin and nodal structures (Masaki and Matsumura 2010).

e~ Figure I-8. Schematic representation of

"

éxtracellular matrix h dystroglycan within the dystrophin-glycoprotein

complex binding ECM. Dystroglycan is

composed of a and f subunits. It binds with

high affinity to the LG domains of laminin o

chain from the extracellular side, and dystrophin

Y o o s intracellularly. Adapted from (Barresi and
Campbell 2006).

Cadherins are cell surface receptors that ensure association between cells through the
calcium-dependent assembly of cell-cell junctions (Fig. I-9). Cell-cell adhesion is important for
the maintenance of normal tissue architecture and function. (Hirohashi and Kanai 2003).
Originally considered as cell adhesion molecules, cadherins were shown to be involved in cell
signaling and communication, morphogenesis, angiogenesis and possibly neurotransmission

(Angst et al. 2001).
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Figure I-9. Cadherin-mediated cell-cell adhesion (A1) Cadherin homodimers interact with homodimers of
the neighbouring cell. Intracellularly they bind to their cytoplasmic partners a-catenin, b-catenin,
vinculin, and to the actin filament network. Adapted from (Angst et al. 2001). (B) Cell-cell junctions in
C2C12 myoblast monolayer culture. N-cadherin is labeled in green, actin in red and nuclei in blue.
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I.A.4. Signals provided by the extracellular matrix

It is increasingly accepted that cell fate depend on the reciprocal and dynamic interactions
of cells with their microenvironment that includes stimuli defined by neighboring cells, soluble
bioactive molecules and ECM (Hynes 2009). Importantly, the ECM provides to the cells a
variety of physical and biochemical signals that are now recognized as being key parameters in
regulating numerous cellular processes (adhesion, differentiation etc.). In Figure I-10, different
types of stimuli provided by the ECM are described.

Biochemical stimuli are provided to the cells by the surrounding biological molecules that
compose the matrix (fibrillar proteins, glycoproteins, proteoglycans/glycosaminoglycans) and by
soluble molecules that are often presented in a matrix-bound form (GF, cytokines,
chemokines...) (Fig. I-10). For this type of interactions, composition and conformation of the
ECM molecules is of the utmost importance (Garcia et al. 1999). Growth factors can bind to the
ECM via the glycosaminoglycan side chains or the protein cores of matrix molecules. ECM
binding of growth factors can have a number of biological consequences. By limiting diffusion,
the ECM provides a local store of growth factor that persists after growth factor production has
ceased; for example, matrix bound FGF is degraded more slowly than free FGF, prolonging its

activity (Klagsbrun 1990).

Basement

Soluble signals
membrane
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components gradients

Figure I-10. Different types of stimuli provided by the extracellular matrix (ECM). Biochemical stimuli
are provided to the cells by the surrounding biological molecules: polysaccharides and proteins. ECM
composition and cross-linking of the ECM proteins determines the stiffness of the matrix, thus providing
mechanical stimuli. Bioactive molecules such as growth factors can form gradients and promote cell
directional migration.

Young’s modulus (E), or elastic modulus, is defined as a ratio between a shear stress over a
relative deformation for a homogeneous and isotropic sample. It serves a measure of the stiffness

of an elastic material and is used to characterize materials, but also the live tissues. Stiffness of
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the tissues can vary from around 1 kPa (liver) to several tens of GPa for bone (Nemir and West
2010) (Fig. I-11). The difference between the values is due to the properties of tissue-specific
ECM. The stiffest tissues, ligaments and bone, contain a big quantity of collagen fibers that can
be cross-linked together and significantly stiffen the matrix. As for bone, the high stiffness of its

matrix is explained by the presence of inorganic hydroxyapatite.

Saphepous Vein (reviewed in (1))
Arterial|Wall (reviewed in [1], [29], ahd [68))

Atypic or Cancerous Breast [65] [ Bone (reviewed in [1] and [25]) |
Normal Bréast [65] Articular[Cartilage (reviewed in [29] hnd [68])
Cifrhotic Liver [17) Tendon/Ligament (reviewed in [2]] [29]. [68])

Normdl Liver (77) [ Skin (reviewed in [29] and [68]) |
100 Pa 1 kPa 10kPa 100kPa 1MPa 10MPa 100MPa 1GPa 10GPa 100 GPa

Figure I-11. Range of stiffness found in selected human tissues. Stiffness of the tissues can vary from
around 1 kPa (liver) to several tens of GPa for bone. Adapted from (Nemir and West 2010).

Cells are mechano-sensors known to transduce a mechanical signal into a biochemical
signal, or vice versa, via integrins, that exhibit conformational changes in response to mechanical
stimuli (Hynes 2002). Many cell types are sensitive to the mechanical properties of the
underlying substrate and respond by increasing their adhesion, spreading and proliferation

(Mammoto and Ingber 2009; Schaller 2010).

Another important characteristic of the ECM is its topography. Matrix is a more or less
porous structure that determines the diffusion of nutritive elements and cell migration. The
matrix is constantly remodeled by the cells. Matrix proteases are secreted to degrade the matrix
proteins when the matrix is too dense, and new matrix proteins are secreted when the matrix is
too sparse. Matrix remodeling process is involved in inflammation, tissue repair, and metastatic
cancer invasion (Wolf and Friedl 2011). Topographical features are important for the function of
many tissues. For instance, muscle fibers must be aligned to allow proper contraction. Stem cell
niche is a microenvironment where stem cells are found, and which regulates their fate
(Schofield 1978; Scadden 2006).

The native ECM is also a highly anisotropic environment. Gradients in biochemical
(growth factors, cytokines, etc.) and physical signals (matrix porosity, stiffness, etc.) are often
implicated in cellular processes such as adhesion, proliferation, migration, and differentiation

(Kucia et al. 2005; Lortat-Jacob 2009).
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lLA.5. Transition

Until recently, cell biologists commonly used glass substrates or tissue culture polystyrene
substrates to investigate cellular behavior in vitro. However, such substrate is very different from
the natural cell environment and may significantly affect cell behavior in vitro compared to in

vivo conditions (Fig. I-12).

In vivo In vitro

Mechanical signals
Adhesion molecules
Growth factorreceptors |’

Growth factors

Soft tissues 3s/plastic substrates

1M00Pa  1kPa 10kPa 100kPa 1MPa 10MPa 100MPa 1GPa 10GPa

Elastic modulus

— )

Increasing stiffness

Figure I-12. Differences in cell microenvironment in vivo and in vitro. In vivo, cells are surrounded by
the extracellular matrix that provides a variety of physical and biochemical signals. In vitro, cells are
usually cultured on substrates which are much stiffer than the majority of tissues. Bioactive molecules
such as growth factors are delivered in solution, while in vivo, they are usually presented in a matrix-
bound form.

Nowadays, classical approaches of cell biology and biochemistry are being completed by
interdisciplinary approaches aiming to reproduce natural cell environment, in order to study the
cells in more physiological conditions. The development of micro- and nanotechnologies makes
it possible to create substrates and matrices that precisely mimic the natural cell environment.
Engineered artificial matrices find numerous applications in the field of implantable materials,
but also in tissue engineering and drug delivery.

In the next part, we will present biomaterials and how their properties can be modulated to
render them more physiologically relevant, but also to intentionally control cellular processes,
for applications in tissue engineering field. We will particularly focus on layer-by-layer (LbL)
films and on the possibilities that such films offer for the development of substrates with well-

controlled mechanical and biochemical properties.
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|.B. BIOMATERIALS AND TISSUE ENGINEERING

|.B.1. Definitions and historical overview

Below are two definitions of biomaterials from 1986 and 1992 Biomaterials Consensus
Conferences:

“A nonviable material used in a medical device, intended to interact with biological
systems.” (1" Biomaterials Consensus Conference, 1986, Chester, UK)

“A material intended to interface with biological systems to evaluate, treat, augment, or
replace any tissue, organ, or function of the body.” (Z”d Biomaterials Consensus Conference,

1992, Chester, UK)

As we can notice, the definitions remain partially similar, but the second describes a much
larger field of application. Indeed, biomaterials first appeared mostly to replace a part of the
human body (prosthesis). The main requirements for this type of materials were its mechanical
properties and ability to partially replace the function of the missing body part.

The first surgical acts making use of biomaterials took place in the end of 19" century. In
1891, Pr Gliick produced an ivory ball and socket joint that he fixed to bone with nickel-plated
screws. Metal-on-metal total hip replacements were first implanted in the 1930s. In 1938, Smith-
Petersen introduced a vitallium mould arthroplasty using a cup made from cobalt-chrome alloy
(Smith-Petersen 1948). Integration of the material into human body now required it to be
biocompatible, i.e. nontoxic and not promoting the immune response.

Today, this type of biomaterials is largely used for many medical applications (Fig. I-13).
For example, hollow polymeric tubes replace the blood vessels; metals are used to fix fractures
and cements to fill the bone defects. Artificial skin saves the lives of burned people. Many of us
have contact lens or dental implants. However, for certain applications, integration of
biomaterials with surrounding native tissue may be limited or tissue repair is not satisfying yet

(Castner and Ratner 2002).

Ocular prosthesis & Contact lenses

~ Earreplacement Figure I-13. Overview of the

different  applications of
biomaterials. Implants and

Dental implants —

. Cardiac valve
Mammary implants

prosthesis can be made of

Synthetic skin ]
metals, ceramics, and

Vascular prosthesis —

polymers (synthetic or

Mesh for hernia repair Hip prosthesis

natural).

Tendon prosthesis Knee prosthesis

23



But as the progress goes on, biomaterials evolve too. Development of materials science, in
particular polymer science, opened new possibilities for biomaterials design. Numerous aspects
of biomaterials properties are known to affect cell behavior, so all of these parameters must be
carefully adjusted, as they have an influence on subsequent cellular and tissue events. Among
them, materials surface chemistry and morphology, bulk and mechanical properties,
degradability and biochemical functionality. Changing the surface roughness and porosity of the
bone implant improves osteointegration (Hertz and Bruce 2007; Le Guehennec et al. 2007).
Contact lenses with good wettability are generally better tolerated by the eye (Gorbet and
Postnikoff 2013; Tighe 2013). Molecules promoting cell adhesion have already been included in
the design of biomaterials, as many cells need to adhere for their survival (Newham and
Humphries 1996). More recently, other parameters like mechanical properties of biomaterials
(Pelham and Wang 1997; Engler et al. 2006) and delivery of growth factors (Fan et al. 2007)
have also been taken into account.

Such modification of biomaterial’s surface properties allows not only to improve the
biocompatibility and integration, but also to induce a specific response of the host tissue. These
materials are biomimetic and/or bioactive. By combining different technologies, it is now
possible to create materials with precise control over their multiple properties, making them
multifunctional.

The scheme of biomaterials evolution, from just biocompatible to those presenting
additional functionalities, is shown in Figure I-14.

Multifunctional
Bioactive

Biomimetic
Biocompatible

Level of complexity

Figure I-14. Evolution in the development of biomaterials. Integration of the material into human body
requires it to be biocompatible. Modification of biomaterial’s surface properties allows to improve its
biocompatibility and integration, but also to induce a specific response of the host tissue -- these are
biomimetic materials. “Smart” bioactive and multifunctional materials participating in tissue
regeneration by stimulating specific cell response or responding to changes of physiological conditions
are currently being designed.

Such materials find numerous applications in the field of implantable (Hubbell 1999) and
injectable (Li et al. 2012a) materials, for targeted and controlled drug delivery (Matsusaki and
Akashi 2009), but also for tissue engineering, and as model materials for fundamental studies of
cell-material interaction (Lutolf and Hubbell 2005; Stevens and George 2005). In this work, we

focus on the design of biomaterials for tissue engineering applications.
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Tissue engineering applies the principles of biology and engineering to the development
of functional substitutes for damaged tissue, and was pioneered about 20 years ago by Langer
and colleagues from MIT (Langer and Vacanti 1993). Current tissue engineering approach
consists in combining cells, engineering and biomaterials to improve the biological functions of
damaged tissues (bone, cartilage, blood vessels, skin...) or replace them.

The cells can be taken from the patient or from a compatible person, and biomaterials will
support cell attachment and provide them with the appropriate cues to organize the cells into a
tissue- or organ-like structure. Here, biomaterials must be “smart” enough to stimulate the
regeneration of tissues by controlling and guiding the cells (Lutolf and Hubbell 2005; Stevens
and George 2005). Such tissues and organs, grown from a patient’s own cells, should avoid the
problems of immune rejection. In addition to having a therapeutic application, tissue engineering
can have diagnostic applications: the tissue is made in vitro and used for testing drug metabolism
and toxicity. Besides in vitro tissue engineering, the tissue formation and repair may take place
in vivo due to achievements in the field of injectable hydrogels, which allow in vivo delivery in a

minimally invasive way (Li et al. 2012a).

I.B.2. Current challenges in tissue engineering

The progress in the field of artificial scaffolds for tissue engineering has been impressive.
For instance, cartilage (DeNovo® NT Natural Tissue Grafts) and skin (ApligrafTM) are already
on the market, and engineered bladders are in clinical trials (Atala et al. 2006).

These tissues all consist of a small number of cell types, and/or are either flat planes or
hollow constructs, that are relatively simple to produce. However, organs such as the lungs,
heart, liver, and kidneys are bigger, they contain dozens of cell types, and they have a complex
architecture with a network of blood vessels.

Production of such constructs is still challenging and requires collaboration of scientists
from different domains like cell biology, chemistry, materials and polymer science. The main
challenges are represented in Figure I-15 and include stem cell amplification, biomaterial’s

design and tissue maturation/organization.

I.B.2.a) Cell amplification

Stem cells can be defined as unspecialized cells that can renew their own population while
also supplying cells that differentiate into the specialized tissue-specific cell types (Janzen and
Scadden 2006). (Fig I-16). This presents important issues for tissue engineering, as stem cells

can be amplified in vitro and differentiated into a specific cell type.
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Figure I-15. Current challenges in tissue engineering. A goal of biomaterials scientists is to design the
scaffolds in which cells can adhere, proliferate, differentiate and synthesize their own matrix to
regenerate tissues. Adult tissues contain very few stem cells, so they have to be amplified in vitro in order
to get enough cells to fill the scaffold. As most of the tissues are 3D structures, spatio-temporal properties
of the materials are very important to properly organize the tissue.

In vivo, stem cells are localized in “niches” — specific tissue compartments that regulate
their involvement in tissue regeneration and repair (Schofield 1978). Without this niche, stem
cells generally have limited function and, when cultured in vitro, they may rapidly lose their
stem properties. For this reason scientists are studying the various components of the niche, in
order to identify the important factors regulating stem cells in vivo (Lutolf et al. 2009b).
Reproducing such factors in vitro by the mean of biomimetic materials will allow the precise

control of stem cell fate.
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I.B.2.b) Scaffold design and tissue maturation

Probably the most important step is to design biocompatible scaffolds in which cells can
adhere, proliferate, differentiate and synthesize their own matrix to regenerate tissue (Lutolf and
Hubbell 2005; Stevens and George 2005). Stiff polymeric materials can be employed as
scaffolds when mechanical strength is needed, and soft hydrogels can be used for soft tissues
(Drury and Mooney 2003).

As described in the part I.A. The cell environment, cells respond to a variety of stimuli,
including biochemical, topographical and mechanical signals originating from their in vivo
micro-environment. All of these parameters must be carefully adjusted by appropriate
biomaterial’s design, to provide it with new functionalities and induce a specific cell response.

As most of the tissues are 3D structures, spatio-temporal properties of the materials are
very important to properly organize the tissue. Last but not least, developing tissues may require
supply of different bioactive molecules or presentation of different adhesive ligands at different
times of tissue maturation. This will require controlled molecule delivery by the biomaterial.

Different approaches for the biomaterials design are described below.

I.B.3. Design of synthetic and natural polymeric materials for tissue
engineering (Review article 1)

In a first part of my PhD thesis, we made a literature review of synthetic and natural
polymeric materials with well-characterized and tunable mechanical and biochemical properties.
We also highlighted how biochemical signals can be presented to the cells by combining them
with these biomaterials (Gribova et al. 2011).

Here, we will give a short overview of the different types of polymeric materials, including
synthetic and natural ones. For more details, the reader is referred to the review article that can
be found in Annexe I. We will also present important aspects that have to be taken into account

when designing biomimetic materials.

Polymeric 2D substrates and 3D scaffolds made of either synthetic or natural polymers are
the most widely used in the development of biomimetic and bioactive materials due to their high
versatility: they can be tuned in terms of composition, rate of degradation, mechanical and
chemical properties, and thus offer a wide range of possibilities to control cellular processes and
tissue regeneration. If surface properties of the materials are taken into consideration, they are
viewed as 2D materials and cells will interact with them from their basal side. In the case of

hydrogels, that are usually uses as 3D materials, their bulk (volumic) properties are important, as
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the cells embedded in the hydrogel are fully surrounded by it. Accumulating evidence has shown
that there is a significant difference in cell behavior in 2D and 3D microenvironments (Lee et al.
2008). However, it is important to underline that both 2D and 3D studies of cell/material
interactions are required, as these studies provide complementary information. For instance, 2D
materials may serve for cell amplification or for coating of other materials, while 3D materials
are required for fabrication of thick tissue constructs.

Both synthetic and natural polymers present some advantages and drawbacks in terms of
their applications as biomimetic substrates. The main properties of natural and synthetic

materials, from 2D to 3D materials are summarized in Table I-1.

Synthetic polymers can be tuned in terms of composition, rate of degradation, mechanical
and chemical properties. Among the mostly employed synthetic polymers, polyacrylamide (PA)
gels, polydimethylsiloxane (PDMS) and polyelectrolyte multilayer films made of synthetic
polyelectrolytes, which are used as 2D culture substrates; crosslinked networks of poly(ethylene
glycol) (PEG) are often used as a 3D hydrogels with cells embedded inside. The coupling
strategy is often required for synthetic materials, which do not have any natural interaction with

biomolecules (Table I-1).

PROPERTIES NATURAL SYNTHETIC

2D PEM-films PAgels
PDMS
Fibrin
Collagen
Hyaluronan IPN PEG

3D Alginate Composites
Physical/mechanical - Viscoelasticity - Pure elasticity
properties - Physical architecture - No physical architecture

- Porosity (nm to ym scale) - Small porosity
- Degradability (proteases) - Non biodegradabile (unless
grafted with MMP peptides)

Biochemical - Non specific interactions - Inertness
properties (electrostatic, H-bonds) - Need grafting with ligands
- Specific (natural ligands)

Main disadvantage - Difficulty to decouple - High swellability (for PEG)
mechanics and chemistry - Stability over time
Main advantage -Biomimetism -Versatility of the control

(natural presence in tissues)

Table I-1. Summary of the main properties of natural and synthetic materials, from 2D to 3D
materials, which are used in mechano-sensitivity studies. This includes their physical/mechanical and
biochemical properties. Their main disadvantages and advantages are also given. (Gribova et al. 2011).
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Natural polymers can be derived from animals (collagen, fibrin, chitosan) or from
plants/algae (cellulose, alginate, agarose). They can be used as 2D or 3D hydrogels or as thin
multilayer films. Multilayer films made by self-assembly of polypeptides and polysaccharides
are emerging as a new class of materials with well-defined properties.

Natural polymers have the advantage of being components of native ECM matrices, i.e.
they provide compositional uniqueness such as stimulating a specific cellular response and serve
both as mechanical as well as biochemical signals (Table I-1). Natural materials are also
particularly interesting due to their unique structural properties. Their nano- and microstructure
are similar to that of native tissues in terms of functional groups and structural organization.
Interestingly, natural materials exhibit low and high affinity interactions with ECM proteins and
growth factors, and can be favorably exploited to present these stimuli. Conversely, natural
materials have also some drawbacks. They are more fragile, polydisperse, and not always pure.
In addition, their natural bioactivity makes it difficult to fully decouple the effect of mechanics
from chemistry.

The modifications of synthetic and natural polymeric materials are summarized in Figure I-
17 and include modifications of mechanical and biochemical properties, as well as control of

material’s topography and degradability.
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Figure I-17. Scheme presenting the three major ways of control of the cell microenvironment using
engineered materials : mechanical properties with typical variation in elastic moduli from few Pa to tens
of MPa, biochemical properties obtained by adsorbing or grafting entire proteins, protein fragments as
well as peptides, spatio-temporal properties, e.g. hydrolytically degradable materials or controlled
presentation of ligands by nano and micropatterning. Adapted from (Gribova et al. 2011).
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1.B.3.a) Control of mechanical properties

Cells are mechanosensors known to transduce a mechanical signal into a biochemical
signal, or vice versa, via specific proteins that are known to play a key role in this process.
Among those are integrins, transmembrane receptors that exhibit conformational changes in
response to mechanical stimuli (Ingber 1991). Many cell types are sensitive to the mechanical
properties of the underlying substrate and respond by increasing their adherence, spreading and
proliferation. How the cells exert forces on to a substrate and how these forces are transmitted at
the molecular level inside the cells are key questions, which have been and are still being
investigated. This has also led to the development of new materials that would, ideally, make

possible independent variation in mechanical and biochemical properties.

In a pioneer study by Discher’s group, decoupling (or independent adjusting) of the
mechanical and chemical properties has been achieved, using model synthetic gels such as
polyacrylamide gels grafted with COL at increasing densities.(Engler et al. 2004a). The same
group showed that altering polyacrylamide gel stiffness made possible MSC differentiation into
neurons on soft PA gels, bone cells on stiff gels that mimicked collagenous bone (Engler et al.

2006) and myoblasts for gels of intermediate stiffness (Fig. I-18).

0.1-1kPa  8-17kPa _ 25-40 kPa
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Figure I-18. Effect of substrate stiffness on cell differentiation. Human MSCs (hMSCs) exhibit
neurogenic, myogenic and osteogenic phenotypes when cultured on collagen-coated polyacrylamide
(PAAm) hydrogels with stiffness similar to brain (0.1-1 kPa), muscle (§8—17 kPa) and nascent bone (>34
kPa), respectively. From (Engler et al. 20006).
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Other types of synthetic and natural polymeric materials with controlled mechanical
properties have been developed, such as PEG hydrogels (Lutolf et al. 2003b; Gilbert et al. 2010;
Moon et al. 2010), PDMS (Trappmann et al. 2012), alginate gels of varying stiffness (Genes et
al. 2004; Boontheekul et al. 2007), hyaluronan (Young and Engler 2011), and polyelectrolyte
multilayer films made of biopolymers (Ren et al. 2008). Recently, Post and coworkers (Boonen
et al. 2009) showed, using PA gels of varying rigidity and protein coating that proliferation was
influenced only by rigidity, whereas differentiation was influenced both by rigidity and by
protein coating.

For more detailed presentation of materials used for mechanosensitivity studies, the reader
is referred to the review article in Annexe I (Gribova et al. 2011). An overview of the main
strategies used to modulate mechanical properties of synthetic and natural materials is given in
Figure I-19. Although a full decoupling of mechanical and chemical properties is the ideal goal,
this is in fact very difficult to achieve, because many of the cross-linking strategies are based on
a chemical modification of the material. In addition, in case of synthetic materials that usually
provide poor adhesive properties, biochemical ligands have to be added by grafting it or by

adsorbing it. This also involves modification of materials surface.
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Figure I-19. Overview of the main strategies used to modulate mechanical properties of synthetic and
natural materials. The methods are essentially based on chemical cross-linking, as physical cross-linking
is so far barely employed for biomaterials. We have classified cross-linking by divalent cations at the
border between chemical and physical cross-linking, as addition of cations changes the film chemistry
but, at the same time, induces a physical gelation (no need for covalent crosslinks). From (Gribova et al.
2011).
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1.B.3.b) Biochemical functionalization

Synthetic polymers such as PA, PDMS and PEG hydrogels are poorly adhesive due to their
inertness and lack of specific adhesive motifs. In the case of natural materials, although cells
may possess specific receptors recognizing the material, their naturally high hydration and
softness often render them poorly adhesive, too. Such low cell attachment has been observed for
hydrated polysaccharides such as HA and ALG. Researchers have thus designed strategies for
giving additional biochemical functionality to different types of synthetic and natural materials.

Biochemical functionalization has up to now mostly focused on improving cell adhesion
by presenting cell adhesive ligands: adsorbing cell adhesion proteins (collagen, fibronectin,
etc.) or grafting adhesion peptides. Recent developments have begun, however, to present not
only adhesive signals, but also signals triggered by growth factors (FGF, BMP, VEGF, NGF),
which modulate cell proliferation and differentiation. Notably, presentation of a biochemical
signal from a biomaterial in a “matrix-bound” manner is important for mimicking physiological
conditions, as many bioactive molecules are bound to the ECM matrix in vivo.

Two main strategies of functionalization are usually employed: covalent coupling or
physical adsorption of the bioactive molecules (entire proteins, fragments or peptides) (Fig. I-
20). The coupling strategy is often required for synthetic materials, which do not have any
natural interaction with biomolecules. Conversely, natural materials, that exhibit low and high
affinity interactions with ECM proteins and growth factors can be favorably exploited to present
these stimuli. Summary of the main functionalization strategies for 2D and 3D materials are

shown in Figure 1-20. Examples of molecules usually immobilized are also indicated.

2D 3D
Protein Peptide Protein Peptide
Adsorption/ M’
embedding | ‘
Adhesion Adhesion Adhesion Adhesion
proteins peptides proteins, peptides

growth factors

Adhesion Adhesion Adhesion .
proteins, peptides, GF- proteins, Adhesion
growth factors  derived peptides growth factors peptides

Figure I-20. Main strategies for immobilization of bioactive molecules on 2D substrates or in 3D
hydrogels. The molecules can be either grafted or attached by adsorbtion due to specific or non-specific
interactions. Covalent links are represented as black dots or black dashes.
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The advantage of grafting is that it provides good control of surface composition, a stable
link and limits release of the functional group into the culture medium. Covalent grafting of short
bioactive peptides or protein fragments is more frequently performed than that of full length
ECM proteins, which is more difficult to handle. A key issue is to preserve the bioactivity of the
grafted molecules, especially entire proteins, because their activity depends on their 3D
conformation. Grafting of proteins/peptides can be performed in solution on hydrogel
components, prior to formation of the 2D or 3D biomaterial, or directly at the surface of a
biomaterial.

Proteins can be coupled to polymers via their amino-groups using sulfo-SANPAH
(sulfosuccinimidyl 6-(4'-azido-2'-nitrophenylamino)hexanoate) cross-linker (Kandow et al.
2007) or carbodiimide coupling chemistry (Grabarek and Gergely 1990). Thiol groups of
proteins or peptides are another target for coupling reactions. They can be grafted to polymers
via maleimide linker molecules or reacted with acrylates under defined experimental conditions
(Hern and Hubbell 1998; Mann et al. 2001; Peyton et al. 2006).

For more detailed presentation of the grafting strategies, as well as for more details on
adsorption and grafting of full-length molecules including ECM proteins and GF, the reader is
referred to the review article in Annex I (Gribova et al. 2011). Here, we will focus on the recent
developments that use bioactive peptides and are aimed to achieve a better selectivity, i.e. target
a particular cell surface receptor and thus create substrates/scaffolds with well-defined
properties.

In entire proteins (ECM proteins or GF), many different active sequences can be
recognized by cell surface receptors. Using a bioactive fragment makes it possible to enhance the
specificity of the interaction and to target one particular partner to better control cellular
processes. Such short sequences are, however, often less bioactive than entire molecules,
because of the loss of active site spatial architecture, which is defined by protein’s specific
conformation (Ruoslahti 1996a).

The most common grafted peptides are derived from ECM proteins, mainly fibronectin
(Petrie et al. 2008), collagen (Lutolf et al. 2003¢c; Trappmann et al. 2012), laminin (Hozumi et al.
2009; Urushibata et al. 2010), and vitronectin (Doran et al. 2010) (Table I-2). More recently,
peptides that exhibit protease sensitive sequences have been grafted to the biomaterials, to add
biodegradability in response to cellular activity (Raeber et al. 2007).

The tripeptide sequence RGD is very popular, as it is present in many ECM proteins,
including fibronectin, vitronectin, fibrinogen, von Willebrand factor, thrombospondin, laminin,
osteopontin, bone sialoprotein, and some collagen isoforms (Ruoslahti 1996a). It binds to a wide

range of integrin receptors in a non-selective manner, i.e. is not specific to a given integrin
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receptor. The literature about the various forms of RGD-containing peptides is rich and the
reader is referred to more specialized reviews (Ruoslahti 1996b; Hersel et al. 2003).

The recent developments are aimed to achieve a better selectivity, i.e. target a particular
cell surface receptor, integrin or non-integrin. To this end, several strategies have been
investigated: 1) synthesis of cyclic RGD peptides (Hsiong et al. 2009), or RGD peptide
multimerization to enhance avidity with particular cell adhesion receptors (Suzuki et al. 2003b),
i) using a more selective peptide sequence that is not based on RGD but contains other key
sequences or iii) associating two different bioactive peptides derived from the same ECM protein
(Benoit and Anseth 2005) or from different ones (Rezania and Healy 1999) (Table 1I-2). Thus,
collagen-mimetic peptides (Picart et al. 2005; Reyes et al. 2007; Weber et al. 2007), laminin-
derived peptides (Hozumi et al. 2009; Werner et al. 2009; Urushibata et al. 2010) and
fibronectin-derived peptides or fragments (Benoit and Anseth 2005; Petrie et al. 2008) are

increasingly used for their higher selectivity.

ECM protein PEPTIDE SEQUENCE TARGETED RECEPTOR CELL TYPE REFERENCE
COLLAGEN GFOGER Integrin a21 Primary bone marrow stromal Reyes et al., Biomaterials 2007
(Type l) cells [94]
CGPKGDRGDAGPKGA . . Picart et al. Adv. Funct. Mater.
Integrins a1B1 , 2Bl Primary human osteoblasts
2005 [76]
DGEA Integrin o231 MING b-cells Weber Biomaterials 2007 [95]
FIBRONECTIN Osteoblasts Petrie et al., Biomaterials 2008
(FN) rhFN fragment FNIIIZ-10 (with | oo Bl [83]
RGD and PHSRN 1 i
) hESC, hMSC Doran et al., Biomaterials 2010
[75]
. Benoit and Anseth, Biomaterials
RGD-PHSRN Inegrin a5B1 Osteoblasts 2005 [90]
LAMININ  [RKRLQVQLSIRT (a1 chain Svndecans
(LAM) LAM-1, LG4 module) Y Human dermal fibroblasts, neural |Hozumi et al, Biomaterials 2009
ATLQLQEGRLHFXFDLGKGR, | W . ., PC12 [83]
X: Nie (o1 chain, LG4 module) |Me9rn 2p
PPFLMLLKGSTRFC (LG3 of Integrins a6B4. o361 Oral keratinocyte cell line, TERT- |Werner et al., Biomaterials 2009
the lam-5 o3 chain) grins 64, a.3p 2 OKF-6 [96]
IKLLI (LAM o1 chain) Integrin 331
IKVAV (LAM o1 chain) ;:3;'33 laminin receptor {4 b-cells Weber, Biomaterials 2007 [95]
YIGSR (LAM p1 chain) 67 kQa laminin receptor
protein
VITRONECTIN(rhVN, N-terminal Somatomedin |Plasminogen activator inhibitor- hESC Doran et al., Biomaterials 2010
B and RGD domain 1 (PAI-1), integrin receptors [75]
MuItlpIeIECM MC3T3-E1 preostoblasts Zouani et al., Biomaterials 2010
proteins . [100]
RGDSPC Integrins -
L Lutolf et al., Nature Biotech. 2003
Human foreskin fibroblasts
[84]
. Primary human bone marrow
G4RGDSP Integrins stromal cells, MC3T3-E1 Hsiong et al. Tissue Eng. 2009
. . Integrin receptors, higher preosteoblasts, mouse bone [92]
Cyclic RGD: G4CRGDSPC specifity for oVp3 marrow stromal D1 cell line
MMP-sensitive peptide: Ac- . . .
GCRD-GPQGIWGQ-DRCG- Matrix metalloproteinases Human foreskin fibroblasts Lutolf et al. Nature Biotech 2003
NH2 (MMP) [84]

Table I-2. Peptide sequences used for targeting adhesion receptors of four main ECM proteins. The

targeted receptor (or receptor family) as well as cell type used in the study are indicated. From (Gribova
etal. 2011).
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We are now progressively entering a new era, where peptides with higher specificity, high
biological activity as well as targeting other receptors than integrins are being designed (Table I-
2). Indeed, it is now acknowledged that besides integrin receptors, other families of receptors
including syndecans (Bellin et al. 2009) and growth factor receptors play key roles in early
cellular events. Recent developments also include grafting the peptide sequence of growth
factors, mostly bone morphogenetic protein 2 (BMP-2) derived peptides (Saito et al. 2003; Saito
et al. 2005; He et al. 2008b; Zouani et al. 2010; Moore et al. 2011; Zouani et al. 2013), but also
BMP-9 (Marquis et al. 2008; Bergeron et al. 2009).

1.B.3.c) Micro- and nanotopography

Material’s topographical cues are recognized to be a powerful tool for regulating cell
functions. Scaffold architecture and substrate topography affect cell adhesion, migration, growth
and differentiation (Curtis and Wilkinson 1997; Rapier et al. 2010; Nikkhah et al. 2012).

Surfaces of biomaterials are rarely flat at a molecular level: such surfaces only occur after
cleavage of single crystal materials in particular planes. Thus, most of the materials possess
“natural” or “accidental” topography. Otherwise, nano- and micropatterned surfaces and scaffold
can be intentionally fabricated, in order to investigate the effects of spatial parameters on the
cellular processes and/or to control these processes. Many micro- and nanofabrication processes
have been employed to control substrate characteristics in both 2D and 3D environments.
Among them, optical and electron beam lithography, soft lithography, and printing technologies
(Falconnet et al. 2006; Khademhosseini et al. 2006). Patterning on biomaterial surfaces and
scaffold topography are important for fundamental studies of cell-cell and cell-substrate
interactions, and in biomedical applications such as tissue engineering, cell-based biosensors and
diagnostic devices. For instance, in the field of tissue engineering, one of the main issues is to

engineer scaffold with controlled architecture, to obtain a properly organized tissue in vitro.

The basic principle of materials patterning is to create controlled spatial arrangement of
surface chemical and physical properties. Gradients are also being developed and used to
understand how cells respond to these cues (Burdick et al. 2004; Kutejova et al. 2009).

“Physical” topography includes surface roughness (Lampin et al. 1997; Fan et al. 2002;
Chung et al. 2003; Yamakawa et al. 2003; Ranella et al. 2010), stiffness patterns (Chien et al.
2009), grooved substrates (Teixeira et al. 2003; Monge et al. 2012), and micropillars (Ghibaudo
et al., Biophys J, 2009). Several examples of physical topography are shown in Figure I-21.
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Figure I-21. Nanotopographically defined in vitro cell culture tools. Schematics of three representative
nanotopography geometries commonly used as cell culture substrates. Anisotropic topographies are
directionally dependent, in this case, providing cues along a single axis. Isotropic topographies are
uniform in all directions, providing cues along multiple axes. Topography gradients provide cues through
gradual changes in physical features (e.g., groove spacing) along a particular direction (Kim JBC 2012)

Chemical/biochemical topography includes micro- or nano- patterned domains of adhesive
molecules (Gallant et al. 2002; Wu et al. 2010). Chemical patterning achieved using spatial cell-
adhesive molecular organization regulates different cell functions depending on its scale.
Micropatterned surfaces can be used to orient the cells or to control their geometry. The
geometry of the cell adhesive microenvironment was shown to direct cell surface polarization,
internal organization and division (Thery and Bornens 2006; Thery et al. 2006; Pitaval et al.
2010). Moreover, cell adhesive surface geometry may also regulate cell differentiation
(Guvendiren and Burdick 2010). Nanopatterned topographical features such as matrix ligand
density (Ranucci and Moghe 2001; Berg et al. 2004) are important for cell adhesion,

proliferation, and differentiation.

The porosity of the material must be considered when designing 3D scaffolds, as it is an
important parameter for cell migration within the scaffolds. Also, porosity can greatly influence
cell adhesion and interaction with the matrix components. Depending on the porosity of the
scaffold, the cells can sometimes behave as on 2D surfaces, i.e. interact with their environment

only from the basal side even in 3D materials (Figure 1-22).
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Another important parameter of 3D materials is degradability. It was shown that the
degradation rate of hydrogel can influence differentiation of mesenchymal stem cells (Khetan et
al. 2013). In this study, MSCs within HA hydrogels of equivalent elastic moduli with different
cell-mediated degradation exhibited variable degrees of cell spreading and favoured either

osteogenesis or adipogenesis.

In case of dense polymeric hydrogels, specific peptide crosslinkers may be introduced into
the polymer network. Such peptides are cleavable by secreted metalloproteases and allow cell
progression through the gels (Lutolf et al. 2003a). Invasion and growth of different cell types in
engineered synthetic ECM may be controlled selectively by the choice of protease specific
peptide crosslinker (Bracher et al. 2013).

A B C
Micropore Scaffold| | Microfiber Scaffold | | Nanofiber Scaffold

Scaffold Architecture

Cell Binding

Figure 1-22. Scaffold architecture affects cell binding and spreading. (A and B) Cells binding to
scaffolds with microscale architectures flatten and spread as if cultured on flat surfaces. (C) Scaffolds
with nanoscale architectures have larger surface areas to adsorb proteins, presenting many more binding
sites to cell membrane receptors. Adapted from (Stevens and George 2005).

1.B.3.d) Multifunctional materials and high-throughput screening

Control over biochemical and mechanical properties of materials in a spatially-controlled
manner has to be achieved to investigate the respective role of each parameter, as well as to
produce innovative multifunctional biomaterials (Huebsch and Mooney 2009). New
methodological developments emerging from soft lithography and microfluidics can be
combined to further develop these 2D and 3D biomaterials (Lutolf et al. 2009). Importantly,
these technologies can be applied to a wide range of polymeric biomaterials currently in use.
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This will make it possible to incorporate spatial control which is crucial for developing complex
microenvironments (Marklein and Burdick 2010).

Current technologies also allow creation of in vitro platforms for high-throughput
screening (Ranga and Lutolf 2012). Example of the creation of such platform is shown in Figure
[-23. Recently, PEG microgels with modular dimension, stiffness and surface-tethered
biomolecule composition were created by combining hydrogel engineering with droplet
microfluidic technology (Allazetta et al. 2013). Such approach allows to combine multiple gel
components and additives, providing opportunity to generate a huge diversity of microgels for

cell manipulation and screening applications.
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Figure I-23. Example of a state-of-the-art combinatorial biomaterial microarray to probe biochemical
and biophysical niche effectors. A DNA spotter with solid pins can be used to spot different protein
solutions on micropillars of a microfabricated silicon stamp. The printed stamps can be pressed against a
thin (partially crosslinked) hydrogel layer. Finally, the stamp can be demolded to obtain an artificial
niche microarray suitable for both adherent or nonadherent stem cells. Adapted from (Ranga and Lutolf
2012).
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I.B.4. Polyelectrolyte multilayer (PEM) films as thin polymeric

substrates (Review article 2)

Layer-by-layer (LbL) films offer numerous possibilities for the development of substrates
with well-controlled mechanical and biochemical properties, and have become a highly studied
class of biomaterials over the past decade. The technique was introduced in the early 1990s by
Decher, Mohwald, and Lvov (Decher et al. 1992; Lvov et al. 1994; Decher 1997) and has
attracted an increasing number of researchers in recent years due to its high versatility and wide
range of advantages they present for biomedical applications. Polyelectrolyte multilayer (PEM)
films are currently emerging as a new kind of biomaterials coating that can be used to guide cell
fate (Boudou et al. 2010; Leguen et al. 2007; Detzel et al. 2011). They can be used either as 2D
materials for investigation of cellular behavior on defined substrates, or for coating of 3D

constructs such as implants or tissue engineering scaffolds.

The reader is referred to our recent review article (Gribova et al. 2012) (please find in
Annexe II) for detailed presentation of different possibilities of controlling cell behavior by
means of PEM film composition, presentation of bioactive molecules and modulation of
mechanical properties. Here, we will present a principle of LbL deposition method and give a

short description of the main techniques used for the control of PEM film properties.

The LbL deposition method consists in the alternate adsorption of polyelectrolytes that
self-organize on the material’s surface, leading to the formation of polyelectrolyte multilayer

(PEM) films (Fig. I-24) (Decher et al. 1992; Lvov et al. 1994; Decher 1997).
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Figure I-24. Schematic of layer-by-layer deposition method. Simplified molecular picture of the first two
adsorption steps, depicting film deposition starting with a positively charged substrate. Adapted from
(Decher 1997).
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The method was originally developed by dipping the substrate (e.g. glass slides or silicon
wafer) in the different polyelectrolyte solutions. The analogous method consists in depositing the
solutions on the substrate by spin-coating (Fig. 1-25a and b). Polyelectrolytes can also be
deposited onto small particles, which can be further dissolved to give hollow microcapsules, that
can be used for drug delivery and many other applications (Antipov and Sukhorukov 2004;
Becker et al. 2010), or onto viable cells (Wilson et al. 2011). Such coating helped to maintain
cell viability and function upon in vivo transplantation. Nowadays, other methods of LbL
assembly are being developed, such as film deposition by spraying (Fig. I-25¢), which is much
faster and easier to adapt at an industrial level (Izquierdo et al. 2005; Schaaf et al. 2012).
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Figure I-25. Construction of layer-by-layer assemblies using different deposition techniques. (a) by the
dipping method. (b) by spin coating a solution onto the substrate . (c) by spraying. From (Li et al.
2012b).

The procedure of LbL deposition is relatively simple and versatile, as it is possible to
modulate film growth and internal structure by choosing the nature of polyelectrolytes and
assembly parameters such as pH and ionic strength (Shiratori and Rubner 2000). PEM film
fabrication can be performed under mild conditions in an aqueous environment, which is a great
advantage when using biopolymers and bioactive molecules, which are often very sensitive
molecules and can easily lose their properties if using harsh chemistry. Also, films can be either
stratified or can exhibit some interdiffusion, which makes it possible to use them either as

barriers (Garza et al. 2005) or as compartments for the loading of bioactive molecules (Crouzier
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et al. 2009). Importantly, as will be shown below, PEM films appear highly suitable for
immobilization of biomolecules with preserved bioactivity.

Besides polyelectrolytes, other types of components can be assembled using LbL method,
among them proteins (Johansson et al. 2005; Zhang et al. 2005), nanoparticles, nanowires and
carbon nanotubes (Jan and Kotov 2007; Srivastava and Kotov 2008; Zhang et al. 2012), and even
living cells (Matsusaki et al. 2007; Chetprayoon et al. 2013).

Advantageously, multiple parameters of the films can be controlled. The films can be
functionalized by bioactive molecules such as adhesive peptides (Berg et al. 2004; Picart et al.
2005; Tsai et al. 2009) and charged with growth factors for local delivery (Crouzier et al. 2009;
Crouzier et al. 2011b; Macdonald et al. 2011; Shah et al. 2011; Guillot et al. 2013). The different
strategies of incorporing bioactive molecules inside or on top of PEM films are summarized in
Figure 1-26. Biochemical stimuli may also be delivered in response to external stimuli. Cyto-
mechanoresponsive surface that becomes cell-adhesive through exhibition of arginine-glycine-
aspartic acid (RGD) adhesion peptides under stretching has been described (Davila et al. 2012).
The controlled presentation of bioactive molecules to cells by means of the engineered PEM
films offers a new tool for biophysicists who are interested in unraveling the subtle interplay

between cell adhesion receptors, growth factor receptors and mechano-transduction pathways.

A Adsorption of biomolecules

no diffusion embedding diffusioninside
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Figure I-26. Scheme representing different possibilities of incorporing bioactive molecules inside or on
top of PEM films. (A) Adsorption of the bioactive molecule can be achieved after film buildup or at a
certain step during build up. In case of diffusion, the bioactive molecule can be loaded in the “bulk” of
the film; (B) Very small molecules such as bioactive peptides can be grafted to one of the
polyelectrolytes; (C) if one of the components is hydrolysable, then the bioactive molecule can be
delivered in solution. From (Gribova et al. 2012)
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The mechanical properties of the films can be modulated by several techniques, including
chemical cross-linking by carbodiimide (Richert et al. 2004) and photo-crosslinking using
photosensitive derivatives of the polyelectrolytes (Olugebefola et al. 2006; Pozos Vazquez et al.
2009). The main techniques are shown in Figure 1-27.
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FIGURE I-27. Overview of the main strategies used to modulate mechanical properties of
polyelectrolyte multilayer films. The methods are essentially based on ionic cross-linking, chemical
cross-linking and physical cross-linking. From (Gribova et al. 2012)

The films can also be micropatterned to have (X-Y) architecture by combining with
microfabrication techniques such as photolithography, microcontact printing or microfluidics
(Berg et al. 2004; Chien et al. 2009; Monge et al. 2012; Almodovar et al. 2013). Furthermore,
they can be deposited on various types of supporting materials, including metals, polymers and
ceramics, which are already approved as implantable materials (Boudou et al. 2010).
Interestingly, PEM films can also be fabricated as free-standing membranes (Ono and Decher

2006; Larkin et al. 2010; Pennakalathil and Hong 2011).

The versatility of PEM films makes of them a valuable tool for the studies of the effects of

different stimuli, physical and biochemical, on cellular processes, and for the control of cell fate.
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|.B.5. Transition

Skeletal muscle tissue engineering holds promise for the replacement of muscle due to an
injury and for the treatment of muscle diseases, such as muscle dystrophies or paralysis, but is
also required for pharmaceutical assays. To this end, complex environments with tunable

mechanical and chemical/biochemical properties mimicking in vivo muscle ECM are needed.

In the next part, we will focus on skeletal muscle tissue engineering using skeletal muscle
multipotent stem cells, and give an overview of the current approaches that exist for the in vitro
2D and 3D engineering of skeletal muscle.

The emphasis of this discussion will be on the applications of polyelectrolyte multilayer

films for the control of the cell fate of skeletal myoblasts.
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|.C. SKELETAL MUSCLE TISSUE ENGINEERING

Skeletal muscle is one of the major tissues of the human body. An average adult male is
made up of 42% of skeletal muscle and an average adult female is made up of 36% (as a
percentage of body mass). Skeletal muscle is anchored by tendons to bone and is used for
locomotion.

Skeletal muscle tissue engineering holds promise for the replacement of muscle due to an
injury following a surgery or due to a trauma and for the treatment of muscle diseases, such as
muscle dystrophies or paralysis.

Engineered muscle tissues models are also required for pharmaceutical assays, in particular
for the development and evaluation of drugs against diabetes, because skeletal muscle plays a
crucial role in insulin-mediated uptake and disposal of blood glucose (Jensen et al. 2011). In
vitro engineered models of diseased muscle may find use for the examination of the functional
effects of patient-specific mutations.

Besides clinical and pharmacological applications, in vitro engineered muscle tissue
models are also needed for fundamental studies. Structural, biochemical, cellular, and functional
changes in skeletal muscle ECM contribute to the deterioration in muscle mechanical properties
with aging (Kragstrup et al. 2011). Muscle atrophy is of particular interest to the spaceflight
community, since the weightlessness results is a loss of as much as 30% of mass in some
muscles (Narici and de Boer 2011)

Different fields that require engineered skeletal muscle tissues are schematically

represented in Figure [-28.

Injury Aging/Atrophy

Problem
Surgery Pharmacological

Dystrophies assays

Solution Muscle tissue In vitro models
replacement

Approach [Skeletal muscle tissue]

engineering

Figure 1I-28. Schematic representation of different fields that require engineered skeletal muscle
tissues. Skeletal muscle tissue engineering holds promise for the replacement of muscle due to an injury.
They are also required as models for pharmaceutical assays and for fundamental studies.
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I.C.1. Skeletal muscle organization and extracellular matrix

The development of skeletal muscle is known to strongly depend on the interaction of
muscle cells with their surrounding extracellular matrix. Mature skeletal muscle has a complex
three-dimensional (3D) organization of aligned muscle fibers surrounded by ECM (Fig. 1-29).
The ECM of skeletal muscle consists of two distinct structures: the basement membrane
delineating individual myofibres and interstitial connective tissue layers including endomysium,
perimysium and epimysium which connect muscle fibers, fascicles, and bundles (Trotter and
Purslow 1992; Gillies and Lieber 2011). The interstitial connective tissue consists mostly of

collagens type I, Il and V, and fibronectin (Light and Champion 1984).

A B

Epimysium

Perimysium

Endomysium

Muscle fibers

Fascicules

Sarcolemma

Figure 1-29. Muscle organization and extracellular matrix. (A) Schematic diagram of the gross
organization of muscle tissue. Muscle ECM can be categorized as epimysium (surrounding the muscle),
perimysium (surrounding muscle fascicles), and endomysium (surrounding muscle fibers). (B) Scanning
electron microscopy of the collagenous endomysial network around muscle fibers Low power overview of
the endomysium reveals an array of ‘“tubes” into which muscle fibers insert (arrows) as well as a
thickened area surrounding the fibers that is presumably perimysium (arrowhead). Adapted from (Trotter
and Purslow 1992) and (Gillies and Lieber 2011).

Skeletal muscle basement membrane (BM) contains collagen type IV, laminin and heparan
sulfate proteoglycans and is composed of two layers: an internal, felt-like basal lamina (BL)
directly linked to the plasma membrane, and an external, fibrillar reticular lamina (Sanes 2003)
(Fig. 1-30).

Basal lamina plays an important role in maintaining sarcolemma integrity, which is
required for muscle function (Gillies and Lieber 2011; Hinds et al. 2011; Thorsteinsdottir et al.
2011). The laminin-02 chain, which is a component of laminin-211, -221 and -213, is the
predominant laminin alpha chain expressed in adult skeletal muscle (Miner and Yurchenco
2004). The laminin-02 chain is involved in anchoring myofibers to the basal lamina, promoting
muscle cell integrity and survival (Miyagoe et al. 1997).
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Figure I-30. Schematic presentation od skeletal muscle basement membrane. Skeletal muscle basement
membrane (BM) surround myofibers and is composed of two layers: basal lamina and reticular lamina.
Basal lamina is linked to sarcolemma via dystroglycan and integrin interaction with laminin globular
domains. Adapted from (Bezakova and Ruegg 2003).

It was shown that, in vivo, local irradiation enhances the laminin content in the host muscle
microenvironment and provides a better engraftment of human myoblasts (Silva-Barbosa et al.
2008). In another study, injection of laminin-111 restored the regeneration in mdx mice and
protected muscle from exercise-induced damage (Rooney et al. 2009a; Rooney et al. 2009b).
Laminin-111 (al, B1, y1), which is the most widely studied laminin isoform, is expressed during
embryonic development, but is absent in postnatal normal or dystrophic skeletal muscle.
Goudenege et al. showed that intramuscular injection of laminin-111 increased muscle strength
and resistance in mdx mice and improved proliferation and drastically increased migration in
vitro (Goudenege et al. 2010). These data provide combined in vivo and in vitro evidence that

laminins may serve as a novel therapeutic agent for patients with congenital myopathies.

Among various cell surface receptors, integrins are the most characterized and have been
shown to be crucial for skeletal muscle development and function (Mayer 2003; Perkins et al.
2010). For instance, B3 integrin was found to be crucial for myogenic differentiation of C2C12
myoblasts, and to mediate satellite cell differentiation (Liu et al. 2011), while 3;-integrin, which
is constitutively expressed in skeletal muscle, has earlier been shown to be dispensable to
myogenesis (Hirsch et al. 1998).

Dystroglycan is a component of dystrophin-glycoprotein complex which, in muscle cells,

forms an important receptor system for ECM (Gullberg and Ekblom 1995; Durbeej et al. 1998b).

46



Dystroglycan interaction with laminin-a2 chain was shown to be crucial for maintaining the
integrity of sarcolemma and protecting muscle from damage (Matsumura et al. 1997; Durbeej et
al. 1998b; Cohn et al. 2002; Han et al. 2009; Munoz et al. 2010). Mutations that lead to loss of
dystroglycan result in the loss of other members of the dystrophin-glycoprotein complex along
the sarcolemmal membrane, and deficits in most of these proteins cause muscular dystrophies
(Durbeej et al. 1998a). Defects in the glycosylation of a-dystroglycan cause muscular
dystrophies called dystroglycanopathies (Hewitt 2009; Muntoni et al. 2011).

In parallel, syndecans, transmembrane heparan sulfate proteoglycans, were shown to play
an important role in myogenesis. Syndecan-3 and syndecan-4 specifically mark skeletal muscle
satellite cells and are implicated in satellite cell maintenance and muscle regeneration
(Cornelison et al. 2001). Syndecan-1 expression was found downregulated during myoblast
differentiation (Larrain et al. 1997), and its overexpression inhibited the differentiation (Larrain

et al. 1998; Velleman et al. 2004) and promoted proliferation (Velleman et al. 2007).

Besides biochemical properties, mechanical properties of the muscle ECM are important.
Muscle is a soft tissue with Young’s modulus around 10 kPa. In dystrophic muscle, a more
fibrotic tissue and an increased rigidity of the diaphragm have been observed as compared to

normal diaphragm (Stedman et al. 1991). This leads to an abnormal muscle function.

|.C.2. Skeletal muscle stem cells

Although several cell types may contribute to muscle repair in vivo or used for skeletal
muscle generation in vitro, and among them ES cells, MSC or mesoangioblasts (for review, see
Rossi et al. 2010), the canonical myogenic progenitor is the muscle satellite cell, characterized
by its specific location on muscle fibers under the basal lamina (Fig. I-31) (Mauro 1961). These
cells are multipotent and are now considered as a powerful source for the generation of several
tissues. Besides skeletal muscle (Bischoff 1975), they are able to give smooth muscle (Le
Ricousse-Roussanne et al. 2007), bone (Katagiri et al. 1994; Schindeler et al. 2009) or fat tissue
(Teboul et al. 1995; Wada et al. 2002). This makes of them interesting candidates for

engineering of muscle and other tissues.

I.C.2.a) Muscle regeneration

The process of muscle formation requires that satellite cells become activated, proliferate,
differentiate, and fuse together to form multinucleated myotubes (Fig. 1-32). For skeletal

myoblasts, cell cycle arrest is necessary to undergo differentiation.
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Figure I-31. Skeletal muscle microenvironment surrounding satellite cell. Different components of the
extracellular matrix, as well as cell surface receptors, are indicated. The elements are not drawn to scale.

During myogenic differentiation, a highly ordered process of temporally separable events
that begins with the expression of myogenic transcription factors such as myogenin, and is

followed by cell cycle arrest takes place (Andres and Walsh 1996).

A major limitation to the study and clinical application of muscle progenitors is a rapid
loss of their muscle stem cell properties once they are removed from their in vivo environment
(Cosgrove et al. 2009). For this reason, myoblast cell lines are often used for the in vitro studies
of myogenic differentiation. Several myoblast cell lines are available, such as C2C12 or MM 14
mouse myoblasts. These cells are able to reproduce processes that take place during in vivo
differentiation of skeletal muscle progenitors (Bach et al. 2004). C2C12 myoblasts are a
subclone of C2 myoblasts (Yaffe and Saxel 1977) which differentiate in culture after serum
removal (Blau et al. 1983).

Using cell lines presents, however, several disadvantages. Some studies show that the
expression of surface markers, as well as response to environmental stimuli, is different for
primary myoblasts and cell lines (Boontheekul et al. 2007; Grabowska et al. 2010). This indicate
that one must be cautious in generalizing results obtained with cell lines to more physiologically
relevant processes (e.g., tissue regeneration), as significantly different or even opposing results

may be obtained for primary cells.
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Figure I-32. Muscle regeneration. The process of muscle formation requires that muscle precursor cells
become activated, proliferate, differentiate, and fuse together to form multinucleated myotubes. Different
markers (adapted from Zammit et al. 2006) expressed during this process are indicated.

I.C.2.b) Osteogenic differentiation of muscle progenitors

Besides regeneration of skeletal muscle, muscle stem cells in vivo can also contribute to
bone repair (Schindeler et al. 2009). In vitro, C2C12 myoblasts can undergo osteogenic
differentiation when treated with BMP-2 growth factor (Katagiri et al. 1994).

Bone morphogenetic protein-2 (BMP-2) is a member of a large BMP family (Gautschi et
al. 2007). BMP-2 through 7 and BMP-9 have the unique ability to induce differentiation of
mesenchymal stem cells into osteoblasts (Chen et al. 1991; Yamaguchi et al. 1991; Hughes et al.
1995; Mayer et al. 1996). Recently, it was shown that BMP-4 plays a role in the control of
skeletal muscle stem cell fate: it stimulated satellite cell division and inhibited myogenic
differentiation, thus permitting population expansion (Ono et al. 2011).

BMP-2 has two epitopes referred to as the ““wrist epitope’’ and the ‘‘knuckle epitope’’,
forms dimers and bind to BMP receptors type I and type II on the cell surface to initiate their
activities (Fig. 1-33A). The cytoplasmic domain of the BMP-bound BMP receptor type II
phosphorylates the BMP receptor type I (Wrana et al. 1994) (Fig. 1-33B). The phosphorylated
BMP receptor type I then phosphorylates Smadl, which is a cytoplasmic signaling molecule
specifically mediating the action of BMP-2. Phosphorylated Smadl moves into the nucleus and
promotes osteoblastic differentiation by controlling the expression of several genes (Fig. [-33B).
Differentiating osteoblasts have elevated alkaline phosphatase (ALP) activity and form bone

tissue by promoting the secretion of bone matrix.
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Figure I-33. Representation of BMP-2 with its epitopes and BMP signaling pathway. (4) The butterfly-
shaped architecture of the dimeric ligand resembles two hands assembled palm-to-palm. The convex side
of the fingers termed knuckle epitope is the binding interface for type Il receptors. Type I receptor
binding occurs in the so-called wrist epitope formed by the concave side of the fingers and the palm of the
ligand. Adapted from (Mueller and Nickel 2012).(B) BMP dimer binds to BMP receptor type Il which
recruits type I receptors, so that a hetero-tetramer is formed with two receptors of each type. The
proximity of the receptors allows the type Il receptor to phosphorylate the type I receptor. Activated type
I receptors phosphorylate R-smads or receptor regulated Smads (Smadl/5/8) which form complex with
Smad4. Activated Smad complexes regulate gene expression of several target genes.

I.C.3. Current approaches for skeletal muscle tissue engineering

Therapeutic treatments for skeletal myopathies and loss of functional muscle require either
the implantation of differentiated muscle tissue constructs (in vitro tissue engineering) or the
injection of muscle-precursor cells into sites of disfunction for subsequent formation of new
muscle tissue (in vivo tissue engineering). Both of these approaches require artificial matrices,
either for cell amplification in vitro before injection, or for their differentiation and organization
into functional muscle tissue. Current approaches in muscle tissue engineering include the
development of 2D substrates with controlled stiffness and/or ligand presentation, as well as
creation of 3D muscle tissue models. The main approaches are summarized in Figure I-34 and

will be further described in more details.

|: » Biochemically/mechanically defined substrates for the Q
2D

control of cell fate
*Microstructured substrates for cell alignment

» Hydrogel scaffolds for the buildup of 3D
3D constructs

* Cell sheet-based techniques

Figure I-34. Current approaches for skeletal muscle tissue engineering. 2D substrates with controlled
stiffness, ligand presentation and topography are used for studies of cellular processes and for the
control of cell organization. 3D muscle tissue models are being developed using biomimetic scaffolds or
hierarchical cell manipulation.
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I.C.3.a) 2D models

Modulation of substrate biochemical properties

Flat substrates are widely used to study the effects of different signals on skeletal muscle
cell fate. Many studies of muscle cell differentiation in vitro are conducted using full-length
ECM proteins such as fibronectin (Grossi et al. 2007; Bajaj et al. 2011), laminin (Grossi et al.
2007; Munoz et al. 2010; Serena et al. 2010), or collagen (Engler et al. 2004b; Boonen et al.
2009).

These full-length molecules contain, however, many active domains able to interact with
different cell surface receptors and thus may influence very different cell processes. To precisely
control myogenic differentiation, more defined substrates are needed. Currently, coupling of
RGD peptide is the most widely used strategy to control myoblast adhesion in a more specific
manner. It was shown that RGD peptide was necessary to promote myoblast attachment to
alginate hydrogels, and that myoblast differentiated only on alginate gels with specific
combination of monomeric ratio and RGD grafting density (Rowley and Mooney 2002). RGD
was used to study myoblast adhesion and differentiation in 2D versus 3D alginate gels
(Boontheekul et al. 2007) or in PEG hydrogels (Hume Acta Biomat 2012). In another study,
RGD-peptides were found to significantly improve myoblast cell adhesion onto grooved
polystyrene substrates (Wang et al. 2012).

There are only very few works where specific cell receptors are targeted. Munoz et al. used
short laminin globular (LG4-5) modules of the laminin-a2 chain that binds o-dystroglycan.
When incorporated into poly(2-hydroxyethyl methacrylate), this fragment promoted myotube
attachment and prevented anoikis (Munoz et al. 2010). In another study, syndecan-1 antibody
was used to study the effect of syndecan-mediated signaling on C2C12 myoblast adhesion and
migration (Chakravarti et al. 2005).

Modulation of substrate mechanical properties

Besides biochemical properties, mechanical properties of the substrate can affect muscle
cell adhesion, spreading, proliferation and differentiation. Different types of synthetic and
natural materials are being used to study and control the cell fate of muscle cells in vitro: model
synthetic PA gels coated with collagen (Engler et al. 2004b), PEG hydrogels (Gilbert et al.
2010), alginate gels of varying stiffness (Boontheekul et al. 2007) and polyelectrolyte multilayer
films made of biopolymers (Ren et al. 2008). Recently, Post and coworkers (Boonen et al. 2009)
showed, using PA gels of varying rigidity and protein coating, that proliferation was influenced

only by rigidity, whereas differentiation was influenced both by rigidity and by protein coating.
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Topographical cues

One of the main issues of in vitro skeletal muscle tissue engineering is to obtain a properly
organized tissue. On flat tissue culture polystyrene, myotubes are randomly organized, while
natural muscle cells are perfectly aligned. This disorganization severely interferes with
differentiation studies. Notably, synchronous contraction is very important, as the primary
function of skeletal muscle is the generation of a longitudinal force (Stern-Straeter et al. 2007).
Thus, the controlled alignment of myotubes in vitro could have significant applications
clinically.

It has been shown that myoblast adhesion and the subsequent formation of myotubes in
vitro are sensitive to microstructured topography. To guide muscle cell alignment in vitro,
different types of microstructured substrates such as silicon microgrooves or wavy patterns, as
well as aligned nanofibers prepared by electrospinning, have been used (Huang et al. 2006; Lam
et al. 2006; Charest et al. 2007; Gingras et al. 2009; Aviss et al. 2010; Huang et al. 2010; Bajaj et
al. 2011; Monge et al. 2012).

1.C.3.b) 3D models

One of the current challenges in muscle tissue engineering is to construct 3D well-
organized muscle tissues. Another important challenge consists in vascularizing such engineered
tissues, since blood supply is necessary to bring nutritive elements and oxygen to the cells in
thick constructs (Koning et al. 2009). The most commonly used method for 3D muscle tissue

construction consists in myoblast association to polymeric scaffolds.

Scaffolds made of synthetic materials

Different scaffolds made of synthetic materials have been developed (Levenberg et al.
2005; Shah et al. 2005; Williamson et al. 2006). Levenberg et al. have used a polymer scaffold
composed of 50% poly- (L-lactic acid) (PLLA) and 50% poly(lactic-glycolic) acid (PLGA) to
construct a prevascularized skeletal muscle 3D constructs by co-culturing myoblasts, endothelial
cells and fibroblasts (Levenberg et al. 2005). This scaffold was also used to evaluate the effect of
the stiffness on myoblasts. The results indicated that compliant scaffolds were insufficient to
withstand cell forces, while excessively firm scaffolds could not lead to parallel oriented
myotube organization (Levy-Mishali et al. 2009). In another study, a UV-photopatterned thiol-
ene mold was employed to produce long channels within a PEG—RGD hydrogel, where skeletal

myoblasts formed multiple cell layers within the channels (Hume Acta Biomat 2012).
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Scaffolds made of natural materials

However, natural matrices such as collagen gels (Bian and Bursac 2009), matrigel
(Vandenburgh et al. 2008; Bian et al. 2012) or fibrin gels (Chiron et al. 2012) present advantages
compared to synthetic scaffolds, because they possess cell adhesion ligands that can interact with
integrins and thus naturally allow cell anchorage. In addition, some of the scaffolds, e.g. fibrin
gels, have the capacity to bind specifically many growth factors (Janmey et al. 2009).
Interestingly, application of a continuous strain to a fibrin gel induced myotube alignment in the
direction of the applied strain (Matsumoto et al. 2007). In another study, human myoblasts were
embedded in a fibrin matrix cast between two posts, and myoblasts also aligned along the
longitudinal axis of the gel (Chiron et al. 2012). Cell-interactive alginate gels with tunable
degradation rate and stiffness were used to study the effects of mechanical stiffness and
degradability on proliferation and differentiation of primary myoblast versus C2C12 myoblast

cell line (Boontheekul et al. 2007).

Cell sheets

Another widely used method to create 3D muscle constructs is cell sheet-based tissue
engineering. A thermoresponsive polymer poly(N-isopropylacrylamide) (PNIPAAm), grafted on
a cell culture substrate, allows confluent cells to be detached as a single cell sheet and to create
scaffold-free 3D tissues by layering multiple cell sheets (Yamada et al. 1990; Akiyama et al.
2004). Sasagawa et al. developed prevascularized 3D tissues using human umbilical vein
endothelial cells (HUVECs) sandwiched between two myoblast sheets (Sasagawa et al. 2010).
Recently, myoblast sheets with well-aligned orientation were fabricated to create 3D oriented

myoblast and myotube constructs (Takahashi et al. 2013).

I.C.4. PEM films for the control of cell fate of skeletal myoblasts

Due to their versatility, PEM films can be used as model biomaterial surfaces for guiding
the cell fate of skeletal muscle progenitors. Stiffness, biochemical properties and topography of
PEM films can be controlled independently or simultaneously, thus providing a wide platform
for investigation of the effects of different stimuli on skeletal muscle regeneration.

Here, we will present recent achievements in controlling adhesion and differentiation of

skeletal myoblasts using PEM films as biomimetic substrate with controlled properties.
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I.C.5.a) Differentiation towards myogenic pathway

PEM films made of hyaluronan (HA) and PLL are a model substrate for cell adhesion and
differentiation studies due to their mechanical and biochemical properties. HA is a major
constituent of the ECM, and PLL appears to be biocompatible (Tryoen-Toth et al. 2002).
(PLL/HA) films can be cross-linked in a tunable manner, which leads to increased stiffness,
while other parameters such as film roughness, wettability and serum protein adsorption are not
significantly modified (Schneider et al. 2005).

(PLL/HA) films of controlled stiffness were used to investigate the effects of the stiffness
on C2C12 myoblast adhesion, proliferation and differentiation (Ren et al. 2008). Stiff films
(E(0)>320 kPa) promoted the formation of focal adhesions and organization of the cytoskeleton,
as well as an enhanced proliferation, whereas softer films (E(0) from 3 to 320 kPa) were not
favorable for cell anchoring, spreading, or proliferation. Cell differentiation into myotubes was
also greatly dependent on film stiffness. This study revealed that stiffer (PLL/HA) films (E(0) >
320 kPa) were favorable for the differentiation of C2C12 myoblasts, whereas softer films were

not favorable for differentiation (Fig. I-35).

> Control

Increased stiffness

Figure 1-35. Effect of (PLL/HA) film stiffness on C2CI12 myoblast differentiation. Stiffer (PLL/HA)
films (here, EDC 50 and EDC 100, corresponding to higher cross-linking degrees) were more favorable

for the myogenic differentiation of C2CI12 myoblasts, as compared to softer films (here, EDCI0).
Troponin T is labeled in green and nuclei in blue. From (Ren et al. 2008).

C2C12 myoblast adhesion and proliferation was also studied on three types of multilayer
films made from poly(L-lysine)/hyaluronan, chitosan/hyaluronan, and poly(allylamine
hydrochloride)/poly(L-glutamic acid). The results showed that, for all films, adhesion and
proliferation was controlled by film cross-linking, independently of their internal chemistry. The
cell spreading areas correlated with the film stiffness (Boudou et al. 2011). The mechanisms of
C2C12 myoblast adhesion on (PLL/HA) films, including integrin clustering, integrin and actin
cytoskeleton connection, and focal adhesion formation, were also studied (Ren et al. 2010).

More recently, (PLL/HA) films were also used to orient and confine myoblasts. When
combined with molded PDMS, they were used to reproduce in vitro the natural organization of

myotubes in a regular and parallel network (Monge et al. 2013). Multilayer films made of PLL
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and a photoreactive hyaluronan derivative, which can be photo-crosslinked through a photomask
to create stiffness patterns, were used to create spatial patterns of rigidity (Monge et al. 2013).
These films allowed cell confinement on the stiffer areas in case of circular micropatterns, and
myoblast alignment on linear patterns.

Interestingly, an approach for the controlled detachment of C2C12 myoblasts cell sheets
from (PLL/HA) films with a topmost layer of fibronectin was proposed (Zahn et al. 2012).
Adding a low concentration of nontoxic ferrocyanide to the cell culture medium resulted in
erosion of the polyelectrolyte multilayer and rapid detachment of viable cell sheets (Fig. 1-36).
This technique is promising to cell sheet engineering and could potentially be used for skeletal

muscle regenerative medicine (Zahn et al. 2012).

Figure I-36. Schematic representation of ferrocyanide-induced cell sheet detachment. (4) Polystyrene
culture dishes (gray) are coated with an (HA/PLL) film, the first block (dark blue) is crosslinked and the
second block is native (light blue). Confluent cell sheets (orange) are grown on a fibronectin adhesion
layer (green). (B) Upon addition of ferrocyanide (black) the native (HA/PLL) multilayer dissolves
resulting in the detachment of the cell sheet and the fibronectin layer. From (Zahn et al. 2012).

Besides HA-based PEM films, C2C12 myoblast cell adhesion was also studied on
multilayer films made of synthetic polymers. The effect of terminal layer and of different film
composition (e.g. varying PSS molecular weight) of poly(sodium-4-sulfonate) (PSS) and
poly(allylamine hydrochloride) (PAH) films on C2C12 cell behaviour was investigated (Ricotti
et al. 2011). A ”double-sheet” PDMS with stiffness microdomains coated with Dextran Sulphate
Salts/Protamine (DXS/PRM) multilayers promoted C2C12 myoblasts alignment and
differentiation. In another study, (PAH/PSS)s-coated microgrooves allowed C2C12 skeletal
muscle regeneration without switching to their optimal differentiative culture medium (Palama et

al. 2013).

I.C.5.b) Differentiation towards osteogenic pathway

Besides using PEM films for myogenic differentiation of skeletal myoblasts, (PLL/HA)
films were used to guide myoblasts towards the osteogenic pathway (Crouzier et al. 2009;
Crouzier et al. 2010). As already mentioned, C2C12 myoblasts can undergo osteogenic

differentiation when treated with BMP-2 growth factor (Katagiri et al. 1994).
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In vivo, soluble bioactive molecules (GF, cytokines, chemokines...) have natural affinity to
ECM components and are often presented in a matrix-bound form. This property can be used for
incorporation and targeted in vivo drug delivery. For instance, BMP-2 and BMP-7 are now
approved by the US Food and Drug Administration (FDA) for delivery in absorbable collagen
sponges (Bessa et al. 2008). Currently, multiple studies have convincingly demonstrated rhBMP-
2 to be a safe, effective treatment option to enhance bone healing in many animal models and in

humans (For review, see (Ghodadra and Singh 2008)).

It was shown that crosslinked (PLL/HA) layer-by-layer films can also serve as a reservoir
for delivery of BMP-2 (Fig. I-37A). C2C12 culture on (PLL/HA) films charged with rhBMP-2
(recombinant human BMP-2) induced myoblasts differentiation into osteoblasts in a dose-
dependent manner. Low doses of surface-adsorbed thBMP-2 blocked C2C12 differentiation into
myotubes, while higher doses allowed the development of an osteogenic phenotype, as measured

by ALP production (Fig. 1-37B). The rhBMP-2-containing films could sustain three successive

culture sequences while remaining bioactive, thus confirming the important and protective effect

of thBMP-2 immobilization.
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Figure 1-37. Effect of BMP-2 loaded into (PLL/HA) films on C2CI2 myogenic and osteogenic
differentiation. (A) BMP-2 loading into PLL/HA films. (B) Immunochemical and histochemical staining
of troponin T (green) and ALP (alkaline phosphatase, violet) of C2C12 on BMP-2 loaded films for
increasing BMP-2 initial concentrations. Adapted from (Crouzier et al. 2009).

These results show that PEM films constitute an innovative tool allowing to control
myoblast adhesion, proliferation and differentiation by modulating chemical/biochemical
composition and mechanical properties of the film. The films can also be used for the control of

spatial cell organization.
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I.D. THESIS SCOPE

In this work, we used layer-by-layer (LbL) assemblies for two goals. The first consisted in
the development of multifunctional biomimetic thin films for the control of skeletal muscle cell
fate on 2D substrates. We used LbL films made of polypeptides, which can be stiffened by
chemical cross-linking (Schneider et al. 2006a) and can be specifically functionalized by grafting
of biomimetic peptides onto their surface (Picart et al. 2005).

Our second goal was to explore the potentiality of LbL-coated skeletal muscle cells to form
3D muscle tissues. Here, we used LbL assemblies for the construction of 3D skeletal muscle

microtissues by “cell-accumulation technique” (Nishiguchi et al. 2011).

The PhD project is divided in four major parts corresponding to the targeting of different

cellular receptors in a 2D environment and to the engineering of 3D muscle tissue (Figure I-38).
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Figure I-38. PEM films as a model biomimetic substrate for the stimulation of skeletal muscle
progenitors via various cell surface receptors and for the c