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Thesis abstract

Cells are in constant and dynamic interactions with the extracellular
environment. They receive several inputs involved in the regulation of cell
behaviour. Fibronectin, an abundant protein of the ECM, contains multiple
binding domains and binds to cell receptors, growth factors and other ECM
proteins. FN undergoes conformational changes through cell-generated
contractile forces which consequently affects cell response. Tissue
engineering aims at engineering biomaterials that recreate the in vivo ECM. In
addition to biomaterials, stem cells have emerged as a promising source due to

their inherent differentiation potential.

In this work, the role of poly acrylates in controlling human mesenchymal stem
cell behaviour (hMSCs) was explored. Particularly, a series of copolymers with
specific ratio of ethyl(acrylate), EA, and methyl(acrylate), MA, were used. It is
known that poly(ethyl)acrylate, PEA, triggers a network-like conformation of FN
upon adsorption, whereas poly(methyl)acrylate, PMA, elicits a globular
conformation. It was found that a different degree of FN organisation can be
obtained dependent on the EA/MA ratio, with the network being more
connected with increased EA ratio. This differential conformation was shown to
affect the availability of critical binding sites. This system was further used to
study hMSCs response in terms of adhesion and osteogenic differentiation. All
surfaces support cell growth and focal adhesion formation. However, increased
cell size and spreading was promoted on surfaces with higher EA
concentration. Next, the potential of the surfaces after sequential adsorption of
FN and the growth factor BMP-2 to drive osteogenic commitment was explored.
Enhanced expression of the osteogenic markers RUNX2 and OCN was found
with higher concentration of EA whereas the opposite was observed with ALP
expression. Another part of this work involved investigating cell migration on
PEA and PMA. Higher cell speed was found on PEA where FN adopts a more
extended conformation. Moreover, the protein composition of focal adhesions

was evaluated by proteomic analysis.



The findings of this work give further insights into how the surface with well-
defined chemical properties can modulate FN conformation and how these
changes affect cellular processes.
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1.1 Introduction

Regenerative medicine is a multidisciplinary field that aims to replace, restore
and improve the function of injured and diseased tissues. Tissue engineering
(TE) is an important component of regenerative medicine and its goal is to
develop biological substitutes of tissues'. Current approaches of TE require a
suitable cell source, engineered biomaterials and the delivery of biomolecules.
This field has contributed to understanding the mechanisms that regulate major
cell functions as well as cell-biomaterials interactions?. Essentially, the
objective of TE is to deconstruct the complexity of the in vivo environment and

to recapitulate the cell physiological environment.

1.2 Extracellular matrix

The extracellular matrix (ECM) is the cell native environment and it is a three-
dimensional non-cellular heterogeneous network composed of a meshwork of
proteoglycans, glycoproteins and soluble growth factors® 4. The ECM serves
multiple and fundamental functions. It provides structural support to the cells
and thus it defines the shape of organs and tissues. Deregulation of ECM
components and biophysical properties are associated with the development of
pathologies, such as skin diseases, fibrosis and cancer®. ECM is a rather
dynamic entity that undergoes constant remodelling and its composition and
topology is tissue-specific. It is also a source of signals and growth factors that
allow cells to carry out important processes for their proliferation and survival®.
All cell types synthesize and secrete matrix proteins, a process which is highly

regulated.

1.3 Cell adhesion

Cells sense the biochemical and physical cues coming from the ECM and they
are then converted to biochemical signals which regulate cell processes such
as differentiation and survival. Signal transduction is mediated via cell adhesion
receptors known as integrins formed at the sites of cell-ECM interactions.
These complexes are physically bound to specific amino acid sequences of
ECM proteins, such as fibronectin (FN), vitronectin (VN), collagen and laminin

and mechanically link the actin cytoskeleton to the ECM’. Transduction of



external signals via integrins results in changes in ECM architecture and

instigate signalling pathways important for cell response®.

1.3.1 Integrins

Integrins are bidirectional cell surfaces receptors and mediate divalent cation-
dependent interactions with components of the ECM. They are heterodimeric
type | transmembrane receptors and are composed of non-covalently bound a
and B glycoprotein subunits. Each receptor recognises specific ECM ligands
with different affinities’. Integrin structure and function have been extensively
studied since their discovery and classification in the 1980s°. In mammals,
there are 18 a subunits and 8 B subunits which are composed of several
domains and are assembled into 24 different receptors. Each subunit consists
of a large extracellular domain, a spanning transmembrane helix and a short
cytoplasmic domain. The solved crystal structure of the extracellular domain of
avBs integrin has given important insights into the structural conformations
integrins obtain upon ligand binding®. Half of the a subunits contain an extra
domain known as inserted al domain and is the major ligand binding site. For
the integrins that lack the al domain, such as avBs, augs and asBi, ligand
binding occurs at the largest interface between the two subunits and the I

domain which is homologous to al*! 12,

Most integrins are not constitutively active. Their regulation is achieved through
tight temporal and spatial control of their affinity for ECM ligands. Three distinct
integrin structures associated with ligand affinity have been described; bent
with a closed headpiece, extended with a closed headpiece, and extended
with an open headpiece. Conversion from low-affinity to high-affinity state is
induced by both extracellular and intracellular signals'3. Low-affinity integrins,
represented by a bend and inverted V-like conformation'® 4, indicate the
inactive state of integrins which does not favour the recognition and binding of
ligands. Activation of integrins is triggered by the binding of small ligand
molecules (Mg?*, Mn?* and Ca?*). This leads to rapid conformation changes
characterised by a more open and extended configuration!4. These changes
have been shown to alter the structure of metal ion-dependent adhesion sites
(MIDAS) in al and Bl domains and the adjacent site to MIDAS (AMIDAS)?*?.



Conformational changes and integrin clustering are required for the
transmission of outside-in signalling. However, it is still not clear how signals
are transmitted across the plasma membrane through the transmembrane
domain. Recent studies showed that association of the a and B subunit
transmembrane domains results in the stabilisation of the inactive integrin
state. The separation of the transmembrane domain, induced by binding of the
B subunit cytoplasmic domain to intracellular molecules, contribute to the high-

affinity conformation and integrin activation®>1’ (Figure 1.1).
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Figure 1.1 Schematic representation of integrin activation. Integrin

structure, activation and interactions?8.

1.3.2 Focal adhesions

Conformational changes induced by ligand binding result in the assembly of an
intracellular multiprotein structure. The activating step is followed by binding of
the anchoring protein talin which interacts with the intracellular B subunit of
integrins via the N-terminal while the C-terminal binds to actin®. Talin also
contributes to the upright conformation of integrins. Expression of talin in talin
knockout cells rescued integrin activation and cell spreading?®. In addition,
disruption of talin in endothelial cells impaired organization into vessels, leading
to embryonic death at gastrulation??. Kindlin, another anchoring protein, co-
operates with talin and is essential for integrin activation®. Lack of either talin or

kindlin failed to activate B1 integrins?®2.



Binding of talin to kindlin elicits the recruitment of various proteins in the
cytoplasmic tail resulting in the assembly of focal adhesions (FAs). One of the
best characterised protein is vinculin which is considered a mechanosensitive
protein. Constitutively active forms of vinculin were shown to induce an
increase in the size of FAs as well a reduced rate of turnover?®. In contrast,
loss of intracellular tension caused by blebbistatin promoted rapid dissociation
of vinculin from FAs?4. Vinculin binds to talin via its N-terminal and triggers the
clustering of activated integrins and actin complexes. By binding to actin via its
C-terminal, vinculin act as a molecular clutch and is essential in development
of stable focal adhesion complexes?®. Talin-vinculin interactions are regulated
by conformational changes. Vinculin also reinforces the link between talin and
actin. Suppression of vinculin binding to talin results in the inactivation of the
actin-binding domain of talin and in the formation of unstable short-lived focal

complexes?.

The first adhesion structure is formed away from the leading edge between
lamellipodia (membrane extensions formed at the cell front?®) and the lamella
(structures found behind the lamellipodia?®) and are short-lived nascent
adhesions (NAs) (> 1 um length)?’. These focal points transmit traction forces
and they undergo rapid disassembly. Some of them grow in size and develop
into longer mature FAs in the lamellum (1.0-10 uym?). These structures contain
multiple proteins such as vinculin, talin and paxillin. FAs are tightly attached to
the ECM and to the cytoskeleton via F-actin. They thus contribute to cell
response to chemical and physical features coming from the ECM and to signal
transmission. For example, fibroblasts seeded on rigid surfaces displayed large

and uniformly oriented FAs?® 29,

Mechanotransduction via FAs is transimitted by a non-receptor tyrosine kinase
known as focal adhesion kinase (FAK). Upon integrin clustering, FAK is
activated by autophosphorylation on the Y397. This triggers the binding of Src
to the autophosphorylated sites leading to an increase in Src—FAK activation®.
Src is another non-receptor tyrosine kinase and phosphorylates other sites of
FAK3! and other FA proteins such as paxillin®. Previous studies suggest that
the FAK-Src are involved in the control of FA dynamics which subsequently has

an impact on downstream signalling pathways®?.



1.4 Fibronectin

FN is one of the most abundant components of the ECM and is widely involved
in physiological events such as development and tissue regeneration. FN
knockout mice fail to develop beyond embryonic day 10 or 113, It can also
influence pathological conditions such as tumour metastasis®*. Within the ECM,
FN is organised into a network of elongated fibrils which can be stretched in a
cell-mediated process®. FN is encoded by a single gene, however various
isoforms are generated by alternative splicing®. FN is synthesised by a variety
of cells and two main forms have been described; plasma FN, predominantly

secreted by hepatocytes, and cellular FN26,

FN is a dimeric protein and consists of two subunits of ~250 kDa covalently
linked by disulphide bonds at their C-terminus®’. Each dimer contains multiple
recognition domains that mediate interactions with other ECM proteins, such as
collagen, heparin and fibrin, FN molecules, glycosaminoglycans (GAGs) and
cell surface receptors®® . There are three types of FN repeating units; type I,
type Il and type Ill 3°. Each module consists of 12 type | repeats, 2 type I
repeats and 15-17 type Il repeats (Figure 1.2). The structure of type | and type
Il repeats is stabilised by pairs of intramolecular disulphide bridges, whereas
type Ill repeats are 7-stranded B-barrel structures which are stabilised by
hydrogen bonds and Van der Waals forces*®. Due to the lack of disulphate
bonds, type Il repeats are flexible and can undergo conformation changes

under mechanical or chemical stimuli*.
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Figure 1.2. FN subunit and its molecular recognition sites. Each dimer

consists of three types of domains; type I, type Il and type lIl.



FN has been associated with a wide range of cellular processes. It contributes
to the homeostasis of the ECM as well as to the stability and assembly of other
ECM components. In addition, it is required for the deposition of other ECM
proteins such as collagen. In a study where FN null cells were used, FN
polymerisation was found to be a prerequisite for the deposition of collagen |
and thrombosponin-142. Furthermore, using Forster resonance energy transfer
(FRET) labelled FN, it was found that collagen | fibres interact preferentially
with more relaxed FN. Once collagen | is assembled, it restrict the ability of

fibroblasts to further stretch and mechanically unfold FN fibres*3.

1.4.1 Fibronectin matrix assembly

FN can be categorised into soluble plasma and insoluble cellular molecules. FN
can be found in different conformations which in turn affect the protein
biological function. Consequently, a critical event in FN biological activity is the
assembly of FN molecules into interconnected fibres which ultimately result in a
fibrillar network. This is a cell-dependent process and occurs in an elaborate
step-wise way which is not yet fully understood. The dimeric protein is secreted
in a soluble and compact form. In this form, FN is inactive and its activation is
required for matrix assembly. The initial step involves binding to cell surface
receptors such as syndecans and integrins. Cell attachment is mediated
primarily through binding of asPi integrin to the RGD (arginine-glycine-
aspartate) sequence located in the FNIllio repeat and to the adjacent PHSRN
(Pro-His-Ser-Arg-Asn) synergy domain located in a loop in FNIlls repeat3® 44-46,
An RGD-independent assembly of FN has been also reported to occur through
binding of a4f1 integrin to the alternatively spliced V region near the C terminus
of FN47.

Cell attachment to FN supports actin stress fibre formation and enhances cell
contractility via the activation of small guanosine triphosphatase (GTPase)
Rho“*®. This event leads to an increase in the concentration of integrin-bound
FN which is organised into short fibrils. In addition, actin-myosin interactions
generate forces sufficient to extent FN molecules. Such conformational
changes lead to protein unravelling and the exposure of cryptic binding sites
which allowing FN molecule to interact laterally and promote the formation of
thicker fibrils. It has been suggested that unfolding of the FNIllio repeat
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contributes to FN fibrillogenesis*®. The compact form of FN is maintained by
intramolecular association of several binding sites such as binding of FNIll2-3
and FNIlli2-14 repeats®. Disruption of these interactions promote fibrillogenesis
and allow intermolecular interactions. Further unfolding of type Il repeats have
been proposed to contribute to fibril extensibility>. Other binding domains
contribute to this process too. The FNIlli-2 repeat has been shown to regulate
fibrillogenesis via binding to FN. Blocking of FNIII1152 or deletion of the FNIll1-2
site Significantly reduced matrix assembly®3. For example, the FNIII1-5 site at N-
terminal binds directly to other binding regions across FN. Additionally, covalent
interactions of the subunits are also required involving a pair of the C-terminal

bonds 39 %4,

1.4.2 Fibronectin activity

Cells interact with FN via integrins which recognise and bind to its multiple
domains. Integrin binding is a highly regulated process and a specific pattern of
binding can direct cell behaviour. The major cell binding site recognised by
numerous integrins is the RGD sequence which is incorporated into many
adhesive ECM proteins®. The RGD sequence is recognised by the five av
integrins, two B1 integrins (as, as) and aipPs®® and it has described as the
minimal adhesive motif. Adjacent to RGD site, FN harbours the synergy domain
PHRSN which binds asB1 and ainB3 integrins but not av-class integrins®’. In
vitro studies have demonstrated that the PHSRN domain contributes to the
binding affinity of the a5B1 to FN®8 and to the overall increase in cell
adhesion®®. These two sequences can mimic the adhesive properties of native
FNSO,

A large body of evidence suggests that FN conformational state affects integrin
binding. Both the RGD and PHRSN are required for the binding of the asp1
integrin which assumes an open conformation upon binding®!. Other integrins
engage FN through RGD including allbBs, avBs, avBs, avBi and asB1%2 The
spatial organisation of the RGD and PHSRN sites have critical implication in
the affinity of integrin binding. They are separated by about 32 A when FN is
relaxed. Under tension, the FNIllio repeat unfolds resulting essentially in
translocation of the RGD from the PHSRN site from 32 A to approximately 55
A®3_ It has been shown that when they are in closer proximity, the binding of
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osB1 integrin is enhanced. In contrast, a stretched state of FN results in a
decrease in the binding affinity. Further evidence to support the effect of RGD-
PHSRN distance in integrin binding is shown when the FNIlls repeat was
stabilised by a Leu-Pro mutation resulting in an increased affinity of asfB1%4.
Another study reported decreased binding of the integrin subunits as and as on
FNIllio compared to increased binding found on the FNIllg-10 repeat. In contrast,
binding of the av integrins was not affected by the lack of synergy domain®®.
Altering the binding of integrins to FN has been shown to affect cell phenotype.
Garcia et al. demonstrated that the levels of bound asBi1 could regulate the
switch between the proliferation and differentiation of murine myoblasts®®. In
another study, cells bound to substrates through asf1 exert higher forces than if
they were bound through avf3®’. In another study, blocking of asB: had an
effect only on highly affine substrates where FN fragments presented both the
RGD and PHSRN domain. In contrast, full-length FN and fragments containing
only the RGD site sustained cell growth®4,

Aside from FN-integrin interactions, FN binds various growth factors including
transforming growth factor beta (TGF)-B1%® and hepatocyte growth
factor (HGF)®° via growth factor binding domains. More specifically, the FNIlI12-
14is known as a binding site for several GFs. Martino et al. reported high affinity
of platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), TGF-j3,
and neurotrophin families to engineered FNIlli214 fragments™. Furthermore,
VEGF has been shown to bind to this site. When the lysine and arginine of
repeats 13 and 14 were mutated to serine, the binding of vascular endothelial
growth factor (VEGF) was abolished. Interestingly, in the same study it was
also demonstrated that the VEGF biological activity required the synergy of
both cell-binding and VEGF-binding domains to promote the VEGF activity .

1.5 Stem cells

Stem cells are characterised by prolonged self-renewal capacity and the ability
to differentiate and commit to one or more cell lineages. Due to their inherent
differentiation potential, they have long been recognised as an ideal cell source
in developing cell-based therapies for the regeneration of injured or diseased
tissues. Strategies combing the use of appropriate materials and stem cells are

promising in treating several conditions’2.



Stem cells reside in a specialised microenvironment, the niche, in which cells
remain in a quiescent state or are activated in response to specific stimuli and
differentiate’3. Stem cells are broadly divided into embryonic stem cells (ESC),
adult stem cells (ASC) and induced pluripotent stem cells (iPSCs). ESCs were
first isolated from mice 7# 7® and are derived from the inner cell mass of the
blastocyst. They are pluripotent cells since they can differentiate into all
somatic germ layers (mesoderm, endoderm and ectoderm) 7® 77, ASCs are
isolated from various tissues like bone marrow, adipose tissue, dental pulp and
brain tissue. Their self-renewal capacity is similar to ESCs. However, their
differentiation potential is more restricted and they give rise to a tissue-specific
cell type’®. More recently, the development of a new class of stem cells, iPSCs
has been reported. iPSCs were first established by Takahashi and Yamada
and they were obtained from genetically reprogramming adult cells into a de-
differentiated state. They are characterised by over expression of four key
transcription factors; Oct3/4, Sox2, c-Myc, and Klf4 which were inserted into the
nuclei of mouse fibroblasts by using a retroviral vector’®. iPSCs exhibit similar
characteristics to ESCs and have attracted much interest recently as a cell
source because they do not have the limitations ESCs present. They also
represent a promising source of autologous pluripotent stem cells obtained

from adult tissues.

1.5.1 Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are a population of ASCs. They were first
isolated by Friedenstein from bone marrow, but since then they have been
identified in several tissues of the body such as adipose and dermis tissue,
umbilical cord, pancreas and muscles. Their regenerative potential was first
indicated by Cohnheim who hypothesised that MSCs can contribute to wound
healing by migrating through the blood stream to sites of injuries and
differentiate into functional cells®. MSCs are fibroblastic multipotent stromal
stem cells characterised by the ability to differentiate into cells of the
mesodermal lineage (Figure 1.3)%!. According to the International Society for
Cellular Therapy (ISCT), MSCs meet the following criteria: they adhere to
plastic, they express the markers CD105, CD73, CD90 and they lack the
expression of CD45, CD34, CD14or CD11b, CD79a or CD19, HLA-DR, and
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they can differentiate into osteoblasts, adipocytes, and chondrocytes®?. It
should be noted that MSC characterisation has been updated in 201683. MSCs
are a potential cell source in stem cell-bases therapies due to their potent
immunomodulatory properties®* and their intrinsic ability to differentiate into

multiple cell linages.
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Figure 1.3. MSCs differentiation. The differentiation potential of MSCs into
osteoblastic, chondrogenic, myogenic, smooth muscle, and neurogenic

differentiation®®.

1.6 Stem cell differentiation

Stem cells are found in numerous mammalian tissues and throughout life they
produce a variety of functionally specialized mature cells while they maintain
their renewal capacity. MSC differentiation is a two-step process; however, the
exact mechanism is not fully understood®®. It requires the switch of MSCs to
lineage-specific progenitors and the subsequent maturation which indicates the
progression from progenitor cells to specific cell types. This switch from

renewal to committed state requires the cross-talk of a complex network of
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signalling pathways. It is well known that the mitogen-activated protein kinases
(MAPKS) play a fundamental role in converting diverse extracellular signals into
cellular responses including cell proliferation, differentiation and apoptosis. For
example, MAPK-mediated integrin signalling is required for maintaining the

stemness of epidermal SCs?®’.

MAPKs are protein Ser/Thr kinases and typical MAPKSs include at least four
distinctly regulated groups: the extracellular-regulated kinases 1/2 (ERK1/2), c-
Jun N-terminal kinases 1-3 (JNK1-3), p38 proteins (p38a/B/y/d) and ERK5 and
are activated by specific MAPKs. There are additional MAPKs such as ERK3/4,
ERK7/8, and nemo-like kinase (NLK); however, their enzymatic activity is
incompletely understood®®. The most studied are the ERK1/2, JNKs, and p38
isoforms MAPKs. Essentially they consist of a linear array of three kinases
(Figure 1.4).

stimulus Growth factors, mitogens, cytokines, stress, GPCR activated pathways

v

MAP3K

Transcnptlon factors

Figure 1.4. The MAPK signalling pathway. Redrawn and adapted?®°.

They are activated by a wide variety of extracellular stimuli such as GFs,

cytokines, mitogens, and stress. MAP3Ks are often phosphorylated as a result
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of their interaction with a small (guanosine triphosphate) GTP-binding protein.
This is followed by the phosphorylation of Ser/Thr residues on MAP2Ks which
in turn activate MAPKs through phosphorylation on Thr and Tyr residues.
MAPKSs translocate directly into the nucleus or activate additional kinases in the

cytoplasm®0-92,

1.6.1 ERK pathway

The ERK cascade, comprising of Raf, MEK and ERK, is the most extensively
investigated. Signal transduction is initiated when an extracellular signal binds
to a cell specific receptor tyrosine kinase (RTK). Upon binding, the inactive
monomers dimerise promoting autophosphorylation of Tyr residues in the
intracellular domain and activation®®. The phosphorylated residues act as
binding sites for proteins containing Src homology 2 (SH2) or phosphotyrosine
binding (PTB) domains, including the adaptor proteins Shc and the growth
factor receptor-bound protein 2 (Grbp2). Grbp2 or Shc interact with the son of
sevenless (SOS) which is recruited from the cytosol to the plasma membrane.
SOS contributes to the exchange of guanosine diphosphate (GDP) bound to
Ras by (GTP) °* %, This event positively regulates Ras which in turn activates
Raf. All Raf members can activate MEK1/2 which subsequently activates
ERK1/2 through phosphorylation on the threonine/tyrosine residues®. This
event results in the phosphorylation of a wide range of targets, such as
nuclear transcription factors. Cell response is determined by the activation of
a specific set of factors®’.

The control of ERK pathway is subjected to both positive and negative
regulatory events which ultimately affect its biological activity. For example,
stimulation of PC-12 cells with nerve growth factor (NGF) or epidermal
growth factor (EGF) resulted in neuronal differentiation or proliferation
respectively. These results were associated with the transient MAP2K
activation by EGF as opposed to the sustained activation by NGF%. ERK is
subjected to spatial regulation as well which enhances the complexity of this
pathway. The subcellular localisation of activated ERK can affect its

signalling activity®°.
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ERK signalling is involved in cell cycle progressioni®: 101 and proliferationt®?. It
has been also suggested that FAK-mediated activation of ERK promotes cell
survival'®. Another work has shown that FN stimulated ERK pathway via
FAK/Src activation'®®. Integrin-ECM interactions have been shown to
regulate the phosphorylation and activation of the ERK pathway. For
example, diminished ERK activation was shown when endothelial cells were
treated with integrin a3 antagonistsi®. ERK signaling is also involved in the
pluripotency maintenance and in regulation of stem cell differentiation. It has
been reported that inhibition of ERK activity obstructed the differentiation of
ESCs'%, However, other studies showed that ERK activation may be

dispensable for propagation of undifferentiated mouse ESCs1?.

1.7 Osteogenic differentiation of MSCs

MSCs are a promising cell source for cell-based TE strategies. In particular, the
osteogenic capacity of MSCs in vitro has been the focus of a large body of
research. Bone formation by osteoblasts and resorption by osteoclasts is a
dynamic and highly regulated process which ultimately leads to the formation of
bone tissue. Osteoclasts are derived from hematopoietic stem cell precursors
(HSCs) along the myeloid differentiation lineage. Osteoblasts originate from

bone marrow MSCs198,

The progression of MSCs towards osteogenic differentiation is divided in vitro
into three stages. The initial stage which lasts from 1 to 4 days is characterised
by cell proliferation and expression of osteoblast markers. This is followed by
loss of cell expansion from days 5 to 14 and the synthesis of ECM, mainly
collagen type 1'%, ECM maturation follows, marked by an increase in alkaline
phosphate activity (ALP). ALP is a metalloenzyme expressed in many tissues
such as kidney, bone and liver and is considered an early osteoblast marker.
By using antisense RNA approaches, knockout mice and small interfering
RNAs (siRNAs), absence of osteoblasts was indicated as well as defects and
inhibition of matrix mineralisation!'?-112_ |n the third stage from days 14 to 28,
the level of ALP decreases and an upregulation in osteocalcin (OCN) and
osteopontin (OPN) expression follows. This event leads to the deposition of
calcium and phosphate. OCN is the most abundant noncollagenous bone

matrix-bound protein and is produced by osteoblasts. It has been suggested
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that OCN binds to the hydroxyapatite (HA) mineral component of bone %3,
However, its precise function in bone formation is not fully understood. OPN is
a soluble protein and can function extracellularly through interactions with
various integrins. Its increased expression in MSCs has been implicated in

numerous processes including osteogenic differentiation4

Recently the role of integrins in osteogenic differentiation has been
demonstrated in several studies. Martino et al. showed that the binding affinity
of asB1 to FN fragments containing both the RGD and PHSRN sequence
influenced the osteogenic differentiation of human MSCs (hMSCs)%. Other
studies have shown that this cell receptor upregulated the expression of
osteogenic markers. Increased expression of the as subunit has been found in
undifferentiated dental bud stem cells (DBSCs) and formed a complex with B1

when cells differentiated?1>.

1.7.1 RUNX2

RUNX2, also known as Cbfal, is a major regulator of osteoblast differentiation.
RUNX2 is a Runt-related transcription factor and contains the DNA binding
domain runt. Its critical role in osteoblast differentiation and mineralisation
during bone formation has been demonstrated in several studies. RUNX2
deficient mice were characterised by absence of ossification 116 117, Moreover,
accelerated bone repair in a critical-sized defects was demonstrated when
Runx2-modified MSCs were used!'®, while enhanced bone accumulation was
found in developing mice upon ERK-MAPK activation through changes in the
RUNX2 posphorylation*'®. In addition, upregulation of RUNX2 induced MSC
differentiation into immature osteoblasts while it inhibits adipogenic

differentiation120,

During osteoblast differentiation, most signalling pathways already discussed
are targeted at RUNX2. Activation of MAPK resulted in increased RUNX2
phosphorylation??!, while introduction of specific mutations at RUNX2
phosphorylation sites led to inhibited MAPK activation and to reduced
osteoblast-specific gene expression'?2. Similarly, ERK1/2 activation was shown
to control RUNX2 activation which resulted in osteoblast differentiation*?3. FAK-
mediated activation of ERK1/2 and p38 phosphorylated RUNX2 inducing
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increased osteogenic differentiation of immature osteoblast-like cellst?*.
RUNX2 has been also shown to upregulate the expression of osteogenic
marker genes such as ALP, OCN and OPN5, However, downregulation of
RUNX2 expression is required for differentiation into mature osteoblasts
underlying its role in directing pluripotent mesenchymal cells to the osteoblast

lineage??®.

1.7.2 Osteogenesis and integrins

The role of cell adhesion in guiding stem cell fate has gained significant
interest. FAK has been shown to phosphorylate and activate ERK1/2
contributing to bone formation!?” or expression of RUNX2 in hMSCs'?,
Inhibition of FAK disrupted the activation of MAPK pathway causing decreased
expression of osteogenic differentiation markers'?°. The integrins avBz and asp:
have been implicated in stem cell osteogenic differentiation too; however, their
role is not fully understood. In vivo and in vitro expression of B1 and Bs subunits
in osteoblasts from human bone has been reported!®® 131 |n addition,
interaction with increased specificity of asp1 integrin with FN fragments resulted
in upregulated ALP activity and osteogenic gene expression in MSCs®4. In line
with these results, upregulated osteoblast gene expression and osteogenic
differentiation of MSC was observed in vitro and in vivo with induced
expression of asBi integrin®®2. Improved osseointegration was also reported
when titanium implants specific to asBi integrin were implanted in rats'33,

Similarly, decreased levels of asB1 were associated with bone loss*34.

The role of avBs in osteogenesis remains controversial. Blocking antibodies
against avBs and RGD-containing peptides had a negative impact on bone
resorption®3> 136 |n addition, osteogenic differentiation of hMSCs was promoted
on monolayers functionalized with an RGD peptide with high affinity with the
avBz integrin'®’. In contrast, decreased osteoblastic differentiation has been
reported in a murine osteoblastic cell line overexpressing avB338 Blocking avfs
binding also increased the ratio of ALP positive MSCs!3°, Other integrins have
been implicated in bone formation as well. Administration of a peptidomimetic
ligand of activated a431 conjugated with a bone seeking component and ectopic

expression of asB1 on MSCs increased MSC bone homing!4% 141, In addition,
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knocking down the az and aix subunits in hMSCs cultured on collagen |

inhibited the deposition of mineralized matrix'42,

1.8 Bone morphogenetic proteins

Growth factors (GFs) are proteins which regulate fundamental cell functions
such cell proliferation and embryonic development. GFs are secreted by cells
into the ECM and bind to specific receptors on the cell surface in order to exert
their biological functions in an autocrine, paracrine or endocrine way. Bone
morphogenetic proteins (BMPs) belong to the TGF-B superfamily and around
20 BMP ligands have been identified. At the cellular level, BMPs regulate many
processes like apoptosis, differentiation and migration'4® 44, They are dimeric
molecules and are synthesised as inactive peptide precursors. They consist of
an N-terminal signal peptide, a non-conserved prodomain for folding and
secretion, and a mature peptide located at the C-terminal'*®>. They can be
divided into four categories according to their structural homology and function:
1) BMPs -2 and -4 2) BMP -5, -6, -7, -8a, and -8b; 3) BMP -9, -10, and 4) BMP
-12, -13 and -14'48, Different members affect MSCs differentiation in a dose-
dependent way. For instance, low doses of BMP-2 induced adipogenic
differentiation of embryonic stem cells whereas chondrogenic and osteogenic

differentiation was triggered at higher doses#’.

Name Main function

BMP1 | Induces cartilage formation.

BMP2 | Plays a role in bone and cartilage formation. Also involved in
osteoblast differentiation.

BMP4 | Induces bone and cartilage formation. Also involved in tooth
development, limp formation and fracture repair.

BMP5 | Induces cartilage formation.

BMP6 | Involved in the regulation of bone and cartilage formation. Also
involved in the regulation of the number of HSCs.

BMP7 | Induces bone and cartilage formation. Plays a role in renal and
kidney development.

BMP8a | Play a role in the development of the reproductive system.
BMP8b | Involved in thermogenesis in brown adipose tissue.

BMP9 | Involved in angiogenesis.

BMP10 | Plays a role in maintaining cardiac growth.

BMP11 | Involved in skeletal patterning during development.

BMP12 | Involved in the joint and ligament formation.

BMP13 | Inhibits bone formation.

BMP14 | Involved bone and joint formation.

Table 1.1. Biological role of BMP members.
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The osteoinductive activity of bone morphogenetic proteins 2 (BMP-2) was first
characterised in 1960s'*® and since then several growth factors have been
used to induce bone formation. Even though BMPs were initially identified as
components which induce ectopic bone formation, some BMPs act as inhibitors
of bone formation or they contribute to the maintenance of several tissues. For
example, BMP-3 is a negative regulator of bone density, and BMP-13 is a
strong inhibitor of bone formation'4°. BMP-4 and BMP-7 have been reported to
stimulate adipogenesis!®® %1 BMP-2, BMP-4, BMP-7 and BMP-9 are the most
well-known osteoinductive BMPs %2 153 BMP-2 and its involvement in
osteogenic differentiation is the focus of a large body of research. Katagiri et al.
demonstrated that BMP-2 inhibited myotube formation of C2C12 cells and
initiated the production of osteogenic markers'®. Another study showed that
transduction of MSCs with BMP-2 enhanced osteogenesis'®®. Currently, BMP-2
has become the most powerful osteoinductive growth factor. Recombinant
BMP-2 in combination with a collagen sponge is used for the treatment of open

long cone fractures!®®

1.8.1 BMP/TGF-B pathway

The TGF-B superfamily contains more than 30 members, including BMPs,
TGF-Bs, activins, and other factors'®’. The BMP/TGF-B signalling pathway is
widely involved in cell proliferation, differentiation, and apoptosis. It also has a
dual role in regulating cell differentiation. For example, BMP-2 has been
identified as a regulator of both osteogenic and adipogenic differentiation of
MSCs and ESCs'#4": 158 Similarly, a study analysing 14 types of BMPs
demonstrated that most BMPs exhibited distinct abilities to regulate expression

of makers of four common lineages derived from MSCs?6,

The BMP/TGF-3 pathway transmits signals into the cytoplasm via the activation
of two types of serine/threonine kinase receptors. BMPs start signalling through
the receptors BMPRI and BMPRII, which consist of a short extracellular
domain, a single transmembrane domain, and an intracellular domain with
serine/threonine kinase activity. There are seven BMPRIs for the TGF-f3
ligands, three of which bind BMPs: BMPRIA, BMPRIB, and type IA activin
receptor. There are also four BMPRIIs for the TGF-B ligands, three of which
interact with BMPs: BMPRIIB, ACTRIIA, and ACTIIB receptors®®®. Initially,
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ligands bind with high affinity to BMPRI followed by heterodimerisation with
BMPRII. This allows BMPRII to phosphorylate and activate the kinase activity
of BMPRI*0. The way the heteromeric complex is formed may vary and
depends on the type of BMP. BMPRI organises into a receptor complex with
BMPRII or recruits BMPRII. For example, either BMP2 or BMP4 preferentially
interacts with BMPRI receptors and recruit the BMPRII receptors!®l. However,
BMP6 and BMP7 bind BMPRII receptors and recruit type | receptors®?,
Depending on the oligomerisation pattern for signal transduction, a different
pathways might be activated'®3.The signal transduction is mediated via both the
canonical mothers against decapentaplegic homolog (Smad)-dependent
pathways and non-canonical Smad-independent signaling pathways (Figure
1.5).
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Figure 1.5. TGF-B canonical and non-canonical signalling pathway. Redrawn

and adapted®®’.

1.8.2 Canonical pathway

The canonical pathway is triggered when BMP/TGF-fs bind to the
corresponding surface receptor kinase which is activated through
oligomerisaition and phosphorylation. Signals are transmitted via the human
Smad proteins. Smads are intracellular proteins and they generally consist of
three distinct domains: an N-terminal mad-homology 1 (MH1) domain that
carries nuclear localization signal and a DNA-binding region, a C-terminal MH2
domain that binds to BMPRI to mediate Smad-dependent transcriptional
activity, and a proline-rich linker domain that separates the MH1 and MH2

domains'64 165 Activation of the type | receptor results in the phosphorylation
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of the receptor-regulated cytoplasmic Smads proteins (R-Smad) at the C-
terminal serine residues. R-Smads regulate TGF-$ signalling in a pathway-
specific manner. SMAD 2 and 3 are phosphorylated by TGF- whereas Smad
1, 5 and 8 are usually activated by BMPs'%: 167 This event is followed by
disassociation of phosphorylated R-Smad from the BMPRs and it subsequently
interacts with the co-mediator Smad (C-Smad), Smad4 forming a complex. The
complex translocates to the nucleus where it binds to specific promoters and
regulates the transcription of target gene expression'®®, Smads can control cell
response in various ways. For example, FN coated surfaces immobilised with
BMP-2 triggered the phosphorylation of Smadl1/5 resulting in increased cell

migration6®.

1.8.3 Noncanonical pathway

Besides Smad-mediated transcription, TFG-B/BMP-2 pathway activates other
non-canonical signalling pathways. The non-canonical pathway includes mainly
molecules which belong to MAPK family; ERK, JNK and p38 MAPK kinase
pathways'’®. For example, rapid activation of ERK through TFG-B was reported
in epithelial’’t and in breast cancer cells’?2. Noncanonical pathways have been
shown to transmit signals in a Smad-dependent way'’3. However, other studies
suggest a Smad-independent signalling as well. For example, Smad-
independent JNK activation has been documented?*’4.

BMP/TGF-B pathway is involved in RUNX2 regulation. More specifically, BMP-
2 has been shown to upregulate RUNX2 via Smads 1,3, and 57> 176, By
introducing mutations on RUNX2, it was found that the activated SMAD
complex interacts with the C-terminal of RUNX2 inducing the expression of
osteogenic genes!’’. Similar results were found in other studies suggesting that
the formation of RUNX2-SMAD interactions are essential in signal transduction
that modulate osteogenic differentiation®”> 178,

1.9 Biomaterials

TE attempts to mimic the physical, chemical and topographical properties of the
ECM in order to direct a desired cell response in a controlled environment. A

myriad of biomaterials has been used in vivo for biomedical applications.
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Biomaterials are designed not only to interact with the surrounding environment
but also to provide informative signals and allow cells to interact with them, thus
guiding their fate!’®. Despite their diversity, they have to fulfil certain
requirements. Biomaterials are designed to be biocompatible and

biodegradable and their properties are specific to the tissue of interest€0.

There is a wide range of biomaterials depending on the applications they are
used for and the cell type. Broadly, they can be classified as synthetic (such as
poly(L-lactic acid (PLLA), poly(glycolic acid) (PGA), poly(caprolactone) (PCL)),
and natural (such as collagen, gelatin, fibrin, chitosan)8% 182, They can be also
classified based on their structure and function, for example they can be porous
scaffolds or they might be used for drug delivery*® 184, Natural polymers were
the first biodegradable materials to be used in clinical applications due to their
improved interactions with cells. Common synthetic polymers present
advantages too due to their manufacturing process and their reproducibility.
However, they might lack the chemical or topographical cues which cells

recognise and respond to.

Even though the ECM is a highly complex structure, several strategies, such as
surface modification, are implemented to recapitulate its characteristics. For
example, the RGD and GFOGER (Gly-Phe-Hyp-Gly-Glu-Arg) adhesion motif
have been used extensively to coat biomaterial surfaces and enhance their
bioactivity'8®. In such systems, the ligand type, its concentration and spatial
distribution are highly defined and can control cell response. For example,
varying the spacing of the RGD ligand affects integrin clustering and cell

spreading®® as well as lineage commitment of MSCs1#’.

1.9.1 Surface properties

In order to further investigate the clinical potential of stem cells, a plethora of
biomaterials has been used. Based on their composition and structure,
biomaterials can provide physical and chemical signals to recreate a
physiological niche. It is well established that manipulation of the topography,
chemistry, stiffness and dimensionality of the substrate can instruct stem cell
fate decisions. Using microfabrication technologies, surfaces with various
topographies in terms of size, type and distribution, have been produced to
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induce specific cell responses in vitro. It is well documented that micro- and
nanoscale feature can affect cell adhesion and differentiation. For example,
substrates with micrometre-scale islands of ECM with defined shape and size
induced cells to selectively adhere on these regions and adopt their
geometry!88, Moreover, the use of nanopits at a specific arrangement was
shown to maintain multipotency of MSC'® or to induce an increase in the
expression of osteogenic markers in MSCs indicating osteogenic
differentiation®® 191 In another study, MSC differentiation towards specific
lineages depended on the size of groove/ridge structures!®?. It has been also
demonstrated that MSC differentiation can be influenced by the mechanical
properties of the underlying matrix. Engler et al. showed that hMSCs undergo
osteogenic differentiation when plated onto stiff matrices whereas softer
matrices generated neuronal and myogenic differentiation'®3. Similarly, MSC
commitment towards chondrogenic or adipogenic differentiation could be
controlled by varying the stiffness of polymer surfaces without exogenous

growth factort®4,

Taking into consideration that stem cells reside in a 3D environment in vivo,
studies have explored their behaviour in a more physiological-like context. For
example, MSCs were embedded into synthetic 3D matrices in order to
characterise their osteogenic commitment in relation to various stiffness. Such
variations however were not followed by changes in cell morphology as
observed in 2D studies!®>. Chemical modification of biomaterials has been
investigated as well. Self-assembled monolayers (SAMs) with well-defined
chemistries changed the structure and activity of adsorbed FN'®® and induced
osteogenic differentiation of immature osteoblast-like cells'®”. In addition,
control of MSCs towards adipogenic and osteogenic differentiation has been
achieved by using small-molecule chemical groups tethered to polyethylene
glycol (PEG) hydrogels®®.

1.9.2 Protein adsorption

The first event that rapidly occurs upon contact of a biomaterial with biological
fluids in vivo or in vitro is protein adsorption on the surface. Initial protein
adsorption occurs spotnaneously'®® and is driven by short- and long-range
forces including electrostatic, hydrophobic, hydrogen bonding and van der
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Waals interactions?%°, The composition of the adsorbed protein layer changes
over time due to the competitive displacement of faster diffusing molecules by
proteins with higher affinity proteins for the surface?°..

For most cell types, adhesion to the ECM is essential for survival?®? and cell
morphology?®® 294, Therefore, the ability of biomaterials to adsorb proteins
determines whether they can support cell adhesion and spread. For example,
FN coatings of titanium disks and glass supported the growth and spread of
osteoblasts?®® while it enhanced bone-derived cell adhesion on tissue culture
polystyrene?. In addition, the structure and distribution of the adsorbed protein
can facilitate the availability of integrin binding sites which affects protein
activity?” and cell attachment, differentiation and migration?%-219, Cell
processes depend on adsorbed proteins as well. The expression of osteogenic
markers in MSCs has been found to be dependent on the density of adsorbed
FN on PCL?. Beyond initial attachment, cell-biomaterials interactions are
dynamic. As cells spread, forces are generated in the actin cytoskeleton and
are transmitted to the ECM. On biomaterial surfaces, these forces might be
sufficient to reorganise and remove adsorbed proteins that cells are anchored

The characteristics of the substrate (wettability, surface energy, charge,
topography), the protein (affinity, size, charge, concentration) and the
environment (solvent, pH, temperature) influence protein adsorption on the
biomaterial interface?% 213217 For example, FN and VN were reported to
adsorbed at a higher rate on hydroxyapatite, compared to titanium and
stainless steel, resulting in an increase in osteoblast attachment?'®. Generally,
hydrophobic surfaces tend to adsorb more protein than hydrophilic surfaces?!°.
However, protein adsorption also depends on the surface charge. Higher
plasma protein adsorption was observed with higher surface charge density of

nanoparticles?4,

1.9.3 Biomaterials and growth factors

ECM controls cell behaviour through the ability to locally bind and release
soluble macromolecules, such as GFs which have a strong effect in regulating
cell responses. GFs display some limitations due to their low protein stability,
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short circulating half-life, rapid rate of cellular internalization, and localized
tissue activity as a mechanism for spatial and temporal control??°. However,
due to their potential as therapeutic tools, a lot of effort has been dedicated to
design biomaterials that bind and release GFs using ECM components. The
focus of such approaches is to locally deliver controlled and sustained low
doses of GF??%: 221 GF delivery can be designed by both encapsulation and
surface immobilisation approaches??? 222, Another approach is to functionalise
the material surface with specific GF binding sites. For example, biomaterials

have been modified with heparin which contain multiple GF binding domains?24,

1.9.3.1 Bone tissue engineering

During bone formation, BMPs are involved in the recruitment and differentiation
of stem cells into bone tissue. Bone TE (BTE) combines the use of
osteoinductive scaffolds, osteogenic cells which either initiate bone formation or
induce resident cells to do so and osteoinductive GFs to trigger bone formation.
In a GF-based treatment, the balance between release and retention of such
GFs is critical as they can trigger adverse clinical effects such as
inflammation?2®> 226, A common, less invasive, strategy is to use injectable GFs.
However, several days of stimulation and high doses are required due to BMP
short half-life and rapid clearance. This can cause side effects such as ectopic

ossification?20,

Incorporation of GFs in synthetic materials include covalent??” or non-
covalent?® binding. For example, physical or chemical entrapment in
biomaterials provides a way to present GFs in a controlled spatiotemporal
manner??®, In this approach, release of GFs can be achieved through diffusion,
scaffold degradation or through the affinity of biomolecules to the surface?.
Different types of ECM proteins have also the potential to be used in TBE.
Such proteins or peptides do not only induce osteogenesis, but they are also
involved in cell adhesion and proliferation. For example, enhanced osteogenic
expression in MSC was observed when RGD was immobilised on titanium
oxide nanotubes?3!. Although the RGD motif can promote cell adhesion through
osB1, the PHSRN is required for stable binding. In line with this, osteogenic
differentiation of osteoblasts was increased in alginates which combined both
RGD and PHSRN sequences?®,
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1.9.4 Project aims

Stem cells reside in vivo in the niche where they receive and integrate multiple
cues which ultimately regulate cell behaviour. However, cells lose the
expression of their markers outside of their niche compromising their
differentiation potential>33. Engineering biomaterials with defined properties is
essential in recapitulating to a degree the physiological properties of the cell
microenvironment and direct stem cell fate outside of their niche. A common
approach for surface functionalization is coating with adhesive peptides such
as the RGD motifl86. 187. 234 Despite the versatility of such surfaces, they
display limited biological activity. For example, they have a lower adhesion
potential than full-length ECM proteins due to lack of synergistic domains. The
use of ECM molecules provides an alternative way to mimic the complexity of
cell-ECM interactions. Apart from integrin binding sites, they also contain sites

for protein-protein interactions and GF binding.

Among the ECM proteins, FN is an interesting protein to study. It undergoes
structural changes and can be stretched by several folds via cell-generated
traction forces leading to the unfolding of cryptic binding sites?3> 23,
Ellipsometric measurements showed a more extended FN organization on
hydrophobic than on hydrophilic titanium alloy?®”. Atomic force microscopy has
also demonstrated a more rigid and elongated FN conformation on hydrophobic
surfaces?3® 239, Roughness and nanoscale surface topography have been

shown to influence FN adsorption to0240: 241,

Past studies have investigated how the polymer surfaces poly(ethyl acrylate),
PEA and poly(methyl acrylate), PMA affect FN conformation. PEA differs from
PMA in methyl group in the side chain. Although these polymers are chemically
similar, two distinct conformation of FN are observed upon adsorption. FN
adopts a network-like conformation on PEA. In contrast, globular aggregates
are formed on PMA (Figure 1.6). The differential distribution of FN leads to
changes in its biological activity for example in the availability of the integrin
binding domain (FNII19-10)?%?, the PHSRN domain?*® and the heparin Il binding
domain (FNII112-14)244,
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Figure 1.6. Chemical structure of PEA and PMA. AFM height images showing
FN distribution on PEA and PMA.

The main objectives of this thesis is:

To explore how a differential conformation of FN can be achieved by
using a series of copolymers with specific ratios of EA/MA (100/0,
70/30, 50/50, 30/70, 0/100).

To assess whether such conformation changes affect the availability of
binding domains and BMP-2 binding.

To use this system in order to study hMSCs fate including adhesion,
morphology and osteogenic differentiation.

To develop a method in order to isolate focal adhesions on PEA and
PMA and to further analyse their protein composition.

To characterise the cell migratory behaviour on FN-coated PEA and
PMA.
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2. Surface characterisation
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2.1 Introduction

This chapter describes how the degree of FN fibrillogenesis can be modulated
by the series of copolymers. Fluorescence microscopy and FRET spectroscopy
showed that FN structure changes from a compact form when initially bound to
cells to an extended conformation. Distinct degrees of FN extension were also
observed during this process?*®. Time-lapse AFM with fluorescence microscopy
demonstrated a step-like pattern of early FN extension which was divided into
three stages depending on the fibril length?46. In addition, FN conformation has

been shown to affect growth factor binding244.

We seek to understand how the EA/MA ratio impacts FN organisation and
whether intermediate degrees of FN fibrillogenesis are obtained. We also
explore whether such conformation changes affect the exposure of important
binding domains of FN. To do so, surfaces were characterised in terms of
wettability as well as FN adsorption. AFM was used to investigate FN
conformation and domain availability was documented by carrying out
antibody-based methods. As part of surface characterisation, the BMP-2

adsorption on the FN-coated copolymers was investigated too.
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2.2 Materials and methods

2.2.1 Materials

List of reagents

TOIUBNE. ... Alfa Aesar

Ethyl acrylate. ..., Sigma-Aldrich

Methyl acrylate...........cooooiii Sigma-Aldrich

BeNzZOoiN.... ..o, Sigma

Absolute ethanol..............coooiii VWR Chemical
Dulbecco’s phosphate buffered saline (DPBS)............. Life Technologies
Formaldehyde. ... ... Fisher Scientific

TWEEN 20®.... .o Sigma

Bovine serum albumin (BSA).........ccooiiiiiiiiiiiii Roche/Sigma

Human plasma fibronectin................cooon, Sigma-Aldrich

Mouse monoclonal HFN7.1 antibody.......................... DSHB

Mouse monoclonal P5F3 antibody..................c.oceeee. Santa Cruz Biotechnology
Mouse monoclonal mAb1937 antibody....................... Merck-Millipore
Horseradish peroxidase (HRP) anti-mouse

antibody........oooi Invitrogen

Substrate solution...........ccoviiiii . R&D Systems

StOP SOIULION. ... R&D Systems

Odyssey blocking solution..............cccooeiiiiiiiiiinnns. LI-COR®

IRDye® 800CW anti-mouse antibody......................... LI-COR®

Micro BCA™ protein assay Kit..................cooooeiiia ThermoFisher Scientific
Human BMP-2 produced in CHO............c.cooiviiiine. R&D Systems

Human BMP-2 DuoSet ELISA.........c.cooiiiiiiie R&D Systems
Anti-BMP-2/BMP-4 antibody.............ccoooiiiiiiiiiinnns. Santa Cruz Biotechnology
Gold particle—conjugated anti-rabbit

antibody.........ocooii e AUTION

2.2.2 Samples preparation

PEA, PMA bulk polymers as well as bulk copolymers (70%EA/30%MA,
50%EA/50%MA, 30%EA/70%PMA) were synthesised by radical polymerisation
of ethyl acrylate and methyl acrylate initiated by benzoin as the photoinitiator at
1 wt%. Polymer solutions were prepared by dissolving using toluene with 4%
w/v PEA, 4.5% w/v EA70/MA30, 5% w/v EA50/MA50, 5.5% w/v EA30/MAT70
and 6% w/v PMA. Glass coverslips (12 mm diameter) were sonicated in
ethanol for 30 min. Next, they were rinsed with ethanol and dried at 60 °C.

Solutions (100 ul) were deposited onto the glass coverslips and were spin
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coated at a velocity of 3000 rpm with an acceleration of 3000 rpm/sec for 30

sec. Samples were dried at 60°C in vacuum for 2 h.

2.2.3 Protein coating

Human plasma FN solutions were prepared in Dulbecco’s phosphate buffered
saline (DPBS) at 20 pg/ml. Unless otherwise stated, samples were coated with
FN solutions for 1h. For BMP-2 coating, FN-coated surfaces as well as
samples without adsorbed FN were incubated with 1% w/v BSA/PBS for 30
minutes. Next, samples were incubated with BMP-2 for 1 h at 25 ng/mL or 100
ng/mL in DPBS. Coating at 25 ng/mL was carried out in ELISA for the
guantification of BMP-2 adsorption and for characterising ALP expression.
Coating at 100 ng/mL was carried out to characterise RUNX2 and OCN

expression.

2.2.4 Water contact angle

Water contact angle (WCA, 6) measurements on the surfaces were carried out
before and after FN adsorption. Static contact angle (SCA), advancing contact
angle (ACA) and receding contact angle (RCA) were measured (Figure 2.1).

SCA I ACA RCA

Figure 2.1. Representative pictures of SCA, ACA and RCA on FN-coated PEA.

For the SCA, a 3 ul water drop was deposited onto the surface and images
were recorded for 30 sec at 20 frames/sec while measuring the angle of the
drop with the polymer surface. SCA was then defined by fitting Young-Laplace
equation around the droplet. The ACA was determined when the SCA
expanded in volume by adding 10 ul of water at a rate of 0.1 ul/sec resulting in
increase of the baseline. Images were recorded for 80 sec at 5 frames/sec.
RCA was determined by removing 13 ul of water at a rate of 0.1 pl/sec resulting

in the contraction of the water drop until all water was removed. Images were
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recorded for 130 sec at 5 frames/sec. RCA was defined at the point at which
the baseline decreased. Measurements were carried out using a Theta optical
tensiometer (Biolin Scientific). Three samples were used and three different
measurements were recorded on each sample. High contrast images of water
droplets were recorded and the OneAttension software was used to determine

droplet shape.

2.2.5 Atomic force microscopy
2.2.5.1 Tapping mode

Samples were coated with FN at 20 pyg/ml for 10 minutes. They were washed
twice with PBS and then with milliQ water and they were dried with N2 flow. To
visualise FN distribution and conformation, several areas on the samples were
scanned. Atomic force microscopy (AFM; Nanowizard 3 from JPK) was
conducted in tapping mode using cantilevers with force constant of 3 N/m, a
resonance frequency of 75 kHz and a pyramidal tip with an 8 nm radius (MPP-
21220, Bruker). To quantitatively assess FN distribution, images were exported
to Fiji and the skeletonize plugin was applied. Next, the fractal dimension (Fp)

was measured using the FracLac plugin.

2.2.5.2 Force spectroscopy

Samples were incubated with milliQ water overnight. For force spectroscopy
measurements, 5 ym silica beads were attached on a tipless silicon cantilever
with a force constant of about 3 N/m. To do so, a solution containing the beads
was mixed with ethanol (1:50). Next, the solution was sonicated for 10 min and
it was deposited onto a glass slide. Beads were spread using N2 flow. Epoxy
glue was deposited onto the other side of the slide. To embed the beads, the
cantilever was moved manually until its end was dipped into the glue. The

cantilever was then lifted and a bead was attached to its glued end.

For the force spectroscopy measurements, the cantilever deflection was
calibrated. The first step involved converting a certain measured change in
photodetector voltage to the distance in nanometres (nm) the cantilever
deflects. This conversion factor is usually called the sensitivity. To do so, a

force-distance curve on a clean glass slide was performed. The repulsive
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contact region of the curve was linear and it was used to determine the
sensitivity. The spring constant was then measured using the thermal noise
method and used to convert the cantilever deflection into a force using Hooke’s
law. Force spectroscopy measurements were then carried out using a set-
point of 100 nN, a zeta length of 10 um, and a velocity of 2.5 ym/s at room
temperature. Force mapping was carried out. Four areas (50 ym x 50 ym) were
chosen on each surface. In every map, 25 force curves were generated.
Results were analyzed using the JPK processing software and force curves

were fitted with a Hertz model at 50 nm indentation.

2.2.6 Micro-bicinchoninic acid protein quantification

BCA assay was performed for the colorimetric detection and quantification of
the protein. Samples were coated with FN at 20 pg/ml for 1 h. Next, 150 ul of
supernatant was collected and it was loaded in a 96-well plate. A set of protein
standards was prepared by using albumin (diluted in PBS) starting at 40 pg/mL
and a 4-point serial dilution in duplicate was prepared including a blank
standard (PBS). FN solution used for the coating was used as internal
standard. Standards together with the FN solution used for coating were also
loaded in the 96-well plate. In addition, the working reagent was prepared by
mixing 25 parts of reagent A, 24 parts of reagent B and 1 part of reagent C.
Next, BCA working reagent was added and the plate was incubated at 37°C for
2 hours. BCA is used as the detection reagent for Cu*! which is formed when
Cu*? is reduced by protein in an alkaline environment. After that, the
absorbance was measured at 562 nm on a plate reader (Tecan NanoQuant
Infinite M200 Pro).

To analyse the results, the average of the adsorption reading (at 562 nm) of the
blank standard was subtracted from the readings (at 562 nm) of all the other
individual standards and unknown sample replicates. Next, a standard curve
was prepared by plotting the average of each albumin standard (after
correction) against its concentration in uyg/ml. The best-fit curve generated by
regression analysis was used to determine the protein concentration of each
unknown sample and of the FN solution used for substrate coating. To quantify

the amount of FN remained on the surface, the amount of protein of the
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unknown samples was subtracted from the amount of FN contained in the initial

coating solution.

2.2.7 Enzyme-linked immunosorbent assay

FN coated samples were incubated with 1% v/v BSA/PBS for 30 minutes.
Primary antibody was prepared in 1% v/iv BSA/PBS with HFN7.1. Samples
were incubated for 1 hour followed by washes with 0.5% v/v Tween20/PBS in
agitation. Anti-mouse HRP conjugated secondary antibody was prepared in 1%
viv BSA/PBS. Samples were incubated for 1 hour. After the washing steps,
samples were transferred to a new plate and incubated with substrate in dark.
After 20 minutes, a stop solution was added to the wells. The solution was
transferred to a 96 well-plate and the absorbance was measured at 450 nm
and 540 nm on a plate reader (Tecan NanoQuant Infinite M200 Pro). For
results analysis, the 540-nm readings were subtracted from the respective 450-
nm readings to correct for optical imperfections; next, the average of each
sample was plotted.

2.2.8 Quantification of BMP-2 adsorption

A 96-well plate was incubated with capture antibody specific for BMP-2
overnight. Next, antibody solution was removed and the wells were washed
with wash buffer (0.05% Tween20/PBS) three times. The plate was blocked
with blocking buffer (1% v/v reagent diluent/milliQ water) for 30 minutes coated
with BMP2. After 1 h, the supernatant was collected and transferred in low-
protein binding tubes. Samples were washed with PBS which was also
collected in the tubes. BMP2 standards were prepared in PBS starting at 48
pg/mL and followed by an 11-point serial dilution. A blank standard (PBS) was
included too. Apart for the external standards, BMP2 solution used for coating

and 1% v/v BMP-2 solution (in PBS) were used as internal standards.

The collected supernatants (100 ul) and standards were added to a 96-well
plate. After 2 hours, solution was removed and the wells were washed.
Detection antibody was prepared in reagent diluent and 100 pl were added to
the wells. After 2 hours, solution was removed followed by washing steps.
Streptavidin-HRP was added at a working dilution (in reagent diluent) and the

plate was incubated for 20 minutes in dark. Washing steps were repeated and
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the plate was incubated with substrate solution for 20 minutes in dark. Stop
solution was added in the wells and absorbance was measured at 450 nm and
540 nm on a plate reader.

For analysis, the 540-nm readings were subtracted from the 450-nm readings
to correct for the optical imperfections. Then, the BMP-2 concentration (in
ng/ml) of each standard and the corresponding absorbance value was logged
and a standard-curve was generated. Next, the BMP-2 concentration (in ng/ml)
was plotted against the absorbance. The best-fit curve generated by regression
analysis was used to determine the concentration of each unknown sample and
of the internal standards (BMP-2 solution used for coating). Next, the amount of
BMP-2 in the supernatant was estimated. The amount of BMP-2 adsorbed on
the surfaces was quantified by subtracting the amount of BMP-2 in supernatant

from the amount of BMP-2 in the solution used for coating.

2.2.9 In-cell Western™ assay

FN-coated samples were incubated with blocking solution (Odyssey blocking
buffer) for 2 h. Next, primary antibodies were prepared in blocking solution
containing rabbit polyclonal anti-FN (1:400), mouse mAb1937 (1:2000) and
mouse P5F3 (1:300) antibodies. Samples were incubated with antibody
solutions and after 1 h they were washed (0.1% v/v Tween20/PBS) five times
for 5 min with gentle shaking. Secondary antibodies were prepared in blocking
solution containing infrared labelled anti-rabbit or anti-mouse IRDye® 800CW
antibody (1:800) for 1 h in dark. Samples were washed again and transferred to
a new plate. Next, samples were scanned with detection in 800 nm channel
using an Odyssey® system. To analyse the results, the average readings of

each sample was plotted.

2.2.10 Immunogold staining

Samples were coated with FN at 20 ug/ml for 10 min. After they were washed
twice with PBS, they were coated with BMP-2 at 100 ng/ml for 1 h. Next,
samples were fixed (4% formaldehyde/PBS) for 30 min. Another set of fixed
FN-coated samples were included too. All samples were washed three times
with PBS. Next, a primary antibody solution was prepared containing anti—

rabbit BMP-2/BMP-4 antibody in PBS (1:50). Samples were incubated with
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antibody solution for 1 h. Next, samples were washed (0.5% v/v Tween
20/PBS) three times for 1 min. Secondary antibody was prepared containing
15-nm gold particle—conjugated anti-rabbit immunoglobulin G (1:20). Samples
were incubated with antibody solution for 1 h. Next, samples were washed and
fixed. Finally, samples were washed with milliQ water and were dried with N2

flow.

2.2.11 Statistical analysis

Data are represented as mean = standard deviation (SD) and were analysed
using GraphPad Prism 5. Statistically significant differences were assessed by
t-test using a Tukey’s post-test. A two-way ANOVA using a Bonferroni post
hoc test was applied for multiple comparisons at a 0.05 significance level, with
*p < 0.05, **p < 0.01, ***p < 0.0001.
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2.3 Results

2.3.1 Water Contact Angle

WCA measurements were carried out to characterise the wettability of the
surfaces. SCA as well as ACA and RCA were characterised before and after
FN adsorption (Table 2.1, Table 2.2).

Substrate SCA ACA RCA Hysteresis
PEA100 67.58 £5.18 105.70 £ 1.04 36.45 + 1.32 69.25 + 1.22
PEA70 64.91 +2.11 10245+ 1.72 32.37 £5.3 70.07 £ 6.63
PEA50 70.77 £ 4.99 96.76 £ 2.04 31.05+1.17 65.64 £ 2.98
PEA30 67.76 £ 1.49 96.76 £ 3.32 38.85+£11.83 57.91+11.05
PMA100 68.87 £ 5.25 92.26 £ 4.72 30.61 £5.71 61.66 £ 6.09

Table 2.1. WCA measurements. Measurements were carried out prior FN
coating. Error values are standard deviation (n=3 per sample, 3 samples
tested).

Substrate SCA ACA RCA Hysteresis
PEA100 66.67 £ 1.71 96.26 + 5.67 8.62 £ 0.67 87.64 £ 5.81
PEA70 66.01 £ 1.87 97.00 £ 2.43 13.96 £+ 2.82 83.03 £ 3.38
PEA5S0 69.11 + 7.97 79.08 £10.45 18.51+2.35 60.57 £9.29
PEA30 60.31+£0.74 71.40 + 3.49 14.22 £ 1.96 57.17 £ 3.95
PMA100 57.65+1.84 70.02 £ 4.49 11.99+6.38  58.03+7.98

Table 2.2. WCA measurements. Measurements were carried out after FN
coating. Error values are standard deviation. (n=3 per sample, 3 samples
tested).

No differences were found in the SCA (from ~ 67° on PEA to ~ 68°on PMA) of
the surfaces before FN coating indicating similar wettability (Figure 2.2). SCA of
the surfaces ranged from ~65° to ~70° indicating that surfaces are hydrophobic.
Contrary, SCA decreased linearly with decreased EA units (from ~66° on PEA
to ~57° on PMA) after FN coating. In particular, SCA was significantly higher on
FN-coated PEA and PEA70 than on FN-coated PEA30 and PMA. In addition,
SCA on PEA30 and PMA decreased when samples were coated with FN.



*hx

80~ — dek
& .. 2 T [ without FN

= B with FN

N
o
1

o

Static contact angle (°)
S
o

PEA100 PEA70 PEA50 PEA30PMA100

Figure 2.2. Static contact angle. Graphs represent the SCA of the surfaces
before and after FN coating.

Surface wettability affects phenomena such as protein adsorption?*’, and is
indicative of surface properties, such as chemistry?*®. However, the
measurement of the SCS alone is not sufficient to fully assess surface
wettability. Characterising the dynamic angles (ACA and RCA) were required

too. ACA decreased with decreased concentration of EA (Figure 2.3).
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Figure 2.3. Advancing contact angle. Graphs represent the ACA of the

surfaces before and after FN coating.

38



Substrate P value

Without FN

PEA100 vs. PEASO. ..o *
PEALOO VS. PEA3O. .. .t ok
PEAL100 vS. PMAZL00........iiiiiiiiiieeee e ok
PEA7O vs. PEASOD .....cviiii e, *

PEA7O vS. PEA3D ..., *

PMAT70 vS. PMAZL00........ciiiiiiiiiieiee e ok
With FN

PEAL1OO vS. PEASOD. ..o il
PEALOO VS. PEAS3OD. ..o ikl
PEA100 vs. PMAT00 ... ok
PEA70 vs. PEA30 (With FN) ......ooooiiiiiiiiiiii ok
PMA70 vs. PMAT00 ... ok
PEASO VS. PEABOD.. ..ot *
PEASO VS. PMAZLOO. ..ot *
Without FN vs. with FN

PEALOOD. ... *x
PEABDD. ...t ok
PEABD. ..t ok
PMAZLOO. ... il

Table 2.3. List of statistically differences for ACAs. P values represent the
degree of significance. Stars are **P<0.1 and ***P<0.01. (n=3 per sample, 3

samples tested).

In particular, ACA was higher on PEA100 and PEA70 than on PEA50, PEA30
and PMA. ACA followed a similar trend when samples were coated FN.
However, the decrease was more pronounced with decreased ratio of EA
which is indicated by the lower ACA on the FN-coated PEA50, PEA30 and
PMA (Table 2.3).

RCA was lower on all samples after FN adsorption compared to samples prior

coating suggesting that the protein coated surfaces become more hydrophilic
(Figure 2.4, Table 2.4).
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Figure 2.4. Receding contact angle. Graphs represent the RCA of the
surfaces before and after FN coating.

Substrate P value

Without FN

PEA7O VS. PEA3OD. ..., *
PEASO VS. PEABOD.. ..ot *
With FN

PEALOO VS. PEABSD. ...t **
PEA30 vsS. PMATO0 ... **
Without FN vs. with FN

PEALOD ..o il
PEATO . s el
PEADO. ... el
PEASD . el
PMAZLOO. ...t il

Table 2.4. A list of significant differences for ACAs. P values represent the
degree of significance. Stars are *P<0.5 *P<0.1 and **P<0.01. (n=3 per

sample, 3 samples tested).

Hysteresis was estimated too and represents the difference between ACA and
RCA. Hysteresis was similar on samples prior FN coating. After FN coating, it
decreased significantly with decreased concentration of EA. More specifically,
hysteresis on PEA and PEA70 was higher compared to the rest of the samples.
In addition, hysteresis of FN-coated PEA and PEA70 was higher than the
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hysteresis of those samples without protein adsorption. This can be explained

by the decrease of RCA after FN adsorption (Figure 2.5).

Hysteresis

*kk

100

] without FN

1 Il with FN

PEA100 PEA70 PEA50 PEA30 PMA100

Figure 2.5. Hysteresis. Graphs represent the hysteresis of the surfaces

without (white bars) and with (black bars).

without FN with FN

e SCA remains constant

e ACA decreases with increased
MA concentration

o PEA30 with highest RCA
e Hysteresis remains constant

PMAZ100 without protein coating

without protein coating

and PEA70 without protein

without VS with FN

e SCA is higher on FN-coated PEA30 and PMA100 compared to PEA30 and

e ACA is lower on FN coated PEA100, PEA50, PEA30 and PMA100
compared to PEA100, PEA50, PEA30 and PMA100 without protein coating

o RCA decreases significantly on FN-coated samples compared to samples

e Higher hysteresis on FN-coated PEA100 and PEA70 compared to PEA100

SCA decreases with increased MA
concentration

ACA decreases with increased MA
concentration
PEAS5O0 with highest RCA

Hysteresis decreases with
increased MA concentration

Table 2.5. Summary of WCA results.
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2.3.2 Force spectroscopy

The elastic modulus of the surfaces was analysed by atomic force
spectroscopy measurements. To do so, samples were immersed in milliQ water
overnight and a 5 ym bead was attached to a silicon cantilever in order to ident
the surfaces. Analysis of the force curves showed that the young’s modulus of
the surfaces was in the range of hundreds of kPa (Figure 2.6). It should be
noted though that that large variation in stiffness was observed. This was
because the areas on the surfaces with high Young's modulus affecting the
error bars. Despite the variation observed in the elastic modulus, no statistical

differences were found.
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Young's modulus (kPa)

PEA100 PEA70 PEA50 PEA30PMA100

o

Figure 2.6. Stiffness characterisation. Young's modulus of surfaces (top).
Example of force curve obtained from measurements. The Hertz model was
applied to calculate the Young's modulus (bottom). (n=100 per sample, 1
samples tested).
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2.3.3 FN conformation

AFM images in tapping mode were taken to assess how the EA/MA ratio

affects FN distribution on the surfaces upon adsorption and whether different

degrees of FN fibrillogenesis can be obtained.
PEA100

Figure 2.7. FN fibrillogenesis. Height and phase AFM images. Samples were
coated with a FN solution at a concentration of 20 pg/ml for 10 min. Scale bar

is 500 nm.
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Figure 2.8. Fractal dimension (FD) calculated from AFM images. (4

images/sample were analysed).

AFM height and phase images (Figure 2.7) demonstrate the distribution and
conformation of adsorbed FN on the surfaces. It is shown that the degree of FN
fibrillogenesis depends on the EA/MA ratio. As described previously, PEA
triggers the formation of a well-connected network of FN fibrils. With decreased
concentration of EA, the density of the interconnected network decreases as
well. This conformation is lost with decreased EA/MA ratio resulting in a
globular conformation of FN on PMA. To quantitatively assess the density of
the FN network, AFM images were analysed using ImageJ and the plugin
FracLac. The Fractal dimension decreased with decreased concertation of EA
units indicating that a well-connected network is adopted on PEA (Figure 2.8).
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2.3.4 FN surface density

The surface density of FN adsorbed on the surfaces was indirectly quantified
by measuring the depletion of FN from solution. For a direct way to assess the
level of adsorbed FN, an ICW™ assay was performed. The surface density of
FN was similar on all the surfaces (Figure 2.9, a). Similarly, ICW™ assay using
a polyclonal anti-FN antibody did not reveal any statistical differences in the

relative availability of adsorbed FN (Figure 2.9, b).

a BCA b ICW™ assay
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Figure 2.9. Surface density of FN adsorbed on the copolymers for 1 h. (a)
BCA assay to indirectly quantify the amount of adsorbed FN (n=3 per sample, 3
biological replicates). (b) ICW™ assay using a polyclonal anti-FN antibody to

assess FN availability. (n=3 per sample, 1 biological replicates).

2.3.5 Availability of FN domains

To evaluate how the EA/MA ratio of the materials affects the availability of
important binding domains of FN after adsorption, ELISA and ICW™ assay
were performed. Monoclonal antibodies used were the HFN7.1, mAb1937 and
P5F3. HFEN7.1 is directed against the FNIllg-10 repeat of FN which is involved in
integrin binding and cell adhesion. The mAb1937 is directed against the FNIlls
repeat which is near the synergy domain. The P5F3 is directed against the

FNIll12-14 repeat which contributes to growth factor binding.

The availability of the FNIlllo-10 repeat (integrin binding domain) increases
linearly with increased ratio of EA/MA. PEA and PEA70 displayed the higher
availability of FNIlle-10 repeat compared to the rest of the samples. Also, higher
availability is found on PEA50 and PEA30 compared to PMA (Figure 2.10).
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Figure 2.10. ELISA to probe for structural differences of FN conformation
dependent on EA/MA ratio. Availability of the FNIlle-10 (HFN7.1 antibody) on
FN-coated surfaces and non-protein coated surfaces. (n=3 per sample, 3

biological replicates)

An ICW™ assay was carried out as well. In this case, the antibodies P5F3

(against FNIll12-14 repeat) and mab1937 (against the FNIus repeat) were used.
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800000+ I

"k

600000- { ‘
e
L J

4000004

800nm channel

200000+ I

0 L L) T L] 1 1

S D S S & o
O A v{o w N 7
& L & & & 9

Figure 2.11. ICW™ assay to probe for structural differences of FN
conformation dependent on EA/MA ratio. Availability of the FNIll12-14 (P5F3
antibody) on FN-coated surfaces and non-protein coated surfaces. (n=3 per

sample, 3 biological replicates)
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Figure 2.12. ICW™ assay to probe for structural differences of FN
conformation dependent on EA/MA ratio. Availability of the FNIlls repeat
(mab1937 antibody) on FN-coated surfaces and non-protein coated surfaces.

(n=3 per sample, 3 biological replicates)

The FNIlli2-14 repeat is less available with decreased ratio of EA/MA.
Particularly, the FNIlli2-14 repeat is less available on PEA30 and PMA
compared to the rest of the samples (Figure 2.11). In addition, the availability of
FNIlls repeat is higher with increased EA units. PEA, PEA50 and PEA30
demonstrated higher availability of this repeat compared to PEA70 and PMA
(Figure 2.12).
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2.3.6 BMP2 adsorption

A sandwich ELISA was performed to assess whether the differential
conformation of FN affects the surface density of BMP-2 bound on FN-coated
surfaces. To do so, FN and next BMP-2 (at 25 ng/ml) were adsorbed on the

materials.
BMP-2 surface density = ;
4 @
- W FNBMP-2 £
E 34 O 8MP-2 §°
£ 2 8
[+V] s »

0~ 1
PEA100 PEATO PEASOD PEA3D PMA10D glass Absorbance

Figure 2.13. Quantification of BMP-2 adsorption. Standard curve used to
guantify the amount of BMP-2 (top). Surface density of BMP-2 adsorbed on
FN-coated surfaces (left, blue bars) and on surfaces without protein (right,

white bars).

No statistically significant differences were found in the surfaces density of
BMP-2 among the FN-coated surfaces indicating that FN conformation does

not alter BMP-2 adsorption (Figure 2.13).

Substrate P value

BMP-2

PEAT00 vS. PEABD. ... *

PEA100 vS. PEASO. ...t *
PEA100 vs. PMAT00. ...t *

PEAT00 VS. glass .....oovieieiiiii e rxk
PEAT7O vS. PEASOD. ... i
PEATO VS glaSS. ... it *kk
PEASO VS. glaSS.. ... *x
PMATO0 VS. glass. ......covieiiiiiiie e *

Table 2.6. Statistically significant differences for the BMP-2 coated
surfaces. P values represent the degree of significance. Stars are *P<0.5

**P<0.1 and ***P<0.01. (n=3 per sample, 3 biological replicates),
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2.3.7 BMP-2 binding

To examine how BMP-2 binds to FN-coated surfaces, an anti-BMP-2 antibody
and then a secondary antibody labelled with a gold particle were used. Next,
AFM was performed to localise BMP-2 molecules.

PEA100

o
o
2 -
o)
—
pa
(T

Figure 2.14. BMP-2 adsorption on FN-coated surfaces. Phase AFM images
after adsorption of FN (20 ug/ml) and BMP-2 (100 ng/ml) and after adsorption

of FN. Scale bar is 500 nm.
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Phase AFM pictures showed that BMP-2 is adsorbed on the on top of open
network of FN molecules (Figure 2.14). Particles were mostly seen on FN
network formed on PEA and PEA70 (indicated by the white arrows). However,
just few particles were seen on surfaces with decreased concentration of EA. In
addition, on surfaces where BMP-2 was not adsorbed no gold nanoparticles
were observed. Phase AFM images of FN/BMP-2 coated PEA at different
magnifications (5 ym, 1 ym and 500 nm) demonstrate that BMP-2 is bound
only on the extended FN molecules. A section of one gold nanoparticle bound

on adsorbed FN show a height profile of ~ 7 nm (Figure 2.15).

Figure 2.15. Phase AFM images at different magnifications showing BMP-
2 interaction with FN network formed on PEA. PEA was coated with FN (20

pg/ml) and BMP-2 (100 ng/ml) and an immunogold staining was carried out.
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2.4 Discussion

This chapter describes the characterisation of material properties and,
particularly, how the EA/MA ratio alters the interactions of FN with the surface
and the biological activity of the protein. Surfaces were assessed in terms of
wettability, stiffness, FN conformation as well as surface density upon
adsorption. In addition, the availability of important binding sites of FN was
investigated. BMP-2 adsorption on FN-coated surfaces was studied too.

Characterising material wettability is a common approach to measure the
hydrophobicity of a solid surface. Differences found in wettability depend on the
surface properties such as surface roughness, topography, homogeneity or
molecular mobility?*®. In this work, the wettability of the surface was
characterised by measuring the SCA, ACA, RCA and the hysteresis. SCA was
similar through the series of copolymers before FN coating. After FN
adsorption, SCA decreased with decreased ratio of EA/MA indicating that the
surfaces become more hydrophilic with decreased EA concentration (Figure
2.2). ACA decreased with decreased ratio of EA/MA prior or after FN coating.
Generally, ACA was higher on PEA and PEA70 than on PEA50, PEA30 and
PMA. Interestingly, this difference was more pronounced on FN-coated
samples because of the lower ACA in PEA50, PEA30 and PMA (Figure 2.3). It
can be postulated that FN-coated surfaces become more homogeneous with
decreased EA units therefore they facilitate the spreading of the contact line.
RCA was similar among the samples before and after protein coating.
However, it was lower on the FN-coated surfaces compared to the non-protein
coated samples (Figure 2.4). This suggests that the liquid molecules resist the
flow on the surfaces coated with FN. Additionally, hysteresis significantly
decreases with decreased concentration of EA units after FN adsorption which
can be explained by the drastic decrease of RCA (Figure 2.5). These results
support that FN-coated samples are smoother after FN coating with decreased
concentration of EA indicating that FN is more homogenously distributed with
increased EA/MA ratio.

AFM was carried out to explore how the different ratio of EA/MA units affects
the conformation of adsorbed FN. Height and phase images showed that FN

organises into a network-like conformation on PEA. This network becomes less
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connected with decreased EA/MA ratio. Eventually, the connection is lost and
globular aggregates are formed on PMA (Figure 2.7). Analysis of the images
confirms the results demonstrating that different degrees of FN fibrillogenesis
are obtained by changing the EA/MA ratio (Figure 2.8). It can be therefore
suggested that the specific material-protein interactions result in a different
degree of FN fibrillogenesis dependent on the EA/MA ratio. Force spectroscopy
measurements in liquid were carried out to characterise the stiffness of the
surfaces. The Young’'s modulus of the surfaces exhibits a wide variation on all
the surfaces and ranges from about 0.2 MPa to 0.9 MPa. Tissue elasticity
ranges in stiffness from soft (0.1 kPa in brain) to rigid (100 kPa in collagenous
bone)!%, Difference in substrate stiffness affect MSC response in vitro too.
Engler et al. showed that MSCs respond to material stiffness ranging from 0.1-
40 kPa with osteogenic phenotype at high elastic modulus'®3. Given that the
stiffness of the copolymers is higher than what cells can sense, the surfaces
are considered stiff. Therefore, any differences observed in cell behaviour can
be attributed to FN conformation and not to the mechanical properties of the

surfaces.

The surface density of FN and the available adsorbed FN were quantified by
BCA and ICW™ assay respectively. Even though no changes in the amount of
adsorbed FN were found (Figure 2.9), FN conformation is different as observed
via AFM. FRET analysis has indicated that FN fibrils are highly elastic and cell-
generated contractile forces are sufficient to stretch them by several folds?°.
Consequently, some cryptic binding domains, and particularly the FN type llI
domains, might be exposed 2%, Such conformational changes influence FN-FN
interactions?®, integrin binding and cell behaviour®®. Taking this into
consideration, we investigated how the different degrees of FN fibrillogenesis
alter the differential availability of cell and growth factor binding domains. To
investigate domain exposure, ELISA and ICW™ assays were performed.
ELISAs and ICW™ assay using monoclonal antibody against the flexible linker
in FNII9-10 (integrin binding domain), FNIII8 and FNIII1214 repeat (GF binding
domain), showed decreased availability with decreased concentration of EA
units (Figure 2.10, Figure 2.11, Figure 2.12). These results indicate that the

network conformation of FN formed with increased EA concentration facilitates
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the exposure of these domains. In addition, surfaces with higher EA/MA ratio

promote the simultaneous availability of the integrin and GF binding domain.

ELISA showed that similar amounts of BMP-2 were adsorbed on FN-coated
surfaces (Figure 2.13). However, immunogold staining and AFM imaging
showed that adsorbed BMP-2 is found to preferentially bind to the open and
more extended FN molecules formed on PEA and PEA70. On the contrary, a
decrease in the number of bound BMP-2 was observed with decreased
concentration of EA (Figure 2.14). It should be mentioned that AFM images
demonstrate specific BMP-2 binding on FN after fixing. BMP-2 that was not
bound to FN (for example on PMA) might have been washed away due to the
several washes and thus no particles were observed. In contrast, ELISA
protocol required less washes and, subsequently, adsorbed BMP-2 on the

surfaces might have been quantified. Therefore, no differences were found.

These results indicate that the degree of FN fibrillogenesis and, particularly, the
extended network conformation of FN on PEA and PEA70, can control specific
BMP-2 binding onto the FN fibrils. Taking into consideration that the availability
of FN repeats involved in cell binding changes depending on the EA/MA ratio, it
can be suggested that the synergistic presentation of BMP-2 and cell binding

domains can be obtained in a controlled manner.
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3. MSC response
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3.1 Introduction

The role of FN and its organisation in guiding stem cell differentiation has been
previously demonstrated too. In vitro studies have shown that FN conformation
can regulate the osteogenic differentiation of osteoblast-like cells®®! and
MSCs?#. Furthermore, changes in FN structure mediated by the surface
chemistry of SAMs altered integrin binding and enhanced the expression of
osteogenic markers'®’. Similarly, conformation changes of FN induced by
sulfated hyaluronan resulted in an increase of ALP activity underlying the role

of protein conformation on cell differentiation?>2.

The previous chapter described the surface properties and how surface the
EA/MA ratio affects FN conformation and the availability of binding domains.
This chapter focuses on examining how the changes in FN activity on the
material interface can tune the response of MSCs in terms of adhesion and
osteogenic differentiation via the different degrees of FN fibrillogenesis. Taking
into consideration that cell adhesion plays an important role in cell functions,
FAs and cell morphology were characterised. The potential of the material
interface to drive MSCs into osteogenic commitment was also investigated. To
do so, osteogenic differentiation was assessed by characterising the
expression of the markers RUNX2, ALP and OCN.
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3.2 Materials and Methods

3.2.1 Materials

List of reagents

Dulbecco’s Modified Eagle’s Medium..................... Sigma

Sodium PYruUVate. .......oceieiiiii e Sigma

L-glutaming. ........ooiniii Sigma

Penicillin streptomycin.............ocooiiiiiiiiiiin Sigma

FUNGIZONE. ... Life Technologies

Foetal bovine serum............cooooiiiiiiiiie Life Technologies
TrypSIN/EDTA . .. e Sigma
L-ascorbicacid..........ccccooviiiiiii . Sigma-Aldrich
Dexamethasone...........c.cooiiiiiiiiii Sigma

Sodium phosphate monobasic (NaH2PO,)............... Sigma
Formaldehyde...........ccoooiiiiii Fisher Scientific

Triton X-100.....ciiii e Sigma

TWeen®20. ... Sigma

Bovine serum albumin............cocoiiii Roche/Sigma
SACCNAIOSE. ... e Fisher Chemicals

Sodium chloride........ccoveiiiii e Fisher Chemicals
Magnesium chloride. ..., VWR Chemicals
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

(HEPES). ... Sigma

ALP Kit, Leukocyte Kit ...........ooiviiiiiiiien, Sigma-Aldrich

ACEBIONE. ... Fisher Chemicals

Mouse monoclonal vinculin antibody..................... Sigma

Mouse monoclonal osteocalcin antibody.................. Santa Cruz Biotechnology
Rabbit polyclonal RUNX2 antibody......................... Santa Cruz Biotechnology
Cy-3 anti-mouse antibody ...............coooiin, Jackson ImmunoResearch
Vectashied with DAPI...........ccooiiiiiien Vector Laboratories
Phallacidin........ ..o Life Technologies

CellTag ICWT00. ..o LI-COR®

Anti-mouse ICWB800.........coiiiiiiiii e LI-COR®

Anti-rabbit ICWB800.............cciiiiiiieeeeeeee LI-COR®

3.2.2 Human Mesenchymal Stem Cells

Human mesenchymal stem cells were purchased from PromoCell®. Cells

express the markers CD73/CD90/CD105 whereas they lack expression of
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CD14/CD19/CD45/HLA-DR. For expansion, cells were thawed from stock and
were maintained in high glucose DMEM supplemented with 10% v/v FBS, 1%
v/v antibiotic mix (2.9% v/v L-Glutamine, 1.9% v/v penicillin/streptomysin, 0.2 %
v/v fungizone) and 0.1% v/v sodium pyruvate at 37°C, 5% CO2. Media change
was carried out every 3 to 4 days. For splitting or cell seeding, cells were rinsed
with warm PBS followed by 2 ml of trypsin/EDTA. After removing the solution,
cells were incubated at 37 °C for 60 to 120 sec until the cells were detached
from the tissue culture flask. Next, complete medium (supplemented with 10%
viv FBS) was added to the flask, cell suspension was transferred to a falcon
tube and centrifuged at 1300 rpm for 5 min. Afterwards, the supernatant was
removed and the cell pellet was suspended in 1 ml of FBS-free medium. Cell
density was measured using a Neubauer haemocytometer. Cells were used at
passages PO to P5 for cell attachment (3.2.3.1) and cell adhesion (3.2.3.2,
3.2.3.3) experiments. Cells were used at passages PO to P3 for experiments
characterising osteogenic differentiation (3.2.4.1, 3.2.4.2, 3.2.4.3, 3.2.5).

3.2.3 Adhesion of hMSCs
3.2.3.1 Cell attachment

UV-sterilised samples were coated with FN at 20 ug/ml for 1 h. According to a
previously described protocol?®3, cells were washed twice with PBS and
blocked with heat-denatured 1% w/v BSA /PBS for 30 min. Cells were
trypsinised, harvested and resuspended in complete medium and cell
suspension was incubated at 37 °C, 5% CO:2 for 10 min. Next, cells were
seeded onto the surfaces at a seeding density of 90000 cells/cm? for 20
minutes at 37 °C. Then, samples were washed twice with PBS, they were fixed
(3.7% v/v formaldehyde/PBS) for 30 min at 4°C and washed again with PBS.
Next, samples were incubated with permeabilisation buffer (0.5% v/v Triton X-
100, 10.3% wl/v saccharose, 0.292% w/v NaCl, 0.06% w/v MgClz, and 0.476%
w/v HEPES adjusted to pH 7.2) for 5 min and mounted with vectashield with
DAPI. Images were taken and the number of cells was quantified using the

CellC total cell count analysis.

57



3.2.3.2 Cell adhesion

UV-sterilised samples were coated with FN at 20 ug/ml for 1 h. hMSCs were
harvested by trypsinization and cell suspension was diluted in FBS-free
medium to a final density of 1000 cells/cm?. Then cells were seeded onto the
surfaces and were incubated at 37°C, 5% COzfor 3 h and 24 h. For the early
time point, cell culture was maintained in FBS-free conditions. For the later time
point medium was replaced with complete medium 3 hours after seeding. After
the given time, cells were washed with warm PBS and were fixed as described

previously. Samples were kept in PBS at 4°C.

3.2.3.3 Cell adhesion on FN/BMP-2 coated surfaces

One day before cell harvesting, medium was changed with medium containing
1% viv FBS. The next day, UV-sterilised samples were coated with FN at 20
pg/ml for 1 h. After they were washed twice with PBS, they were blocked with
heat-denatured 1% w/v BSA/PBS for 30 minutes. Next, they were coated with
BMP-2 at 100 ng/ml for 1 hour. Then, cells were harvested and cell suspension
was diluted in 1 ml of FBS-free medium at a final density of 3000 cells/cm?.
Culture was maintained in FBS-free medium at 37°C, 5% CO:2 and after 2h
medium was replaced with medium containing 1% v/v FBS. Three days after

seeding, cells were fixed as described previously.

3.2.4 Osteogenesis of hMSCs
3.2.4.1 ALP expression at different time points

Glass samples were coated with FN. Next, they were blocked with heat-
denatured 1% w/v BSA/PBS for 30 minutes and then they were coated with
BMP-2 at 100 ng/ml for 1 h. Glass samples coated only with FN (20 ug/ml)
were included too. hMSCs were harvested and cell suspension was diluted in 1
ml of FBS-free medium at a seeding density of 10000 cells/cm? and cell culture
was maintained at 37°C in FBS-free conditions for 2 h. Medium was replaced
with medium containing 1% v/v FBS which was also used for medium change
every 3 d. For the osteogenic differentiation control, cell suspension was also
diluted in complete medium at a seeding density of 10000 cells/cm? and cells
were seeded on FN-coated glass. In this case, medium was replaced with

osteogenic medium (10% v/v FBS, 0.1 pM dexamethasone, 25 pg/mL L-
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ascorbic acid, 3 mM NaH2POa4) when cells reached confluency. Cell culture
was maintained at 37°C for 1 d, 14 d and 21 d.

3.2.4.2 ALP expression on the copolymers

The same procedure was followed as described above. Samples were
PEA100, PEA70, PEA50, PEA30, PMA100 and glass. FN-coated copolymers
and glass samples were included too. Culture was maintained at 37°C, 5% CO:
for 21 d.

3.2.4.3 RUNX2 and OCN expression

UV-sterilised samples were coated with FN (20 pg/mL). Next they were blocked
with heat-denatured 1% w/v BSA/PBS for 30 minutes and coated with BMP-2
at 100 ng/ml for 1 h. Copolymers coated only with FN as well as FN-coated
glass samples were included too. Cells were harvested and cell suspension
was diluted in medium with 2.5% v/iv FBS at a seeding density of 2500
cellsicm?. Next, cells were seeded onto the surfaces. Furthermore, cell
suspension was diluted in complete medium at a seeding density of 2500
cellsicm? and cells were seeded on FN-coated glass. Cell culture was
maintained at 37°C, 5% CO2and medium was changed every 2 to 3 d. For the
copolymers coated with FN and FN/BMP-2, medium was replaced with medium
containing 2.5% v/v FBS and BMP-2 at 25 ng/ml whereas, for the FN-coated
glass samples, medium was replaced with osteogenic medium when cells
reached confluency. Cell culture was maintained for 5 d to characterise RUNX2

expressions and 21 d to characterise OCN expression.

3.2.5 ALP staining

Prior to the assay, a fixative and an alkaline-dye mixture were prepared. The
fixative solution was prepared by mixing 25.5% v/v citrate solution, 66.3% v/v
acetone and 8.2% v/v 37% formaldehyde. To prepare the alkaline-dye mixture,
equal volumes of nitrite solution and FBB-alkaline solution were mixed gently
(2.1% v/v nitrite solution, 2.1% v/v FBB-alkaline solution). The solution was
allowed to stand for 2 min and then it was added to milliQ water. Next, 2.1% v/v
naphthol AS-BI alkaline solution was added to the solution. Samples were

washed with warm PBS and incubated with fixative solution for 30 sec. Next,
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they were washed with milliQ water for 45 sec and they were incubated with
alkaline-dye mixture for 15 min in dark. After removing the solution, samples
were rinsed with milliQ water for 2 min. Next, samples were incubated with
neutral red solution for 2 min for counterstain. Next, samples were rinsed
thoroughly in tap water and then they were air-dried. For analysis, images were
exported to Fiji. The trainable Weka segmentation was used to train a classifier
to distinguish ALP aggregates from the background. After applying the
classifier in all the pictures, a binary pixel segmentation was produced which

was used for quantification of ALP area.

originial image

Figure 3.1. Quantification of ALP expression. A trainable Weka
segmentation was applied to the original images which were next converted to

binary images. Scale bar is 100 ym.

3.2.6 Immunohistochemistry

Fixed cells were washed three times with PBS and were incubated with
permeablisation buffer (0.5% v/v Triton X-100, 10.3% w/v saccharose, 0.292%
w/v NaCl, 0.06% w/v MgClz, and 0.476% w/v HEPES adjusted to pH 7.2) for 5
min followed by blocking with 1% v/v BSA/PBS for 30 min. Next, samples were
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incubated with primary antibody containing mouse anti-vinculin antibody
(1:400) or mouse anti-osteocalcin antibody (1:100) in 1% v/v BSA/PBS for 1
hour. Next, they were washed twice with 0.5% v/v Tween20/PBS. Samples
were incubated with secondary Cy3 anti-mouse 1gG (1:100) and BODIPY FL
phallacidin (1:100) in 1% v/v BSA/PBS for 1 hour. After washing, samples were
placed on glass slides and mounted with Vectashield containing DAPI.

3.2.7 In-Cell Western™ assay

An ICW™ assay was carried out to characterise RUNX2 and OCN expression.
Fixed cells were washed with PBS, they were incubated with permeabilisation
buffer for 5 min and were blocked with 1% w/v BSA/PBS for 30 min with gentle
shaking. Primary antibodies were prepared in 1% w/v BSA/PBS containing anti-
rabbit RUNX2 (1:100) or anti-mouse osteocalcin (1:100) antibodies. Samples
were incubated with the primary antibody and after 1 hour they were washed
three times for 5 minutes with 0.5% v/v Tween20/PBS in shaking. Secondary
antibody was prepared in 1% w/v BSA/PBS containing anti-mouse or anti-rabbit
IRDye 800 CW (1:800) and CellTag 700 Stain (1:500). CellTag is a near-
infrared fluorescent cell stain which accumulates in both the nucleus and
cytoplasm. Samples were incubated for 1 hour in dark and next the washing
steps were repeated. Finally, samples were transferred to a new plate and
readings were measured on Odyssey® plate reader with detection in 800 and

700 nm channels. The intensity settings were kept constant for each scan.

3.2.8 Cell imaging

Fluorescent pictures were taken using an epifluorescence microscope (Zeiss
AXIO Observer Z1, Jena, Germany).

3.2.9 Image analysis of FAs and cell size and OCN quantification

To characterise FA morphology, vinculin fluorescent images were quantified
using the online adhesion server®> (Figure 3.2). For cell size quantification,
actin fluorescence images were imported to ImageJ and the Otsu’s method
was applied to automatically threshold the images. Next, binary images were

created which were used and to quantify cell area and circularity (Figure 3.3).
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Figure 3.2. FA analysis. Vinculin immunofluorescence images were
processed though the online adhesion server and binary images highlighting

FAs were obtained. Scale bar is 50 uym.

Figure 3.3. Cell area analysis. Actin immunofluorescence images were
exported to ImageJ a