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In their natural microenvironment, stem cells are surrounded by various mechanical and
biochemical signals, and growing evidence suggests that, similarly to the biochemical
cues, the biophysical properties of the microenvironment play an important role in guid-
ing cell behaviours. However, the complex mechanisms by which different properties
affect cell function, individually or in combination with other cues, is not fully under-
stood. Hydrogels have emerged as useful biomaterials for studying cell behaviours in
three dimensions (3D), as they can be precisely modified with e.g. cell adhesion ligands
or enzymatically degradable sequences, in order to study a cell’s interactions with its sur-
roundings.

Research has shown that not only the density, but also the inter-ligand distance is impli-
cated in directing stem cell fate via mechanotransductive processes. The original objec-
tive of this thesis was to contribute to the fabrication of adhesion ligand-presenting
poly(ethylene glycol) (PEG)—peptide hydrogels, and to carry out preliminary studies on
the effects of different adhesion ligand concentrations on cell behaviour. Due to setbacks
in the hydrogel fabrication, the main focus was shifted from PEG hydrogels to hyaluronan
hydrogels, to which fibronectin was added as an adhesion ligand. In addition, RNA ex-
traction from PEG hydrogels was optimised, as the 3D environment presents additional
challenges for extraction of high quality messenger RNA, which is needed in cell differ-
entiation studies.

Human bone marrow stromal cells were encapsulated in adhesive, fibronectin-containing
hyaluronan hydrogels, and their response was compared to cells encapsulated in non-
adhesive hyaluronan hydrogels. Cells were cultured in the gels for seven days, and cell
viability, proliferation and morphology were compared at three different time points. For
the RNA extraction experiments, two commercially available RNA extraction kits were
compared and two different cell lysis buffers were used.

Adhesion ligand presentation clearly improved cell survival in hyaluronan gels, as ex-
pected. Cells spread and remained more viable during the week of culture time. Cells
were not able to spread and their viability was low in the gels without adhesion sites, and
the permeation properties of these gels need to be investigated in more detail, as they
caused issues with several assays. The highest RNA yield was achieved with the RNeasy
Plus Mini Kit and its original RLT+ buffer. These results can be later used in further cell
differentiation studies with PEG hydrogels.
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Solujen luonnollisessa elinympéristdssd, kudoksessa, ympariston vihjeet ohjaavat solujen
toimintaa. Aiemmat tutkimukset ovat osoittaneet, ettd biokemiallisten vihjeiden ohella
my0s ympériston mekaaniset ominaisuudet vaikuttavat solujen kdytokseen. Kuitenkaan
sitd, miten tietyt vihjeet ohjaavat muun muassa kantasolujen erilaistumista, ei tiedetd var-
masti. Hydrogeelit ovat hyodyllisid materiaaleja solujen kiytoksen tutkimiseen kolmi-
ulotteisessa (3D) ympiristdssd. Hydrogeelien ominaisuuksia voidaan muokata tarkasti, ja
niihin voidaan sisdllyttdd esimerkiksi solujen tarttumista edistdvid adheesioligandeja tai
entsymaattisesti hajoavia ristisiltoja. Ndin voidaan tarkemmin tutkia solujen vuorovaiku-
tusta niiden ympériston kanssa.

Tadmén tyon alkuperidinen tarkoitus oli osallistua synteettisten, adheesioligandeja sislti-
vien poly(etyleeni glykoli) (PEG) hydrogeelien valmistukseen ja tutkia niilld liganditi-
heyden vaikutusta solujen kayttdytymiseen. Ligandeja sisdltdvan PEG-geelin valmistuk-
sen viivistymisen takia tyon fokus kuitenkin siirrettiin hyaluronaanigeeleihin, joihin li-
sdttiin fibronektiinid adheesioligandiksi. Tdméan lisdksi RNA-eristys optimoitiin PEG
hydrogeeleille, silld 3D ympéristd heikentdd laadukkaan RNA:n saantoa. Laadukasta
RNA:a tarvitaan kantasolujen erilaistumista tutkittaessa.

Kantasoluviljelya varten valmistettiin hyaluronaanihydrogeelejd, jotka joko sisdlsivit tai
eivit sisdltidneet fibronektiinid. Ihmisen luuytimen kantasoluja viljeltiin geeleissd viikon
ajan, ja solujen eldvyyttd sekd morfologiaa tarkkailtiin kolmessa eri aikapisteessd. RNA-
eristyskokeessa vertailtiin kahta kaupallista eristysmenetelméé ja kahta eri solujen hajo-
tusliuosta.

Solujen eldvyys adheesioligandeja sisdltdvissd hyaluronaanigeeleissd oli huomattavasti
korkeampi verrattaessa geeleihin ilman ligandeja, kuten oli odotettavissa. Liséksi néissd
geeleissd solut olivat morfologialtaan levittdytyneitd ja muodostivat organisoidun aktii-
nitukirangan. Geeleissd, joissa ei ollut adheesioligandeja, solujen levittdytyminen ei ollut
mahdollista. Néissd samaisissa geeleissd todettiin myds heikkoa ldpéisevyyttd vériaineita
hyodyntévissd kokeissa. Ndin ollen geelin diffuusio-ominaisuuksia tulisi tutkia tulevai-
suudessa. Paras RNA-eristystulos saavutettiin RNeasy Plus Mini Kit -menetelmalla alku-
perdisen solujen hajotusliuoksen kanssa. Néité tuloksia voidaan myohemmin kéyttad tut-
kittaessa kantasolujen erilaistumista PEG-geeleissa.
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1. INTRODUCTION

Stem cells have a great therapeutic potential for regenerative medicine and tissue engi-
neering applications, due to their ability differentiate into specialised cell types and stim-
ulate regeneration of tissues (Mason & Dunnill 2008). In their natural tissue microenvi-
ronments, stem cells are surrounded by various mechanical and biochemical signals, and
growing evidence suggests that the local microenvironment of the cell is able to maintain
and regulate stem cell behaviours. This presents an intriguing approach for tissue engi-
neering, to develop materials which mimic the properties of the natural environment of
the cell in order to guide stem cell fate. (Tibbitt & Anseth 2009)

The process by which cells convert mechanical cues from the surroundings into biological
and biochemical responses is called mechanotransduction. Mechanotransduction allows
the cells to alter their behaviours according to the environmental cues, and to exert forces
to the surroundings and reorganise the extracellular matrix (ECM), meaning that the pro-
cess is bidirectional. The mechanical signals can alter cell behaviours such as adhesion,
migration, proliferation and differentiation. However, the detailed mechanisms of mech-
anotransduction and the associated pathways are not thoroughly known. Defects in mech-
anotransductive pathways are present in many diseases, including muscular dystrophies,
cardiomyopathies and cancer, and therefore gaining more information about this complex
phenomenon is important. (Jaalouk & Lammerding 2009)

Hydrogels have emerged as promising platforms for studying cell behaviours in three
dimensions (3D). They have high water content similar to natural tissues, and properties
such as stiffness, porosity, adhesiveness and degradability can be precisely modified by
polymer chemistry. Their tunability allows the fabrication of modular hydrogels which
mimic the properties of the local microenvironment of the cell. Using such materials, in
which ECM properties can be precisely defined, more information can be gained con-
cerning how each of these properties affects stem cell behaviour, both individually and in
combination. (Slaughter et al. 2009)

The aim of this thesis project was to contribute to the fabrication of highly modular
poly(ethylene glycol) (PEG)—peptide hydrogels, and to study the effects of varying con-
centrations of cell adhesion ligands on human bone marrow stromal cell (hBMSC) be-
haviour in 3D. The original hypothesis was that a higher density of adhesion ligands
would support osteogenesis, and lower density of adhesion ligands would support adipo-
genesis, even without differentiation medium. However, as the project faced setbacks in
terms of the material fabrication, the cell experiments were finally carried out with two
types of hyaluronan hydrogels, one incorporating adhesion ligand-containing fibronectin



and one without adhesion ligands. Therefore, the original hypothesis about effects of lig-
and densities on cell behaviour could still be tested, although to a less detailed extent than
originally planned. The hypothesis for cell culture studies on hyaluronan hydrogels was
that adhesion ligand presentation would enhance cell viability and enable a greater degree
of cell spreading.

This thesis includes a literature review, which briefly covers the following topics: stem
cells and their microenvironment, mechanotransduction, hydrogels and previous studies
regarding the effects of adhesion ligand density on cell behaviour. The experimental pro-
cedures of this study are described in Chapter 4, which is followed by Results and Dis-
cussion in Chapters 5 and 6, respectively. Finally, the results are concluded in the Chapter
7.



2. LITERATURE REVIEW

2.1 Stem cells and their microenvironment

Stem cells are unspecialised cells that have the ability to divide symmetrically, which
means that they can self-renew by producing two identical undifferentiated stem cells, or
asymmetrically, which means that they produce one stem cell and one semi-differentiated
progenitor cell. Each specific type of stem cell can differentiate into either a single type
or multiple types of mature cell phenotypes, a property referred to as ‘potency’. Stem
cells can be totipotent, pluripotent, multipotent, oligopotent or unipotent. Potency de-
scribes the number of lineages that the cells can differentiate to and this property associ-
ates with the tissue from which stem cells are isolated; cells derived from inner mass of a
blastocyst, called embryonic stem cells, are pluripotent and cells derived from adult mes-
enchymal tissues are multipotent. (Jukes et al. 2008) It is also possible to reprogram dif-
ferentiated cells back to the pluripotent state, and these cells hold great promise for per-
sonalised health care. These cells are called induced pluripotent stem cells, and they were
introduced by Takahashi & Yamanaka in 2006 (Takahashi & Yamanaka 2006).

Many mature tissues contain a small population of stem cells, called adult stem cells,
which are responsible for growth, maintenance, regeneration and repair of the tissues dur-
ing human life. Adult stem cells are multipotent stem cells that can be further classified
into different cell types according to their origin, such as mesenchymal stem cells (MSCs,
from e.g. bone marrow and adipose tissue), hematopoietic stem cells (red bone marrow)
and neural stem cells (brain). (Jukes et al. 2008)

In this chapter, characteristics of mesenchymal stem cells and their differentiation path-
ways are discussed in Section 2.1.1 and factors contributing to the stem cell microenvi-
ronment are discussed in Section 2.1.2.

2.1.1 Mesenchymal stem cells

MSCs are present in tissues of mesodermal origin, such as connective tissue, bone, carti-
lage and lymphatic systems. They are responsible for regeneration and maintaining tissue
function and differentiate into cell types of mesodermal lineages, such as bone, fat and
cartilage. In addition, MSCs have been shown to have transdifferentiation capacity to
endodermic and neuroectodermic cell types, which could be explained by the develop-
ment of mesenchymal tissues, as the origin of development includes the mesoderm and
to a smaller extent, the cranial neural crest. The differentiation capacity of MSCs is shown
in Figure 1. (Uccelli et al. 2008)
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Figure 1. The differentiation capacity of mesenchymal stem cells. The most common
differentiation lineages of MSCs are muscoskeletal and connective tissues, such
as bone, cartilage, fat and connective stroma. The dotted line indicates plasticity

to other cell types Reproduced with permission from reference (Uccelli et al.
2008), Nature Publishing Group.

MSCs are an attractive autologous therapy source, as they can be isolated from bone mar-
row or adipose tissue during standard surgeries. The advantages of isolating MSCs from
adipose tissue over bone marrow are accessibility, ease of isolation via minimally inva-
sive procedures and high yield of adult stem cells. (Bunnell et al. 2008)

To ensure the homogeneity of a cell population after isolation and expansion, and to assist
in comparison between different laboratories, the Mesenchymal and Tissue Stem Cell
Committee of the International Society for Cellular Therapy has proposed three criteria
by which to define human MSCs. First, the cells need to be plastic-adherent under stand-
ard culture conditions. Second, they need to have specific surface antigen expression: >
95% of the MSC population must express CD105, CD73 and CD90 and the population
must also lack (<2 %) expression of antigens that are indicative of other cell types: CD45,
CD34, CD14 or CD11b, CD79a or CD19 and HLA-DR surface molecules. Third, MSCs
must have trilineage differentiation potential, i.e. they must be able to differentiate to
osteoblasts, adipocytes and chondroblasts in vitro.

The differentiation pathways of MSCs to bone (osteogenesis), fat (adipogenesis) or car-
tilage (chondrogenesis) have been widely studied. During osteogenesis, MSCs differen-
tiate to osteoblasts by first proliferating, then as the differentiation proceeds, proliferation



slows down, and this is followed by matrix maturation and mineralisation. Early markers
of osteogenesis include increased collagen type I (col I), fibronectin (FN) and osteopontin
production and increased alkaline phosphatase activity. Late markers of osteogenesis are
increased osteocalcin and osteopontin production, and increased Runt-related transcrip-
tion factor (Runx2) expression. Osteogenic differentiation is commonly evaluated with
Alizarin Red staining, which stains bone mineral red. To initiate the differentiation pro-
cess in vitro, osteogenic medium (OM) containing ascorbic acid, B-glycerophosphate and
dexamethasone is commonly used. (Lian & Stein 1995; Ullah et al. 2015)

Adipogenesis occurs in two stages, as determination to preadipocytes is followed by com-
mitment stage to mature adipocytes. As cells differentiate down the adipogenic pathway,
they become more spherical and start to accumulate lipid. Accumulation of lipid can be
evaluated with Oil Red O staining, which stains the lipid vacuoles red. Adipogenesis can
also be evaluated by studying the proteins secreted by adipocytes, such as adiponectin
and leptin, and by up-regulation of peroxisome proliferator-activated receptor gamma
(PPARY) expression. Adipogenesis can be initiated in vitro with an adipogenic differen-
tiation medium (AM), which contains dexamethasone, isobutylmethylxanthine, insulin
and indomethacin. High cell plating density is beneficial for adipogenic differentiation.
(Pittenger et al. 1999; Avram et al. 2007)

In chondrogenesis, differentiation proceeds from progenitor cells to chondroblasts and
finally to chondrocytes. Chondrogenic differentiation can be evaluated by studying the
accumulation of secreted ECM molecules, such as collagen type II and aggrecan. Tolui-
dine blue staining is commonly used to stain the ECM components. Upregulation of chon-
drogenic transcription factors, e.g. Sox9, L-Sox5 and Sox6, can be observed during chon-
drogenesis. Chondrogenic differentiation medium (CM) contains dexamethasone, ascor-
bate-2-phosphate, insulin, selenious acid, transferrin, sodium puryvate and transformin
growth factor-beta. Culturing cells as aggregates is beneficial for chondrogenesis, due to
high cell density and cell-cell interactions. (Solchaga et al. 2011; Ullah et al. 2015)

As described, the in vitro differentiation of MSCs is commonly initiated with correspond-
ing differentiation medium. However, the use of differentiation media can lead to a het-
erogeneous cell population and even to tumour formation, which is why it is important to
find alternative ways of inducing stem cell differentiation, such as by harnessing mechan-
ical cues.

In addition to the differentiation capacity of MSCs, self-renewal is an important property,
as it is needed to maintain the stem cell function. One potential mechanism of maintaining
this property is induction of quiescence, which means that the cell temporarily exits the
cell cycle and does not proliferate. Most adult stem cell populations are maintained in this
resting state. Quiescence is important, as stem cell proliferation and loss of stem cell
function over time strongly correlate. (Orford & Scadden 2008)



2.1.2 Extracellular microenvironment

Stem cells reside within highly localised microenvironments which vary greatly between
tissues and are referred to as ‘stem cell niches’, a term first proposed by Schofield in 1978
(Schofield 1978). The niche refers not only to the anatomical location but also to the

functional cues provided in order to maintain stem cells as a stable functional population
(Scadden 2006).

The extracellular microenvironment of the cell is composed of many components, as
shown in Figure 2. Cell-cell contacts, cell-substrate and cell-growth factor interactions
are the three main factors contributing to a stem cell niche. Niches have a role in stem
cell self-renewal and differentiation. (Fuchs et al. 2004) Inside the niche, stem cells often
remain quiescent, a state which is very difficult to maintain during two-dimensional (2D)
in vitro cell culture. Given that adult stem cells generally have limited function outside
their niche, the attempted use of biomaterials such as hydrogels in order to simulate an
extracellular niche is an important area of research. (Scadden 2006)
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Figure 2. The extracellular microenvironment of a cell consists of many different
factors. These include physical factors, such as the elasticity and topography of
the substrate, the biochemical properties of ECM molecules, contacts with
neighbouring cells and secreted biochemical signals. Reproduced with permis-
sion from reference (Lane et al. 2014), Nature Publishing Group.

The extracellular microenvironment within most tissues consists of ECM secreted by
cells. ECM serves as a scaffold for cell anchorage, which is important in order to prevent



anoikis, which is the programmed cell death of anchorage-dependent cells such as MSCs
when they are unable to attach to a substrate. Cells are also able to dynamically remodel
the ECM, for example via matrix degradation regulated by enzymes such as matrix met-
alloproteinases (MMPs), and via exertion of mechanical forces to reposition matrix com-
ponents. Overall, ECM proteins play in a key role in maintaining cellular homeostasis.
One well-known approach towards engineering entire tissues or organs is to decellularize
the ECM of natural organs for stem cell culture, in order to guide differentiation into the
cell types of the corresponding organ (Nakayama et al. 2010). This demonstrates the im-
portant role of ECM composition and physical structure, and therefore the general com-
position of ECM is discussed next.

2.1.2.1 Composition of extracellular matrix

ECM is a hydrated 3D network of primarily organic macromolecules — and inorganic
crystals, in the case of mineralised tissues such as bone and dentine — that surrounds the
cells. Along with providing mechanical support, it also organises cells into specific tis-
sues, acts as a reservoir for soluble signalling molecules and controls cellular behaviours.
ECM is mainly composed of fibrous proteins, glycosaminoglycans (GAGs), glycopro-
teins and other small molecules. Many of these molecules have both structural and func-
tional roles. (Badylak et al. 2008) Although similarities exist between different tissues,
the ECM is characteristic for each tissue type (Tibbitt & Anseth 2009).

The mechanical strength of a tissue is mainly provided by proteins. The major structural
proteins are fibrous collagen, elastin, fibronectin and laminin. (Badylak et al. 2008; Vot-
teler et al. 2010) The most abundant protein is collagen, which can be present in over
twenty different subtypes with diverse functions. Type I collagen is the most important
protein in providing structural support, tensile strength and rigidity to the tissue. The elas-
ticity and load bearing properties of many tissues are provided by hydrophobic elastin.
(Scott 1995; Badylak et al. 2008)

Fibronectin and laminin are glycoproteins that have key roles in supporting cell adhesion.
Fibronectin is present in large quantities within the ECM and it is the second most abun-
dant protein. Cells adhere to it via adhesion receptors called integrins. Integrins also bind
to other components of the ECM, such as collagen, heparin, fibrin and proteoglycans.
(Votteler et al. 2010) Each fibronectin molecule contains multiple cell adhesion motifs,
including arginine-glycine-aspartic acid (RGD) tripeptides, which are important for cell
adhesion. (Badylak et al. 2008) Exposure of cryptic sites and the fibronectin assembly is
mechanically regulated, as the conformation of the protein varies when cells exert force
to their surroundings (Gao et al. 2003; Smith et al. 2007). Each of the structural matrix
proteins seems to be critical for cell adhesion and migration during growth, differentia-
tion, morphogenesis and wound healing. Laminin, which is mainly present in the base-
ment membrane of epithelia, is important in the development of organised tissues because
of its web-like structure. (Badylak et al. 2008; Votteler et al. 2010)



Proteoglycans contain a core protein, to which large sulphated GAGs are attached. Gly-
cosaminoglycans are unbranched polysaccharides, and examples of those found in the
ECM are hyaluronan (HA, also known as hyaluronic acid), heparin sulfate and chon-
droitin sulfates A and B. GAGs have high negative charge, and therefore proteoglycans
have an extensive water holding capacity and provide compression-resistance to tissues.
HA is widely used for producing hydrogels because of this water-holding capacity, and it
is studied further in this thesis. Proteoglycans, especially heparin-rich ones, are important
for binding growth factors and cytokines. (Badylak et al. 2008; Votteler et al. 2010)

2.2 Mechanotransduction

Tissue stiffness varies greatly between tissues, ranging from as low as 0.1 kPa in brain to
40 kPa in bone, as shown in Table 1 (Engler et al. 2006). Cells sense the stiffness of the
surrounding environment, which has been shown to affect cell spreading, migration, sig-
nalling and differentiation.

Table 1.  The approximate stiffnesses of different tissues. (Engler et al. 2006)

Tissue | Stiffness (kPa)

Brain 0.1-1
Muscle 817
Bone 25-40

The process by which cells convert mechanical cues from the surroundings into various
actions is called mechanotransduction. It was originally thought that the proteins involved
in mechanotransduction are mainly located near the outer plasma membrane of the cells
and that activation of biochemical signalling pathways is a response to force application.
However, the relatively immediate response that can be observed after application of ten-
sile stress demonstrates the role of direct force transmission pathways, and that the re-
sponse is not mediated by the activated biochemical pathways alone, as diffusion takes
much more time (5-10 s) compared to force transmission via cytoskeleton (~ 1 ms)
(Wang et al. 2009).

One of the frontrunners in the field of mechanotransduction has been Donald Ingber, who
developed the tensegrity model in 1997. Rather than treating the cell as “viscous proto-
plasm surrounded by an elastic membrane”, Ingber viewed the cell’s cytoskeleton as an
architectural structure which transduces mechanical information from the niche to the cell
and vice versa. (Ingber 1997; Ingber 2008)



Mechanotransduction can be divided into direct mechanotransduction, which refers to
the force transmission pathway from the ECM via integrins, focal adhesions (FAs) and
cytoskeleton to the nucleus via the nuclear lamina, and indirect mechanotransduction,
which refers to the activated biochemical signalling pathways (Anderson et al. 2016).
Deviating slightly from this definition, ion channels and cell-cell adhesions via cadherin
junctions are also force responsive, and it is suggested that cells use many mechanosen-
sitive elements in order to probe their surroundings (Ingber 2006).

Mechanotransduction is an important field of study, as defects in mechanotransduction
can contribute to various human diseases. Impaired mechanotransduction signalling can
result from changes in ECM composition, mutations in transmembrane proteins or adhe-
sion complexes, or abnormal protein composition of the cytoskeletal network or nuclear
envelope. In addition, abnormalities in the biochemical signalling pathways can be a
cause of a disease. Examples of diseases which have been associated with faulty mecha-
notransduction include arteriosclerosis, muscular dystrophies, cardiomyopathies and can-
cer. (Jaalouk & Lammerding 2009)

In the following sections, the process of direct mechanotransduction and the force trans-
mission pathway are discussed, followed by a brief discussion of the activated biochem-
ical signalling pathways.

2.2.1 Force transmission from the extracellular matrix

One of the main pathways for force transmission from the extracellular matrix is via in-
tegrins, focal adhesions and cytoskeleton. All of these structures are highly dynamic, and
especially focal adhesions are very complex and highly interconnected. A common mech-
anism for many dynamic components in mechanotransduction is force-induced confor-
mational change. (Ingber 2006) Another common feature is the presence of catch bonds
and slip bonds. Catch bonds are bonds that strengthen in a response to an applied force,
whereas slip bonds weaken in a response to an applied force. It is suggested that formation
of catch bonds may be part of the cell tension-sensing mechanism. These kinds of bonds
are present in e.g. integrins and myosins, and they affect the longevity of the bonds. (Kong
et al. 2009; Kong et al. 2013)

2.2.1.1 Integrins

Integrins are cell surface adhesion receptors, which bind proteins in the extracellular ma-
trix, and as one of the initiators of force transmission integrins are referred to as ‘mecha-
noreceptors’ (Ingber 2008). These transmembrane proteins consist of two subunits, a and
. There are eight a- and 18 B-subunits, which can assemble to form 24 different integrin
heterodimeric combinations, some of which have distinct and some of which have over-
lapping specificities. Integrins span the plasma membrane and connect the cell to the
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ECM, by binding to the filamentous cytoskeleton of the cell on the cytoplasmic side and
matrix proteins outside the cell. (Geiger et al. 2001; Thompson et al. 2012)

The signalling pathway via integrins is bidirectional, as integrins can become activated
when they bind to ECM proteins (outside-in signalling) or when they receive regulatory
signals which originate within the intracellular domains of the cell (inside-out signalling).
The activation leads to the initiation of intracellular signalling cascades or to the exertion
of traction forces on the ECM, respectively. (Thompson et al. 2012)

As force-induced conformational change is common for the components of mecha-
notransduction, adhesion to ECM proteins induces allosteric changes in the conformation
of integrins, which reveals binding sites on the cytoplasmic side for focal adhesion pro-
teins, such as talin, vinculin, paxillin, zyxin and a-actin (Ingber 2008). These proteins
link integrins to the cytoskeleton by forming protein aggregates, known as focal com-
plexes. These are around 1 um in size and their development is stimulated by Rho-family
GTPase Rac. Generally focal complexes are found at the edges of lamellipodia. They
subsequently mature into larger focal adhesions, which are 2—10 um in size and have an
elongated shape. (Geiger et al. 2001)

2.2.1.2 Focal adhesions

Focal adhesion formation is preceded by adhesion to the ECM, integrin clustering and
focal complex formation. Development into focal adhesions is dependent on the activa-
tion of Rho signalling by the GTPase RhoA and the development is further stimulated by
actomyosin contractility. (Chrzanowska-Wodnicka & Burridge 1996)

Focal adhesion proteins can be classified as structural proteins, such as talin, vinculin and
a-actinin (actin crosslinking protein) or signalling proteins such as paxillin, zyxin, FAK
and p130cas. A focal adhesion complex is illustrated in Figure 3.
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Figure 3. Schematic illustration of a focal adhesion complex. Integrins connect the
cell to the surroundings by binding to ECM proteins outside the cell. Integrins
are connected to the cytoskeleton via focal adhesions, which are large protein

clusters which also act as signalling centres. (Mitra et al. 2005)

A key molecule in FA maturation is talin, which is able to connect integrins directly to
the cytoskeleton. The head domain of talin binds the B-subunit of integrin and the tail
domain can either bind to F-actin directly, or indirectly through vinculin (Schwartz 2010).
The bond between talin and vinculin is highly force-dependent, as an unstretched talin
has only one binding site available for vinculin, but many more become exposed as a
result of applied tension, amplifying the effect (Del Rio et al. 2009). Vinculin reinforces
the talin and F-actin linkage by binding to both of them. Loss of vinculin leads to a de-
crease in traction forces, as myosin-dependent traction forces are vinculin-dependent.
(Case & Waterman 2015)

In addition to enabling the link between integrins and cytoskeleton, another major func-
tion of focal adhesions is to act as signalling centres. Paxillin is an important linker protein
between integrins and the cytoskeleton, which recruits and activates signalling proteins
such as focal adhesion kinase (FAK). FAK can activate multiple biochemical signalling
pathways, and those are discussed in more detail in Section 2.2.3.
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2.2.1.3 Cytoskeleton

As the tensegrity model suggests, the cytoskeleton is an important part of mechanotrans-
duction. The cytoskeleton is responsible for distributing tensile stress to other components
inside the cell, to neighbouring cells (via cell-cell interactions) and to the surrounding
ECM. It acts as a linker, connecting the ECM all the way to the nuclear membrane. Fila-
mentous cytoskeleton consists of three types of proteins: microfilaments, intermediate
filaments and microtubules. All of these filaments are first polymerized out of monomers:
microfilaments are polymerized from globular actin (G-actin) monomers to filamentous
actin (F-actin), intermediate filaments can be composed of different proteins, according
to cell type, and microtubules are hollow filaments polymerized out of a- and B-tubulin
monomers. Additionally, many other proteins, such as crosslinkers like a-actinin, and
molecular motors, associate with this filamentous network. (Ingber 2008)

Cell shape is closely related to the structure and conformation of the cytoskeleton. The
cytoskeleton is constantly being assembled, remodelled and disassembled by the cell, in
response to environmental cues. Tension, or pre-stress residing in the cytoskeleton, can
be exerted as traction forces to the surroundings, which enables the cells to sense their
environment by contracting. Contraction is mediated by endogenously generated tension
by actomyosin stress fibers, which are composed of actin microfilaments bundled to-
gether by a-actinin and non-muscle myosin II. Pre-stressed structures are more respon-
sive, and the amount of pre-stress determines the stiffness of the structure. (Ingber 2008)
Rho family of GTPases is closely linked to the generation of contractile forces, as RhoA
is in charge of the polymerization of actomyosin filaments. (Schlessinger et al. 2009) This
leads subsequently to the activation of the RhoA/Rho kinase (ROCK) pathway, which is
discussed in more detail in Section 2.2.3.

2.2.2 Nuclear mechanotransduction

The nucleus has been shown to respond to mechanical stresses (Lombardi et al. 2011;
Booth-Gauthier et al. 2012), and nuclear deformation has been detected in a response to
externally applied forces. Such deformations could have significant consequences as they
may lead to changes in the nuclear protein conformation, chromatin organization and ge-
nome function. (Isermann & Lammerding 2013)

LINC (Linker of nucleoskeleton and cytoskeleton) complex anchors the nuclear mem-
brane to the cytoskeleton and is one of the key structures in nuclear mechanotransduction.
LINC complex consists of SUN proteins on the inner nuclear membrane and nesprin pro-
teins, which contain KASH domains, on the outer nuclear membrane, as shown in Figure
4. Both of these proteins are type II membrane proteins, which contain a single trans-
membrane segment that allows them to form bridges across the nuclear membrane. From
the cytoplasmic side, the carboxyl-terminal KASH domains enable attachment to all of
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the major cytoskeletal filaments. This bridge unites the cytoskeleton with the nucleoskel-
eton, and it has been shown to relate closely with correct nuclear positioning. (Guilluy &
Burridge 2015)
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Figure 4. Force transmission pathway from the plasma membrane to the nucleus.
Integrins are connected to actin stress fibers, which are connected from their
other end to the nuclear envelope proteins, and this allows the cell to function as
a uniformly interconnected system. Reproduced with permission from reference
(Fedorchak et al. 2014), Elsevier.

SUN proteins have a role during mitosis, as they have been reported to participate in
chromatin separation from the nuclear envelope and depletion of SUN1 and SUN2 pro-
teins has been shown to lead to disorientation of the mitotic spindle (Turgay et al. 2014).
Nesprin 1 has been identified as one of the components regulating the transmission of
strain to nucleus (Driscoll et al. 2015).

Lamins are an important group of nuclear envelope proteins (intermediate filaments) that
can be seen as an extension of LINC complex, as they interact with both nesprin and SUN
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proteins. Lamins provide structural support for the nucleus, as they form the surface of
the inner nuclear membrane and are present in the internal nuclear scaffold. Significantly,
lamins can interact directly with chromatin and bind to DNA. Lamins can be divided into
A-type lamins, (including lamin A and lamin C), and B-type lamin, (lamin B). A-type
lamins seem to be more involved in mechanotransduction, as a lack of A-type lamins
leads to altered nuclear mechanics and reduced expression of mechanosensitive genes
(Lammerding et al. 2006; Wang et al. 2009). A study by Swift et al. (2013) showed that
lamin A and C levels scale up in response to increasing matrix rigidity. Lamin A levels
increased 30-fold in cells grown on stiffer (40 kPa) gels, compared to soft (0.3 kPa) gels.
Adipogenesis was induced by low levels of lamin A on a soft matrix and osteogenesis
was induced on a stiff matrix with high levels of lamin A. (Swift et al. 2013) In addition,
basal-to-apical polarisation of the nuclear envelope occurs in MSCs which are either un-
differentiated or going through osteogenesis, but the polarisation is abolished in cells
which are going through adipogenesis. Specific epitopes of lamin A/C have been shown
to get buried in the basal nuclear envelope during cell spreading on a rigid substrate or in
response to compressive force. (Ihalainen et al. 2015)

Lamins bind many nuclear envelope proteins. One important binding pair is emerin.
When tension is applied to the LINC complex, it triggers emerin phosphorylation, which
reinforces the connection between LINC complex and lamin A-C. As lamin and emerin
have been shown to interact with chromatin, it is likely that the nucleoskeletal response
to mechanical stress influences chromatin structure directly. (Burridge & Guilluy 2016)

Nuclear pore complexes (NPCs) are large macromolecular complexes, composed of nu-
cleoporins, which form aqueous channels in the nuclear envelope. NPCs allow fast and
selective transport of molecules via active or passive diffusion into and out of the nucleus.
As NPCs facilitate messenger RNA (mRNA) export, they are closely linked to chromatin
organisation and gene expression. Besides this role as a gateway between the nucleoplasm
and the cytoplasm, NPCs are also involved in the physical linkages between the cytoskel-
eton and nucleoskeleton. The nuclear lamina is coupled to the NPCs, which inhibits the
independent movement with respect to each other. It is suggested that mechanical stresses
at the nuclear envelope might affect the structure of NPCs and thus the size of the pores.
(Soheilypour et al. 2016; Aureille et al. 2017)

2.2.3 Biochemical signalling pathways

Cell adhesion to the surroundings via integrins activates complex biochemical signalling
cascades via focal adhesion formation and activation of various signalling pathways, de-
pending on the specificity of integrin-ligand binding. Focal adhesion formation activates
FAK, which forms a complex with non-receptor tyrosine kinase Src, and this complex
further can activate many downstream signalling pathways, such as the mitogen-activated
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protein kinase (MAPK), phosphatidylinositol-3 kinase (PI3K) and RhoA/ROCK path-
ways. Due to the complexity of these activated pathways, some of the most important
ones are briefly reviewed in this section.

MAPK pathways have a role in transduction of extracellular signals into cellular re-
sponses, and the pathways are known to activate in response to various growth factors
and cytokines. MAPK cascades are involved in many cellular behaviours, such as regu-
lation of cell cycle progression, proliferation, differentiation, development, inflammatory
responses and apoptosis. They can be divided to three different branches: c-Jun NH2-
terminal kinase (JNK), extracellular signal related kinase (ERK), and p38 kinase. (Zhang
& Liu 2002)

The ERK/MAPK signalling may be a key modulator of both osteogenesis and adipogen-
esis, as ERK signalling can control factors which regulate major nuclear transcription
factors Runx2 and PPARY, which are essential for osteogenesis and adipogenesis, respec-
tively. (Anderson et al. 2016) Activation of both ERK and JNK has been shown to in-
crease with increasing substrate stiffness, and inhibition of these kinases led to decreased
osteogenesis and reduced nuclear localisation of Transcriptional coactivator with PDZ-
binding motif (TAZ) (Hwang et al. 2015). TAZ and its paralog Yes-associated protein
(YAP) are nuclear transducers of the Hippo pathway, which has a role in cell prolifera-
tion, tumorigenesis and stem cell renewal. TAZ has been shown to inhibit adipogenesis
by inhibiting PPARy mediated gene transcription and correspondingly activate osteogen-
esis by stimulating Runx2 target genes (Hong et al. 2005). YAP/TAZ has been shown to
be regulated by substrate stiffness, and the activity of YAP/TAZ requires Rho activation
and tension of the actin cytoskeleton (Dupont et al. 2011).
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Figure S. Signalling pathways activated in contractility-mediated mechanosensing
and differentiation. Reproduced with permission from reference (Hao et al.
2015), Elsevier.

The Wnt pathway does not get activated in response to focal adhesion formation, but it is
an important mechanosensitive pathway which transmits signals from cell-cell interfaces.
Wnt pathway has a key role during development, and in adults it regulates tissue homeo-
stasis by affecting stem cell proliferation and differentiation. (Schlessinger et al. 2009)
The best-studied regulator of Wnt pathway is B-catenin, which transmits mechanotrans-
ductive signals from adherens junctions to the nuclear interior, enhancing cell prolifera-
tion and growth. It has been shown that nuclear accumulation of B-catenin requires phos-
phorylation by JNK, which correspondingly requires activation of Rac1, which highlights
the complexity of the crosstalk between these signalling pathways (Wu et al. 2008).

RhoA/ROCK signalling controls cytoskeletal organisation of the cell and assembles it
according to environmental cues. The Rho family of small GTPases include Rho, Rac and
Cdc42, and they all have distinct functions in cytoskeletal organisation. Rho regulates
stress fiber formation and cell contractility, Rac controls lamellipodia formation and
Cdc42 regulates filopodia formation. In addition, Rho family GTPases alter microtubule
dynamics and therefore cell polarity. RhoA pathway has many known effectors, the best-
known being ROCK, which regulates myosin light chain phosphorylation and actin-my-
osin contractility. The contraction of stress fibers is regulated by myosin light chain phos-
phorylation and by calcium-dependent myosin light chain kinase. (Amano et al. 2010;
Hao et al. 2015)
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2.3 Hydrogels

Hydrogels are water-swollen 3D polymer networks. They are attractive materials for bi-
omedical applications, as they mimic the properties of natural tissue environments better
than 2D cell culture substrates. They have a high water content, similar to that of natural
tissues, and the elastic modulus of hydrogels is typically within the kilopascal range,
which is similar to that of natural soft tissues (Tibbitt & Anseth 2009).

2.3.1 Classification, fabrication and properties
2.3.1.1 Classification

As a versatile class of biomaterials, hydrogels can be classified in many ways. The most
straightforward approach is to classify hydrogels according to their origin, either as nat-
ural, synthetic or hybrid hydrogels (Hoffman 2002). Natural hydrogels, such as collagen,
HA and alginate, are often used for biomedical applications because of their biocompati-
bility, biodegradability and inherent biological functions. However, because of their in-
herent bioactivity, it is difficult to determine exactly which signals are promoting cellular
behaviours. Naturally derived hydrogels also possess a threat of potential immunogenic
reactions and batch-to-batch variability. Synthetic hydrogels, such as various polyesters,
on the other hand, do not possess inherent bioactivity and thus engineering materials with
defined properties is easier. In general synthetic hydrogels have better mechanical prop-
erties and durability compared to natural hydrogels. (Tibbitt & Anseth 2009)

Alternatively, hydrogels can be classified according to their degradability, either as bio-
degradable or non-biodegradable hydrogels. Other classification parameters may include
the preparation method, type of crosslinks or the ionic charge of the network. (Slaughter
et al. 2009)

2.3.1.2 Fabrication

The network structure of hydrogels is obtained by crosslinking. Crosslinking can be done
by physical or chemical means. Physical gels are bound either by molecular entangle-
ments or by weaker non-covalent forces, such as hydrogen bonds or ionic or hydrophobic
interactions. These gels are not homogenous and the networks can have free chain ends
or loops that cause temporary network defects. (Hoffman 2002) Physical hydrogels can
be fabricated by photopolymerisation using irradiation or ultraviolet light, or in response
to temperature. Crosslinking by radiation does not require the usage of toxic crosslinking
agents or other impurities (Ahmed 2015), but it has been shown that unreacted radicals
can be left in the gel, causing cells to apoptose (Raza & Lin 2013).

Hydrogels that are crosslinked by covalent bonds are called ‘chemical’ or ‘permanent’
gels. Chemically crosslinked hydrogels tend to be more homogenous, but can still contain
areas with variable crosslinking density or swelling. Crosslinking is commonly done by
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chemical reaction, such as click chemistry. Chemical crosslinking can often be achieved
through facile reactions, but chemical residues from some reactions can be toxic to cells,
which may compromise the biocompatibility of the product. (Peppas & Hoftfman 2013)

Hydrogels are known for their extensive swelling properties and they consist of ‘total
bound water’, which can be divided to primary bound water and secondary bound water.
When the hydrogels start to swell the first water molecules will react with the most hy-
drophilic groups and therefore they are called primary bound water. After the hydrophilic
groups are hydrated the secondary bound water will react with recently exposed the hy-
drophobic groups. As all of the polar and non-polar groups have been occupied the net-
work absorbs additional water and will reach an equilibrium swelling level. (Hoffman
2002) The swelling ratio is inversely proportional to crosslinking density, which means
that less crosslinked, and therefore softer gels generally contain more water (Singh et al.
2013).

2.3.1.3 Physical properties

Hydrogels are attractive materials for cell culture and regenerative medicine applications,
as several of their physical properties can be tailored to suit specific needs. Important
physical properties of hydrogels include stiffness (or elasticity), swelling, pore size (i.e.
mesh size) and degradation. The stiffness of a hydrogel can be modified by increasing or
decreasing the level of crosslinking of the polymer network. The pore size correlates with
the swelling behaviour and mechanical properties of the hydrogel, and smaller pore size
generally results in lower swelling and higher modulus. The pore size is on the nanometer
scale, and it is one of the most crucial parameters of the hydrogel, as it affects the flux of
nutrients through the material. Degradation of synthetic hydrogels can be modified by
addition of enzymatically degradable peptide crosslinkers into the network structure.
Some natural polymers such as HA are commonly enzymatically degradable even without
any modifications, but others, such as gellan gum, which is not found in eukaryotic or-
ganisms, are not degradable by mammalian cells. (Caliari & Burdick 2016)

As hydrogels have stiffnesses similar to those of natural tissues, hydrogels generally have
poor mechanical strength, which limits their use for load-bearing applications. Another
frailty is that hydrogels consisting of fibrous proteins such as collagen can shrink during
cell culture, due to the exertion of mechanical forces by cells. In addition, sterilisation of
hydrogels can be challenging. For cell encapsulation, hydrogel components must be ster-
ilised before gelation. This can be done by sterile filtering the solution containing the
hydrogel components, or through germicidal UV irradiation of the solution or dry poly-
mer components. However, special attention must be paid to the selection of the sterili-
sation technique, to prevent the hydrogel components from unintentional degradation or
denaturation. (Caliari & Burdick 2016)
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2.3.2 Poly(ethylene glycol) hydrogels

Poly(ethylene glycol) (PEG) hydrogels are synthetic hydrogels, which have gained atten-
tion among researchers due to their biocompatibility and bioinertness. PEG hydrogels do
not cause immunogenic reactions, and due to their hydrophilicity they induce only mini-
mal protein adsorption onto their surface. Therefore, they can be considered as blank
slates for tissue engineering applications. (Zhu 2010)

PEG is a polyether that can have a linear or a branched structure. The branched structures
can be multi-arm or star shaped, e.g. with three, four, six or eight arms. (Zhu 2010) The
structure of a four-arm PEG is shown in Figure 6. PEG does not have functional groups
on its backbone but the ends groups of the molecule can be easily modified with different
functional groups, bioactive agents or other molecules. This is required for crosslinking
or conjugation of cell adhesive groups. (Singh et al. 2013)
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Figure 6. Structure of 4-arm PEG.

Due to the bio-inert nature of PEG, further modifications with biological motifs are
needed in order to form hydrogels. PEG can be modified with cell adhesion ligands,
growth factors or other biomolecules in order to promote cell survival or induce biological
responses. PEG itself is not hydrolytically degradable, though enzymatic degradability, a
property that is important for many biomedical applications, can be introduced.

2.3.3 Hyaluronan hydrogels

Hyaluronan (HA) or hyaluronic acid is a non-sulfated GAG, which is present in all of the
connective tissues throughout the body as one of the components of the ECM. HA is
extensively present in the vitreous of the eye and in cartilage. (Burdick & Prestwich 2011)
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As a negatively charged molecule, HA has high capacity for binding water, and it is im-
portant for the hydration of tissues. It is also important for other biological processes. For
example, during embryogenesis, HA makes up a large proportion of the tissues, and later
on, it affects the structure and function of adult tissues and has a role in wound healing.
In vivo, HA has a rapid turnover time, and it can be degraded enzymatically by hyaluron-
idases. (Burdick & Prestwich 2011)

HA is a linear polysaccharide, which consists of repeating disaccharide units of -1,4-D
glucuronic acid-p-1,3-N-acetyl D-glucosamine, shown in Figure 7. The molecule can be
chemically modified, and the modifications usually target three functional groups: the
glucuronic acid carboxylic acid, the primary and secondary hydroxyl groups and the N-
acetyl group (Burdick & Prestwich 2011).

OH OH

O HO
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Figure 7. Structure of a hyaluronan monomer.

The biofunctionality, biocompatibility and multiple sites of modification make HA an
attractive material for tissue engineering research. It has been noted as an important ma-
terial for studying the effects of environmental cues on cell fate. Of important note, it has
been shown that embryonic stem cells maintain their undifferentiated state and differen-
tiation capacity when encapsulated in HA gels (Gerecht et al. 2007). This could be due to
the high amount of HA during embryonic development.

Even though unmodified HA does not support integrin-mediated cell adhesion, cells are
known to interact with HA via CD44 receptors. CD44-mediated interactions have been
suggested to have a role in cell adhesion and migration (Zhu et al. 2006) and this process
may be mechanosensitive to matrix stiffness (Kim & Kumar 2014). These interactions
may complicate the experimental set up, and when studying effects of adhesion ligand
presentation in these hydrogels, HA-CD44 interactions could potentially be blocked by
antibodies.
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2.4 Effects of adhesion ligand presentation on cell behaviour

Cell-matrix adhesion is crucial for preventing anoikis in anchorage-dependent cells such
as MSCs. Most synthetic biomaterials do not support cell adhesion in their pure form and
therefore these materials are commonly modified with cell adhesion ligands. In early
studies, cell-biomaterial adhesion was improved by anchoring whole proteins to the ma-
terial surface. Some proteins that enhance cellular adhesion include fibronectin, laminin,
collagen, elastin, bone sialoprotein and vitronectin (Zhu & Marchant 2011).

Immobilisation of whole proteins on synthetic materials has many disadvantages, such as
eliciting undesirable immune responses and introducing non-specific binding motifs. In
practice, large proteins fold, denature and undergo enzymatic degradation. Short peptide
sequences derived from these proteins are a more stable option for enhanced cellular ad-
hesion. Short peptide motifs that are recognised and bound to by integrins — called adhe-
sion ligands — can also be attached to the surface at higher densities, as they do not require
as much space as whole proteins. The most commonly used ligand for immobilization is
RGD, which is found in various proteins, including fibronectin, collagen, laminin, vitron-
ectin and bone sialoprotein. /n vivo, RGD is widely distributed amongst different tissues
and it has a role in cell anchoring, behaviour and viability. RGD is available in cyclic
(cRGD) and linear forms (Zhu 2010) and it can be attached on to the surface or within
the bulk of the hydrogel. The cyclic form mimics the looped conformation of RGD found
in fibronectin and has much higher affinity for integrin than linear RGD. Other well-
known adhesion peptides include GFOGER, REDV and IKVAV. (Hersel et al. 2003)

The dimensionality of the microenvironment has a major effect on cell behaviour, as cells
encapsulated within a 3D hydrogel have a very different environment compared with cells
on 2D substrates. When cells are cultured as a monolayer on the bottom of a well of a cell
culture plate, cell adhesion to the substrate is restricted only in a planar direction, which
results in abnormal polarisation of the cells. In addition, the stiffness of the underlying
substrate is usually very high, in the case of a well plate around 3 GPa (Yang et al. 2014),
which is a lot higher than the stiffnesses of the natural tissues, listed in Table 1. The flow
of nutrients and waste is much more hindered in a 3D matrix, compared to on a 2D sub-
strate, and gradients of soluble factors form. (Tibbitt & Anseth 2009; Lv et al. 2015) Even
though 3D environments better resemble the structure of natural tissue, carrying out sin-
gle variable studies i1s quite challenging due to the added complexity of the 3D environ-
ment, as many of the material properties synergistically influence one another and alter
cell behaviours.

2.4.1 Studies carried out in 2D

In 2D, much research has focused on evaluating the effects of adhesion ligand presenta-
tion on cell shape, integrin clustering and cytoskeletal architecture. In the case of stem
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cells, the correlations between adhesion ligand presentation, cell spreading and cell dif-
ferentiation have been investigated.

McBeath et al. (2004) showed that by restricting human mesenchymal stem cell (hMSC)
spreading, it is possible to guide their differentiation. Micropatterned cell culture sub-
strates were fabricated by microcontact printing different sized fibronectin islands (1,024,
2,025 and 10,000 pm?) onto polydimethylsiloxane (PDMS) substrates, and the islands
were surrounded by non-adhesive regions. MSCs were cultured on these substrates for
one week in co-induction medium, which contains cues for differentiation to both adipo-
cytes and osteoblasts. Cells cultured on the largest fibronectin islands were able to spread
and they underwent osteogenesis, and on the smallest fibronectin islands where spreading
was not possible, rounded cells became adipocytes. Both adipocytes and osteoblasts were
observed on the intermediate sized islands. It was demonstrated that when both rounded
and spread cells were infected with an adenovirus containing a constitutively active
ROCK, all cells became osteoblasts, regardless of the original morphology. This kind of
virally induced osteogenesis could be blocked with a myosin II inhibitor. Thus, ROCK-
induced myosin-generated cytoskeletal tension was shown to regulate hMSC commit-
ment between adipogenic and osteogenic fates. (McBeath et al. 2004)

Work with fibronectin islands was continued by Théry et al. (2006). PDMS stamps with
different geometries (V, V, T, Y and II) were coated with fibronectin and added to si-
lanised glass coverslips, and the surrounding areas were coated with non-adhesive PEG-
maleimide solution. When culturing epithelial cells in basic medium (BM) on these fi-
bronectin islands, cell spreading followed the shape of an equilateral triangle (excluding
cells on the II shape), and the cell membrane hung over the non-adhesive areas on V, T
and Y shapes. It was noted that cytoskeletal tension was not identical within the cells, as
much stronger stress fibers and larger focal adhesions were observed on the non-adhesive
edges. Therefore, the results indicated that the ability of the cell to form multiple cell-
ECM attachments along the edges of the membrane alters the strength of the stress fibers.
(Théry et al. 2006)

Several studies have shown that it is possible to guide stem cell fate by altering the shape
of the adhesive island. Kilian et al. (2010) fabricated different shapes of adhesive fibron-
ectin islands by microcontact printing on to a PDMS substrate, and cultured individual
hBMSC:s in co-induction medium for a week. Fabricated shapes included rectangles with
different aspect ratios (1:1, 3:2 and 4:1), and it was shown that osteogenesis increased
with aspect ratio. In addition, when studying flower, pentagon and star shapes it was ob-
served that osteogenesis increased with shapes which included steeper angles and thus
increased cytoskeletal tension. On circular islands, 74% of the cells favoured adipogenic
fate, and on angular, holly-shaped islands, 67% of cells differentiated to osteoblasts.
When cytoskeletal contractility was inhibited, cells differentiated to adipocytes. On the
other hand, when cytoskeletal contractility was increased, MSCs differentiated to osteo-
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blasts. The results highlighted the importance of adhesion and contractility for osteogen-
esis. When studying the activation of biochemical signalling pathways, the results indi-
cated that inhibition of ERK and JNK pathways resulted in decrease in osteogenesis.
(Kilian et al. 2010)

The findings of Kilian et al. were supported by the results of Peng et al. (2011), who also
cultured cells on different shapes of adhesive islands. Adhesive RGD micro-islands, with
different shapes but the same adhesive area of around 900 pm? in each, were fabricated
on PEG hydrogels. Four different shapes were compared: circle, square, triangle and star.
Individual rat MSCs were cultured on these islands for six days in either OM or AM.
High cytoskeletal tension was observed within the cells on multi-angular geometries, but
not in the cells which were cultured on circular shapes. Correspondingly, osteogenesis
was most intensively present on angular shapes, and adipogenesis on circular shapes.
(Peng et al. 2011)

The work by Spatz’s group has thoroughly demonstrated the effects of RGD-ligand spac-
ing on cell adhesion, spreading and migration. Studies have been carried out on precise
RGD-modified nanopatterns, prepared with diblock copolymer micelle nanolithography.
Briefly explained, glass slides were first patterned with gold nanoparticles with various
spacings, and the space between nanodots was covered with non-fouling PEG to prevent
cell or protein adsorption. Gold nanoparticles were functionalised with cRGD ligands,
and as the size of the nanoparticle was around 8 nm, each one allowed the attachment of
only one integrin heterodimer (~12 nm), and thus enabled the study of lateral integrin
clustering. When osteoblasts were cultured on substrates with inter-ligand nanospacings
of 28, 58, 73 or 85 nm, cell spreading and co-localisation of integrin, vinculin and FAK
were observed on smaller nanospacings, but not at 73 nm or 85 nm. It was determined
that cells are not able to form stable focal adhesions at nanospacing of 73 nm or larger,
due to limited lateral clustering of integrins. (Arnold et al. 2004) In addition, when fibro-
blasts were cultured on two different nanospacings, 58 and 108 nm, cells were able to
attach to both substrates, but cells spread well only on 58 nm, and on 108 nm cell spread-
ing was delayed and repeated protrusion-retraction cycles were observed. In addition,
cells on 108 nm only formed unstable contacts, in which vinculin and zyxin did not co-
localise with actin stress fibers. (Cavalcanti-Adam et al. 2007)

Similar to the work carried out by the Spatz group, Frith et al. (2012a) studied the effects
of different nanospacings on mesenchymal stem cell behaviour. hBMSCs were cultured
for 10 days in a co-induction medium on non-adhesive poly(styrene-block-ethylene ox-
ide-maleimide) (PS-PEO-Ma) copolymer surfaces functionalised with RGD ligands at
four different nanospacings: 34, 44, 50 or 62 nm. Cells cultured on 34 or 44 nm spacings
had larger spread areas and well defined actin cytoskeleton, and cells on 50 or 62 nm
nanospacings had more disorganised actin cytoskeleton. On 62 nm nanospacings, cells
extended multiple filopodia. Larger focal adhesions were observed on smaller nanospac-
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ings, and on larger nanospacings vinculin did not localise to the ends of the actin fila-
ments. Based on gene expression analysis and Alizarin Red and Oil Red O stainings, it
was concluded that 34 nm nanospacing supported osteogenesis and 62 nm spacing sup-
ported adipogenesis. (Frith et al. 2012a)

Even though many of the studies indicate that smaller nanospacing of adhesion ligands is
beneficial for osteogenesis, contradictory results were obtained by Wang et al. (2013).
Block copolymer micelle nanolithography was employed to fabricate varying RGD den-
sities on PEG hydrogel surfaces, and the nanospacings under study were 37, 53, 77, 87 or
124 nm. When bone marrow stromal cells (BMSCs), isolated from a rat, were cultured in
a co-induction medium for seven days on these patterns, osteogenesis was predominant
over adipogenesis on larger RGD nanospacings (53—124 nm), even though opposite re-
sults had been obtained according to previous studies with nanopatterns. (Wang et al.
2013)

Contradictory results could arise from the differing elasticies of the substrates. On the
stiffer block copolymer substrates used by Frith and Spatz, the cells spread very flat when
the spacing between the ligands was small and there was a lot of intracellular tension.
When the spacing between the ligands was large, cells could not spread and exert tension
on the substrate to deform it, and thus the cells remained rounded. This correlates with
the differentiation, which displayed similar behaviour to the differences seen between
stiff versus soft 2D substrates. On softer hydrogels, used by Wang et al., the morphology
had a similar correlation with differentiation. The reason for the increased osteogenic
differentiation at higher nanospacings may be because the lower stiffness of the material
allowed the cells to bind to and deform the gel, enabling them to reach ligands which are
spaced further apart. The clustering of integrins may have then brought ligands within the
gel closer together, making the gel more densely concentrated and stiffer than in gels with
higher ligand density, which required less deformation for integrin clustering.

In addition to the studies concerning the nanospacing of adhesion ligands, the effects of
ligand identity have been compared by Rowlands et al. (2008). Polyacrylamide (PA) hy-
drogels with varying stiffnesses (0.7, 9, 25 or 80 kPa) were coated with one of four dif-
ferent ECM molecules: fibronectin, laminin or collagens I or IV. hBMSCs were cultured
for 14 days in basic medium on top of these gels. Osteogenesis was significantly more
prominent on the stiffest gel (80 kPa) coated with col I. As collagen I makes up 80% of
the protein content of bone, this demonstrates the importance of biomimetic environments
for gene expression activation. On the other hand, myogenesis was observed on all gels
with stiffness higher than 9 kPa, regardless of the protein coating. (Rowlands et al. 2008)

Frith et al. (2012b) studied hMSC behaviours on PS-PEO-Ma substrates which were func-
tionalised with one of four different adhesion ligands: RGD, RRETAWA, IKVAV or
YIGSR. IKVAV and YIGSR are both sequences present in laminin, and RRETAWA is
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a synthetic sequence with affinity to only asP1 integrin. hMSCs obtained a classic fibro-
blastic morphology and spread well on RGD-modified surfaces. Stress-fibre formation
was observed on RGD and RRETAWA-presenting surfaces, but not with IKVAV or
YIGSR. When culturing cells in co-induction medium for 21 days, IKVAV was shown
to support osteogenesis, and IKVAV and RRETAWA supported adipogenesis. RGD was
needed to ensure the viability of hMSCs beyond initial attachment. (Frith et al. 2012b)

Studies mentioned in this section are summarised in Tables 2 and 3. All in all, the results
obtained from studying cell behaviour on 2D substrates indicate that the adhesion ligand
density affects the cytoskeletal architecture of the cell. Cells which are able to spread and
form an organised cytoskeleton are more likely to differentiate to osteoblasts, and when
cells are forced to adopt a rounded morphology, they differentiate to adipocytes. Stable
focal adhesions are formed only when the ligand density is sufficient. In addition, the
adhesion ligand identity can alter cell responses. Apart from the effects of adhesion ligand
presentation, also the stiffness of cell culture substrate was shown to alter the study out-
comes. Culturing cells on substrates with different stiffnesses can guide stem cell differ-
entiation, and this was first demonstrated by Engler et al. (2006). (Engler et al. 2006)
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Summary of studies carried out with adhesive microislands in 2D. Co-induction refers to a mixture of osteogenic and adipogenic me-

dium.
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Reference Cell type Material ] eston u ure " 1'1re me Cell response
ligand time dium
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hMSCs PDMS substrate FN 7 days Co-induction )
2004 blasts and rounded to adipocytes.
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Théry et al. Epithelial | Gl 1 th -
cryeta pretia ass cox'fers P WIS VAtyTiS EeOfis FN - BM were formed to the non-adhesive
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edges of the cell membrane.
Kili t al. Contractility of th toskelet
Han eta hBMSCs PDMS substrate FN 7 days Co-induction on .rac 1ty of The cytoskele .on was
2010 important for osteogenesis.
p tal Higher cytoskeletal tension and in-
eng et al.
8 Rat MSCs PEG hydrogel surface RGD 6 days OM, AM creased osteogenesis were observed
on angular shapes.

2011
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Table 3.  Summary of studies carried out with various ligand spacings or ligand identities. Co-induction refers to a mixture of osteogenic and
adipogenic medium.
Ligand Cult
Reference Cell type Material Ligand 1ga.n u ure Culture medium Cell response
spacing time
Osteo- Glass coated 28, 58, 73, Cells were not able to form stable
Arnold et al. 2004 . RGD 1 day BM .
blasts with PEG 85 nm FAs at nanospacing of > 73 nm.
At 108 11 di de-
Cavalcanti-Adam Fibro- Glass coated RGD 58108 BM laved n?;l’ ° stpr:laa 1r;g Was ©
nm - ayed, with repeated protrusion-re-
etal. 2007 blasts with PEG ’ vee P P
traction cycles.
34,44, 50 34 ted ost: is and
Frith etal. 2012a | hBMSCs | PS-PEO-Ma RGD 9010 days Co-induction i SUppOTTee OSIEOBENESIS 4l
62 nm 62 nm adipogenesis.
Y tal. 2013 Rat PEG hydrogel RGD 37,53,77, 8d Co-inducti IOSteogeneSiS 'Was predorz%nant .
ang et al. BMSCs ydroge 87. 124 nm ays o-induction arge nanospacmgs over adipogene-
sis.
Rowlands et al EN. lamini A biomimetic ligand and high stiff-
owlands et al. aminin
hBMSCs PA hydrogel ’ ’ N/A 14 days BM ness were beneficial for osteogene-
2008 col I, col IV )
sis.
RGD
IKVA\’/ RGD was not beneficial for differen-
Frith et al. 2012b | hBMSCs PS-PEO-Ma TA\K;A, N/A 21 days Co-induction tiation, but needed for maintaining

YIGSR

cell viability.
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2.4.2 Studies carried out in 3D

The importance of adhesion ligand presentation has been demonstrated in 3D environ-
ments as well. As PEG itself does not support cell adhesion, the viability of adherent cells
on an unmodified material is very low. A study by Nuttelman et al. (2005) showed that
after one week in culture, h(MSC viability was 75% in acryl-PEG gels with an RGD con-
centration of 2.8 mM, and only 15% within gels with no adhesion ligands (Nuttelman et
al. 2005).

Salinas & Anseth (2008b) demonstrated the importance of the way in which adhesion
ligands are incorporated to the polymer network. They compared different ways of RGD
ligand attachment to a PEGDA hydrogel network, and studied how it influenced cell vi-
ability and FA formation. In unmodified PEGDA gels, cell viability was only 7.3% after
14 days of culture in BM. Covalently attaching RGD to the polymer network resulted in
70% cell viability. A short, tethered RGD sequence promoted 79 % survival, while a
dually attached RGD, which was bound from both ends of the peptide, supported cell
viability of 61% after 14 days. Lower viability on dually attached RGD gels can be ex-
plained by steric hindrance, which occurs when the peptide is bound from both ends to
the material and prevents integrins from binding the peptide, and therefore from attaching
to the substrate. RGD which was attached with a spacer arm sequence to the network,
enabled the highest hMSC viability, 84% after 14 days. The spacer arm sequence creates
distance between the RGD ligand and the polymer backbone, which is thought to facilitate
integrin binding. The most extensive focal adhesion formation was observed with the
short tethered RGD and with the RGD containing a spacer arm sequence. Soluble RGD
blocks integrin binding and this resulted in viability of 6%, which is similar to the viability
of cells in unmodified PEG. (Salinas & Anseth 2008b)

RGD presentation has been shown to inhibit chondrogenesis in alginate and agarose hy-
drogels. Connelly et al. (2007) studied bovine bone marrow stromal cells encapsulated in
alginate hydrogels, functionalised with either RGD ligands or non-adhesive RGE se-
quences. After seven days in culture in either CM or BM, the chondrogenic gene expres-
sion was higher in the cells which were cultured in chondrogenic medium, but even the
differentiation medium did not stimulate the gene expression over basal levels in RGD-
functionalised alginate gels. In addition, the cartilaginous matrix synthesis seemed to be
inhibited in the presence of adhesion peptides, and sulphated GAG accumulation, a
marker of chondrogenesis, seemed to decrease with increasing RGD density. (Connelly
et al. 2007) In agarose gels, similar results were obtained by Connelly et al. (2008). Calf
BMSCs were encapsulated in agarose hydrogels functionalised with 400 uM RGE or
RGD. After seven days of culture in BM or CM, 24% less GAG accumulation was ob-
served in RGD-modified gels compared to non-adhesive RGE-modified gels. The GAG
levels were similar in RGE or unmodified gels. Interactions with RGD-ligand seemed to
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inhibit the chondrogenic response to the differentiation medium, but it enhanced osteo-
genic response in basic medium. The inhibition of chondrogenesis was related to cyto-
skeletal organisation, as the inhibition was blocked and chondrogenesis favoured by dis-
ruption of the F-actin cytoskeleton and blocking the cell spreading. (Connelly et al. 2008)

Salinas & Anseth (2008a) fabricated biomimetic PEGDA hydrogels which contained cues
specifically for induction of chondrogenic differentiation. They designed enzymatically
degradable peptide sequences, which contained RGD ligands and a cleavage site for ma-
trix MMP 13, which is found in aggrecan, a major marker of chondrogenesis. Enzymatic
cleavage and degradation of these peptides results in the release of the RGD peptide.
Initial attachment to fibronectin has been found to be important for chondrogenesis, but
at later stages unbeneficial, as noted by Connelly et al. (2008). h(MSCs were cultured for
24 days in CM. After three weeks of culture, GAG production was 10 times higher in gels
with cleavable RGD sequences, compared to gels with uncleavable RGD peptides. In
addition, 75% of the cells in degradable RGD gels were positive for collagen type II dep-
osition, and only 19% were positive in the gels where RGD remained. (Salinas & Anseth
2008a)

GFOGER, a motif present in many types of collagens, has been shown to be more bene-
ficial for inducing chondrogenesis, compared to RGD peptide. Mhanna et al. (2014) fab-
ricated degradable and non-degradable PEG hydrogels modified with either GFOGER or
RGD. After 21 days in culture in CM, proliferation of hMSCs was four times higher on
GFOGER-modified degradable gels compared to degradable gels with no adhesion se-
quences. In addition, proliferation was two times higher on GFOGER-modified gels com-
pared to RGD-modified gels. Degradable hydrogels enhanced cell spreading, and thicker
actin filaments were observed on the cells embedded in RGD modified gels. Cells within
GFOGER-modified gels contained thinner and more dispersed actin cytoskeleton, which
is associated with chondrogenesis. Degradability was concluded to be essential for chon-
drogenesis in hydrogels modified with adhesion peptides. (Mhanna et al. 2014)

Huebsch et al. (2010) encapsulated clonally derived murine MSCs in alginate hydrogels,
modified with RGD. Elastic moduli of the hydrogels was varied between 2.5 and 110 kPa,
and the RGD density was varied in parallel. After seven days in culture in co-induction
medium, osteogenesis was observed on the gels with intermediate stiffnesses, 11-30 kPa,
and adipogenesis was observed in softer gels with moduli from 2.5 to 5 kPa. Cell mor-
phology did not correlate with stem cell fate. However, when primary hMSCs where cul-
tured on these gels, they exhibited more heterogeneous lineage commitment in response
to the stiffness of the gels, consistent with the heterogeneity of the naive cell population.
(Huebsch et al. 2010)

Khetan et al. (2013) encapsulated MSCs in covalently crosslinked hyaluronan hydrogels,
which were modified with RGD adhesion ligands and MMP-degradable crosslinks. After
seven days in culture in BM, cells were more spread and could deform the surroundings
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to a larger extent in the degradable gels, compared to gels in which proteolytic degrada-
tion was impeded. Cells which were encapsulated in gels without adhesion ligands re-
mained rounded and exhibited minimal traction forces and low viability, which indicated
that cell spreading and traction generation were dependent on the adhesion ligand presen-
tation and integrin binding. Cells remained undifferentiated after seven days of culture.
Cells were grown for an additional 14 days in co-induction medium, and osteogenic dif-
ferentiation was observed in the degradable gels, whereas the gels which could not be
degraded supported adipogenesis. Generation of cellular traction forces through matrix
adhesions was concluded to be a guiding factor between osteogenic and adipogenic fates.
(Khetan et al. 2013)

Studies mentioned in this section are listed in Tables 4 and 5. As a summary, the 3D
environment adds complexity to the study settings. When cells are encapsulated into a
hydrogel, they are forced to adopt a rounded morphology. Besides adhesion ligand
presentation, degradability of the material is essential to enable cell spreading. It is sug-
gested that adhesion ligands act as handles, by which the cells can sense the properties of
their surroundings, such as stiffness of the gels. The strong correlation between cell shape
and differentiation observed in 2D environments does not seem to be so extensively pre-
sent in 3D environments. Some studies have shown that cell morphology and differenti-
ation do not correlate, as rounded cells underwent osteogenesis, while others conclude
that cell spreading is beneficial for osteogenesis in 3D as well. By attaching to adhesion
ligands, cells are able to organise their cytoskeleton and generate traction forces, which
might be the switch between adipogenesis and osteogenesis. As all the properties of the
matrix affect the cell behaviours in combination, it would be important to prepare such
platforms where the properties could be studied also irrespective of each other.



31

Table 4.  Summary of studies carried out in 3D, 1/2.
. . Ligand concen- Culture Culture
Reference | Cell type Material Ligand ] ] . Cell response
tration time medium
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et al.
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P tation of RGD ligand al-
Anseth | hMSCs PEGDA RGD ; 14 days BM rese? ¢ g’n (1’1 iganda
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Comnellv et | Bovine Interactions with RGD decreased
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Connelly et | - calf A RGD, RGE 0, 200, 400 uM 7d CM, BM d cell spreading and inhib
r r reading and inhib-
AL 2008 BMSCs garose , , 200, u ays , creased cell spreading a

ited chondrogenesis.




32

Table 5.  Summary of studies carried out in 3D, 2/2. Co-induction refers to a mixture of osteogenic and adipogenic medium.
. . Ligand con- Culture Culture me-
Reference Cell type Material Ligand ] ] . Cell response
centration time dium
Salinas & An- Degradable Cleavability of RGD was beneficial
hMSC RGD - 24 d CM, BM
seth 2008a ° PEGDA s ’ for chondrogenesis.
Mh ¢ al Degradable and GFOGER Ligands increased proliferation, de-
anna et al. , o .
2014 hMSCs non-degradable RGD 0, 100 uM 21 days CM gradability was essential for chon-
PEG drogenesis.
Huebsch et al Murine 75 37 and Cell fate was not correlated with
uebsch et al. .5,37 an . . .
MSCs, Alginate RGD 7 days Co-induction | morphology. Osteogenesis at 11-30
2010 754 uM . .
hMSCs kPa and adipogenesis 2.5-5 kPa.
BM, fol-
Khetan et al. ’ Differentiati dependent
caneta hMSCs Degradable HA RGD 0, 754 uM 21 days lowed by co- HLiereilation was depefident on

2013

induction

degradation-mediated traction.
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3. AIMS OF THE STUDY

The original aim of the study was to contribute to the fabrication of highly modular PEG-
peptide hydrogels, and to study the effects of adhesion ligand density on hBMSC viability
and differentiation in these gels. The results would be related only to the material proper-
ties, as no differentiation media would be used. However, as the project faced delays in
the fabrication of PEG hydrogels, the focus was shifted to hyaluronan hydrogels in order
to fit the cell culture studies to the time frame of this thesis. Preliminary studies concern-
ing cell viability were carried out over a week of culture. Two types of hyaluronan hy-
drogels were compared: one containing fibronectin, which contains cell adhesion ligands,
abbreviated as HAH-FN, and one without adhesion ligands, abbreviated as HAH.

The specific aims of the thesis were:

I To optimise functionalisation of PEG with 4-NPC and achieve as high degree of
functionalisation as possible.

I To optimise RNA extraction from PEG-peptide hydrogels by comparing two com-
mercially available RNA extraction kits and two different buffers.

IIT  To compare cell viability, morphology and number in hyaluronan hydrogels with
or without fibronectin.
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4. MATERIALS AND METHODS

4.1 Workflow

The workflow of the thesis project is presented in Figure 8. First, PEG4NPC synthesis
was optimised. Then, RNA extraction was optimised from PEG hydrogels which were

crosslinked with a simple peptide, but did not possess any adhesion ligands.

Optimisation of
PEG4NPC synthesis

Encapsulation of
hBMSCs to PEG gels

Optimisation of RNA | Switching to
extraction from PEG gels hyaluronan hydrogels

Encapsulation of
hBMSCs to HAH-FN
and HAH hydrogels

Brightfield Live/dead AlamarBlue CyQuant Confocal

imaging staining assay assay

imaging

Figure 8. Workflow of the thesis project.

The actual cell studies were carried out with hyaluronan hydrogels, which either con-
tained or did not contain fibronectin. Each of the cell culture assays were carried out at
1-, 4- and 7-day time points.

4.2 Optimisation of PEG4ANPC synthesis

4.2.1 PEGANPC synthesis

The aim was to functionalise four-arm PEG (My 10,000) with 4-nitrophenyl chlorofor-
mate (4-NPC) in order to produce four-arm PEG nitrophenyl carbonate (PEG4NPC), and
to achieve as high functionalisation as possible. In subsequent steps, this functionalisation
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enables the crosslinking of PEG with peptides via an amine group in a terminal lysine
residue. A summary of the experiments is presented in Table 6 and the conjugation reac-
tion is shown in Figure 9. The experimental procedure is briefly described below. The
experiments varied by the reaction time, the amount of 4-NPC used and whether or not
catalyst 4-dimethylaminopyridine (4-DMAP) was used.
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Figure 9. Conjugation reaction for poly(ethylene glycol) and 4-NPC to yield
PEG4NPC.

PEG(10K)40H (JenKem Technology USA) and 4-NPC (Sigma-Aldrich) were dissolved
in dichloromethane (DCM, Sigma-Aldrich) under anhydrous conditions, after which the
solution containing PEG was added to a stirring 4-NPC solution dropwise. In experiments
in which 4-DMAP (Sigma-Aldrich) was used, it was added to the 4-NPC solution. For
experiments no. 2—5, the anhydrous conditions and N> flow were provided by N»-filled
balloons and an N> cylinder, which were later on replaced by an N> chamber. The reaction
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time varied depending on the experiment, from 2.5 to 24 or 72 h, after which the solvent
was evaporated.

Next, the solution was precipitated via one of two different precipitation methods. In the
first (A) precipitation method, the solution was precipitated using ice-cold diethyl ether
(DE, Sigma-Aldrich) and incubated at -80 °C for 20 min, after which the supernatant was
removed. In the second (B) precipitation method, room temperature DE was added and
the solution was centrifuged for 20 min at 4 °C, after which the supernatant was removed
and the precipitation step was repeated two more times. After the precipitation step, the
solvent was evaporated. From the experiment no. 4 onwards, the product was dried in a
vacuum oven for 1 h at 70 °C.

The use of 4-NPC as the functional group is advantageous due to its yellow colour in
alkaline solution and the ease by which the level of functionalisation can be quantified
using colorimetric techniques. The level of functionalisation was quantified by UV/Vis
spectroscopy and the quantification method is described in more detail in Section 4.2.2.
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Table 6. A summary of the experiments, showing the quantity of PEG(10K)4OH used, the amount of 4-NPC and DMAP used per -OH group,
whether the experiment was performed under anhydrous conditions, the reaction time and precipitation method.

No. of ex- PEG(10K)OH Amount of 4-NPC per  Amount of 4-DMAP per Atmospheric Reaction Precipitation
periment (mg) OH group (M) OH group (M) conditions time (h) method

1 20 3 - Fume hood (not 24 A

anhydrous)

2 20 3 - N> flow 24 A

3 200 3 - N: flow 24 A

4 200 3 - N: flow 72 B

5 200 10 - Nz flow 24 B

6 200 1.1 0.2 N2 chamber 24 B

7 200 2 1 N2 chamber 2.5 B

8 200 3 1 N2 chamber 72 B

9 1000 3 - N2 chamber 72 B
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4.2.2 Quantification of PEG functionalisation

The level of functionalisation was determined using absorbance measurements of disso-
ciated para-nitro phenolate. Adding the product to an alkaline solution with a pH > 9 (such
as 1 M NaOH) causes instant dissociation of para-nitro phenolate, which is yellow in
colour, and this method was exploited in order to quantify the level of functionalisation
of PEG4NPC. The level of unreacted 4-NPC impurities in the product that may have
remained after the precipitation step was also determined as a control specimen, by dis-
solving some of the product in Dulbecco's phosphate-buffered saline (DPBS, BioWhit-
taker, Lonza), since he rate of dissociation of 4-NPC is relatively slow at pH 7.4. Each of
the corresponding solutions was run as a blank in order to set the baseline. Absorbance
of the samples was measured at 405 nm, and the degree of coupling was calculated ac-
cording to Equation 1, in which:

A
Extinction coefficientTd*l’OOO’OOO

Degree of coupling = T * 100 %, (1)

DF
[MwpEGGomanpe* 11000,000]+4

where A is the absorbance of the sample, d is the path length and DF is dilution factor.
According to the literature, the extinction coefficient for 4-NPC at 405 nm is 18,000 M
cm’! (Zhang & VanEtten 1991).

4.3 Cell culture

In order to confirm the differentiation potential of cells from four different donors (la-
belled as 5/16, 6/16, 7/16 and 9/16) the cells were first expanded to passage 3 in basic
medium, which consisted of MEMa Medium (Gibco, Thermo Fisher Scientific) supple-
mented with 5% human serum (HS, Biowest) and 1% penicillin-streptomycin (P/S,
10,000 U penicillin/mL, 10,000 U streptomycin/mL, Lonza, BioWhittaker). During cell
maintenance but not during experiments, 5 ng/mL of human fibroblast growth factor-2
(hFGF-2, Miltenyi Biotec) was added to basic medium at each medium change to main-
tain hBMSC multipotency.

In order to induce osteogenic differentiation, cells were cultured in osteogenic medium,
which consisted of basic medium supplemented with 200 uM L-ascorbic acid 2-phos-
phate (Sigma-Aldrich), 10 mM B-glyserophosphate (Sigma-Aldrich) and 5 nM dexame-
thasone (Sigma-Aldrich). In order to induce adipogenic differentiation, cells were cul-
tured in adipogenic medium, which consisted of basic medium supplemented with 1 uM
dexamethasone (Sigma-Aldrich), 33 uM biotin (Sigma-Aldrich), 17 uM panthotenate
(Fluka, Thermo Fisher Scientific) and 100 nM human recombinant insulin (Gibco,
Thermo Fisher Scientific). Medium was changed twice per week, and in the first medium
change, 0.5 pL/mL of 3-isobutyl-1-methylxanthine (Sigma-Aldrich) was added to adipo-
genic medium.
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For the RNA extraction experiments, cells were cultured to passage 7 or 8 in basic me-
dium containing 5 ng/mL of hFGF-2. After encapsulation, the 3D hydrogel samples and
2D control samples were maintained in basic medium overnight, before RNA extraction.

For encapsulation in hyaluronan hydrogels, hBMSCs were first cultured to passage 5 in
basic medium containing 5 ng/mL of hFGF-2. After encapsulation, the samples were
maintained in basic medium at 37 °C, 5% CO; and 95% relative humidity. The medium
was changed three times per week.

4.3.1 hBMSC isolation

Human bone marrow stromal cells from a healthy male donor (labelled 9/16) born in 1924
(aged 92 at the time of isolation) and with no history of diabetes or osteoporosis were
isolated. The bone marrow sample was diluted in DPBS and filtered through a cell
strainer, after which it was centrifuged at 1,200 rpm for 5 min. The supernatant fat layer
was removed and the rest of the sample was carefully pipetted onto Ficoll (GE
Healthcare). The solution was centrifuged at 800 XG for 20 min at room temperature,
after which the cells were collected from the interphase between the formed layers.
oaMEM was added to the collected interphase. The suspension was centrifuged 1,500 rpm
for 15 min at room temperature and the supernatant was removed. The wash step was
repeated, after which cell pellets were suspended in basic medium.

Cells from three other donors (5/16, 6/16 and 7/16) had previously been prepared accord-
ing to the same protocol.

4.3.2 Evaluation of differentiation potential

The osteogenic and adipogenic differentiation potential of cells from four donors (5/16,
6/16, 7/16 and 9/16) were confirmed by treatment with either osteogenic or adipogenic
induction media. Three parallel samples from each cell line were tested for each condi-
tion. For osteogenic differentiation studies, the cells were seeded onto 24-well plates
(Costar, USA) at two different plating densities, 500 or 3,000 cells per well. Cells were
cultured for 20 days, after which Alizarin Red S (Sigma-Aldrich) staining was carried out
to qualify osteogenesis. For adipogenic differentiation studies, the cells were seeded in
24-well plates at a density of 70,000 cells per well. Oil Red O (Sigma-Aldrich) staining
was carried out on day 14 to qualify adipogenesis. The results from these assays are
shown in Figure 22 in Appendix A.

The surface marker expression of the cells was confirmed with fluorescence-activated
cell sorting (FACS) (results not shown).
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4.4 Hydrogel preparation and cell encapsulation

4.4.1 Poly(ethylene glycol) hydrogels
4.4.1.1 PEG-KDWERC synthesis

Custom synthesised Ac-KDWERC-NH, peptide (Peptide Protein Research Ltd.) was
used to crosslink PEG(10K)4NPC and poly(ethylene glycol) vinyl sulfone
(PEG(5K)4VS) (JenKem Technology USA). First, the peptide was deprotected by re-
moving the trifluoroacetic acid, which protects the exposed amine groups on the peptide,
using an organic base, triethylamine. The peptide was dissolved in dimethyl sulfoxide
anhydrous (DMSO, Sigma-Aldrich) in order to minimise hydrolysis that would occur un-
der an aqueous solution. Trimethylamine was then added (1.5 M equiv. per NH2 group of
KDWERC) and the mixture was rocked at 200 rpm for 1 h. Then, PEG4ANPC was dis-
solved in DMSO, added to the deprotected peptide and rocked at 200 rpm for 30 min. In
order to cleave any disulfide bonds which may have formed during the conjugation reac-
tion, 1,4-dithiothreitol was dissolved in DMSO (3 M equivalent per SH group) and added
to the conjugate. This mixture was rocked at 200 rpm for a further 30 min. DMSO was
removed via lyophilisation overnight. The sample was purified by using Bio-Spin P-6 gel
columns (Bio-Rad) according to the manufacturer’s protocol, from which the buffer had
been exchanged to 50 mM HEPES at pH 8.2, and then lyophilised again overnight.

4.4.1.2 Cell encapsulation

For RNA extraction experiments, 50 pL hydrogels containing 250,000 cells were pre-
pared. The gels were prepared by mixing together three fractions, containing 10 pL of
PEGA4VS solution, 10 pL. PEG-KDWERC solution and 30 pL of cell suspension.

PEG-KDWERC conjugate, PEG4VS and the cell pellet were all dissolved separately in
50 mM HEPES at a pH of 8.2, with concentrations of 18 mg/mL, 7 mg/mL and 8,333,330
c/mL, respectively. The cell suspension was added to the PEG4VS solution, and briefly
vortexed. The PEG-KDWERC solution was added to this mixture and briefly vortexed.
The solution was added to moulds and left to gelate at room temperature for 30 min and
another 30 min at 37 °C.

4.4.2 Hyaluronan hydrogels

HA-aldehyde and HA-hydrazide components were provided by the Bioengineering and
Nanomedicine Lab at Tampere University of Technology. The fibronectin was provided
by the Protein Dynamics group from the University of Tampere.
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Fibronectin solution was prepared by dissolving fibronectin in sterile DPBS at pH 7.42,
with a final concentration of 2.8 ng/uL. HA-aldehyde was dissolved at 16 mg/mL in ster-
ile DPBS at pH 7.42, and HA-hydrazide was dissolved at 16 mg/mL in either sterile DPBS
at pH 7.42 or in the fibronectin-DPBS solution.

A cell pellet was suspended in HA-aldehyde solution with concentration of 200,000
cells/mL. This cell suspension was mixed with HA-hydrazide or HA-hydrazide-fibron-
ectin solution at a 1:1 volume ratio in sterile moulds fabricated from syringes with the
ends cut off, in order to make 50 uL hydrogels containing 50,000 cells. The gel samples
were incubated for 1 h at 37 °C, after which the samples placed in cell culture plates.

The overall concentration of HA in all hydrogels was 16 mg/mL (0.8 mg per 50 pL hy-
drogel). The fibronectin concentration was 0 or 0.7 mg/mL (0 pg per 50 uLL HAH hydro-
gel and 35 pg per HAH-FN hydrogel).

4.5 Optimisation of RNA extraction from PEG hydrogels

In order to optimise the extraction of RNA from PEG hydrogels, two commercial Kkits,
QIAGEN RNeasy Plus Mini Kit and QIAGEN AllPrep DNA/RNA/Protein Mini Kit,
were compared along with two different lysis buffers, RLT+ which is supplied with the
QIAGEN RNeasy Plus Mini Kit, and TRI Reagent & transfer RNA (tRNA). The use of
TRI Reagent and tRNA was based on the work by Gasparian et al. (2015), as they showed
that addition of tRNA from Saccharomyces cerevisiae minimises non-specific binding of
mRNA to the gel components (Gasparian et al. 2015).

The cell-hydrogel samples were transferred to ceramic bead-containing tubes (Mo Bio,
QIAGEN), and the corresponding buffer, RLT+ or TRI Reagent (Molecular Research
Center) & tRNA (Sigma-Alrich) was added. Hydrogels were homogenised using a Pow-
erLyzer homogenizer (Mo Bio) with two cycles at 3,500 rpm for 45 s each, with 30 s
interval between the cycles. The homogenised samples were incubated at room tempera-
ture for 5 min before carrying on with the extraction.

For the samples in RLT+ buffer, the extraction proceeded according to the manufacturer’s
protocol. An additional step was carried out for the samples in TRI Reagent & tRNA
before proceeding to the manufacturer’s protocol. Chloroform was added to the homog-
enised samples in order to separate RNA, DNA and protein into different phases. The
samples were incubated at room temperature for 3 min, after which they were centrifuged
at 12,000 xG for 15 min at 4 °C. The upper aqueous phase, containing the RNA, was
carefully transferred to the column, and processed according to the manufacturer’s pro-
tocol.
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The protocols used were “Purification of Total RNA from Animal Tissues” for RNeasy
Plus Mini Kit and “Simultaneous purification of Genomic DNA, Total RNA, and Total
Protein from Animal and Human Tissues” for AllPrep DNA/RNA/Protein Mini Kit.

The quality and quantity of all samples was measured with a NanoDrop 2000 Spectro-
photometer (Thermo Fisher Scientific). The quality and quantity of samples extracted
using RLT+ buffer were also analysed with a Fragment Analyzer (Advanced Analytical
Technologies). The manufacturer’s protocols were used in both cases.

4.6 Analysis of cell number and viability in hyaluronan hydro-
gels

4.6.1 Brightfield imaging

Brightfield images of cells were obtained with Zeiss Axio.A1 microscope at 1-, 4- and 7-
day time points. The brightness and contrast of the images were adjusted using Imagel
software.

4.6.2 Live/dead assay

Cell viability was analysed using qualitative live/dead fluorescence staining (Invitrogen,
Thermo Fisher Scientific) at 1-, 4- and 7-day time points.

First, cells were washed once with DPBS, after which they were incubated for 45 min at
room temperature in working solution containing 0.5 pM calcein acetoxymethyl ester
(Invitrogen, Thermo Fisher Scientific) and 0.25 pM ethidium homodimer-1 (Invitrogen,
Thermo Fisher Scientific) in DPBS. The samples were imaged with Olympus [X51 fluo-
rescence microscope. The images were edited with ImageJ software.

4.6.3 AlamarBlue assay

Cell viability was analysed using alamarBlue assay (Invitrogen, Thermo Fisher Scien-
tific). The assay is based on the reducing environment within the cytosol of living cells.
The blue coloured active ingredient of alamarBlue, resazurin, is able to permeate through
the cell membrane. Within the cytosol, resazurin is reduced to resorufin, which is red in
colour and high in fluorescence. Thus, viable cells convert resazurin to resorufin and this
signal can be measured. (Bonnier et al. 2015)

First, samples were washed once with DPBS. AlamarBlue reagent was diluted 10X in
DPBS, and 600 pL this working solution was added to each well and the samples were
incubated for 4 h in the dark at 37 °C. After incubation, a sample was taken from each
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well and transferred to a black 96-well plate. The fluorescence of the samples was meas-
ured with Wallac Envision Multiplate reader (PerkinElmer) at an excitation wavelength
of 570 nm and emission wavelength of 585 nm. This assay is subsequently referred to
throughout this thesis as “a resazurin-based mitochondrial metabolic assay”.

In order to quantify the number of viable cells at each time point, a standard curve was
prepared by encapsulating cells at four different cell densities (200,000, 100,000, 50,000
and 25,000) in 50 pL HAH-FN gels.

4.6.4 CyQUANT assay

After 1, 4 or 7 days of culture, gels were transferred to microcentrifuge tubes, and 0.1%
Triton-X-100 (Sigma-Aldrich) was added to each of the samples. Samples were stored at
-80 °C up to three weeks.

Thawed samples were transferred to ceramic bead-containing tubes and homogenized
with PowerLyzer at 1,000 rpm for 15 s. The samples were then transferred back to the
microcentrifuge tubes and spun down for 5 s.

Cell number was quantified with CyQUANT Cell Proliferation Assay Kit (Life Technol-
ogies, Thermo Fisher Scientific). A working solution was prepared by adding cell lysis
buffer and CyQuant GR dye to deionised water. From each sample, 20 pL was pipetted
into a 96-well plate, and 180 pL of working solution was added to each well. The plate
was measured using a microplate reader (Victor 1420 Multilabel Counter, PerkinElmer)
at an excitation wavelength of 480 nm and an emission wavelength of 520 nm. This assay
is subsequently referred to throughout this thesis as “a total DNA assay”.

4.7 Immunocytochemistry

First, samples were fixed. Samples were washed with DPBS, after which they were incu-
bated for 15 min in 0.2% Triton-X-PFA fixing solution at room temperature. Samples
were immersed in DPBS and stored at 4 °C prior to imaging.

Fixed samples were incubated in blocking solution consisting of 1% BSA in DPBS for 1
h at 4 °C. The primary monoclonal antibody, rabbit anti-vinculin (Invitrogen, Thermo
Fisher Scientific) was diluted 1:100 in blocking solution and applied to the samples, prior
to incubation overnight at 4 °C.

After incubation, samples were washed four times with DPBS, with incubation for 3 min
each time. Phalloidin-tetramethylrhodamine B isothiocyanate (Phalloidin-TRICT) and
Alexa Fluor 488 donkey anti-rabbit IgG were diluted together in 1% BSA in DPBS block-
ing solution at ratios of 1:500 and 1:800, respectively. Samples were incubated in this
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solution at 4 °C for 55 min. Then, the samples were washed twice with DPBS, and incu-
bated again for 3 min each time. To the third wash solution, 4',6-diamidino-2-phenylin-
dole (DAPI) was added at a ratio of 1:2000, applied to the samples and incubated for 5
min at room temperature. The samples were washed once with DPBS and rinsed twice
briefly with deionised water.

The samples were imaged with Zeiss LSM 700 laser scanning confocal microscope. The
images were edited using Huygens Essential software.
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5. RESULTS

5.1 PEGANPC - Level of functionalisation

PEG functionalisation with 4-NPC was optimised in order to achieve as high degree of
functionalisation as possible. The functionalisation was needed for the later stages of the
hydrogel fabrication, to conjugate peptides to the network and gain control over material
properties. The experimental setups are listed in Table 6. The degree of functionalisation
was quantified by measuring the absorbance of dissociated para-nitro phenylate groups
at 405 nm, and the results are presented in Figure 10.

Level of functionalisation (%)

100.0 92.9 93.0
90.0 86.8
80.0
70.0 64.1 62.0 64.1
60.0
50.0
40.0
30.0
18.7
20.0
8.5 I
10.0
0.0 l
1 2 3 4 6 7

Experiment

Degree of functionalisation (%)

Figure 10. Degree of functionalisation of PEG(10K)4OH with 4-NPC to form
PEG(10K)4NPC. Functionalisation was increased by: anhydrous reaction con-

ditions (experiment 1 vs. 2); increasing the amount of starting materials (10
times larger amounts in exp. 3 compared to exp. 2); increasing the reaction time

from 24 to 72 h (exp. 3 and 4, respectively); and using a greater excess of 4-
NPC (exp. 5 vs. exp. 3). Addition of a catalyst did not increase the level of func-
tionalisation with smaller excess of 4-NPC and shorter reaction time (exp. 6 and

7). Experiments 8 and 9 were repetitions of experimental set up of exp. 4, but

with a catalyst or with larger amount of starting materials, respectively.

The results indicate that the main factors increasing the level of functionalisation were a
longer reaction time, a high excess of 4-NPC and an anhydrous atmosphere. A high de-
gree of coupling, around 90.0%, was achieved in four experimental set ups during the
optimisation process. Briefly described, the degree of coupling of 86.8% was achieved
with 10 M excess of 4-NPC and 24 h reaction time, 92.9% with 3 M excess of 4-NPC
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with 72 h reaction time, and both 93.0% and 99.6% were achieved with the same experi-
mental set up, with 3 M excess of 4-NPC with 72 h reaction time but larger amount of
starting materials. Addition of a catalyst to the experimental set up with 3 M excess of 4-
NPC and 72 h reaction time did not increase the level of functionalisation. Catalyst and
smaller excess of 4-NPC did not improve the level of functionalisation after 24 h (62.0%),
and with larger excess of 4-NPC and shorter reaction time (2.5 h) similar degree of cou-
pling was achieved (64.1%).

Nuclear magnetic resonance (NMR) spectroscopy was later run on the PEG4NPC sample
with 99.6% degree of coupling (as indicated by the colorimetric assay), to confirm the
level of functionalisation. The NMR spectra are shown in Figure 23 in Appendix B. The
highest peak at 3.6 ppm indicated the presence of -CH> groups from the repeating units
of the polymer, and a smaller peak shifted to 4.4 ppm arose from the -CH> groups which
had conjugated to the electronegative ester groups. Peaks at 7.4 and 8.3 ppm indicated
the presence of an aromatic ring. This confirms that the functionalisation was successful,
but estimation of the exact level of functionalisation is challenging. The degree of coupled
4-NPC groups seemed to be close to 100%, and the amount of free 4-NPC in the sample
was around 12.5%.

5.2 RNA extraction from PEG hydrogels

The extraction of RNA from PEG hydrogels was optimised by comparing two commer-
cial kits: QTAGEN RNeasy Plus Mini Kit and QIAGEN AllPrep DNA/RNA/Protein Kit;
and by comparing two lysis buffers; RTL+ buffer which comes with the RNeasy Plus
Mini Kit, and TRI Reagent & tRNA buffer.

The results for RNA extraction yield are presented in Figure 11. The number of samples
for buffer and gel blanks was one, and for 2D and 3D cell samples three, besides the TRI
Reagent & tRNA samples, where there was one sample, due to loss of samples during
gelation. The results are presented as an average of the samples with their respective
standard deviations (SDs), or as a single value.
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RNA extraction yield
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Figure 11. RNA extraction yield from PEG—peptide hydrogels. The total RNA
yield is presented as an average of the samples for 2D samples (n = 3) and for
3D samples in RLT+ buffer (n = 3). For the buffer blank, gel blank and the 3D

samples in TRI Reagent & tRNA the yield from one sample is shown (n = 1).

For analysing nucleic acid samples with NanoDrop, there are two absorbance ratios which
can be considered as measures for purity, A260/230 and A260/280. The results obtained
with each of the ratios are presented in Figure 12 and Figure 13, respectively.
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Figure 12. A260/230 ratio, measured with NanoDrop.

The A260/230 ratio of RNA extracted from hydrogels was low compared to the 2D con-
trols. The 2D control samples extracted with RLT+ buffer and RNeasy kit, had an
A260/230 ratio close to two, which is considered to indicate high RNA purity. It was
hypothesised that impurities resulting from the hydrogel components or the extraction
process may have interfered with the A230 values, and therefore the A260/280 ratio was
assessed and samples were further studied using a Fragment Analyzer.

The A260/280 ratios were closest to two for 2D and 3D samples extracted with RLT+.
The A260/280 ratio was almost as high for the samples extracted with TRI Reagent &
tRNA.
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Figure 13. A260/280 ratio, measured with NanoDrop.

To ensure that the homogeniser had not fragmented the RNA too harshly, samples ex-
tracted with RLT+ buffer were analysed with Fragment Analyzer. The results are shown
in Figure 14. RNA quality was sufficiently high for real time quantitative polymerase
chain reaction (RNA quality number for 2D samples was ~10/10, whereas for 3D samples
it was ~6.4/10, on average).
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RNA extraction quality (Fragment Analyzer)
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Figure 14. Fragment Analyzer was run for RLT+ samples (n = 1). The maxi-
mum value for RNA quality number is 10.

5.3 Cell number and viability in hyaluronan hydrogels

In order to study cell number and viability, several viability assays were used to gain
information about different variables, such as cell metabolism and the DNA content of
the samples, and in order to determine which assays are suitable for studying cells encap-
sulated in hyaluronan hydrogels. For qualitative analysis, brightfield imaging and
live/dead staining were used, and for quantitative analysis, a resazurin-based mitochon-
drial metabolic assay and a total DNA assay were used. All the assays were performed at
1-, 4- and 7-day time points.

Brightfield images of cells encapsulated in HAH-FN and HAH gels are shown in Figure
15. The cell numbers seemed to remain constant in the gels (based on visual estimation),
and the overall cell morphology was rounded during the seven days of culture. However,
cells were able to spread and form multiple protrusions in the HAH-FN gels on day seven,
as shown in Figure 16. Only rounded morphologies were seen in the HAH gels during the
entire week of culture.
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Figure 15. hBMSC encapsulated in hyaluronan hydrogels were qualitatively
evaluated using bright field imaging. HAH-FN gels (4, C & E), HAH gels (B, D
& E) after 1 day (A & B), 4 days (C & D) and 7 days (E & F) of culture. The
number of cells remained fairly constant at all time points and cell morphology
remained rounded in both types of gels. Scale bar 500 um.
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Figure 16. hBMSC morphologies inside hyaluronan gels, after 7 days in cul-
ture. Cells were able to spread and form protrusions and cell-cell contacts in
HAH-FN gels (left). Only rounded morphologies were seen in HAH gels (right).
Scale bar 100 um.

Results obtained from live/dead staining are shown in Figure 17. Viability of hBMSCs in
HAH-FN gels was high at each time point, and there were not many dead cells. In addi-
tion, cell numbers seemed to remain constant in these gels. However, almost no cells
could be observed in the HAH gels.
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Figure 17. Viability of hBMSCs encapsulated to hyaluronan hydrogels. Via-
bility in HAH-FN gels (A, C & E) and HAH gels (B, D & F) after 1 day (A & B),
4 days (C & D) and 7 days (E & F) of culture. Scale bar 500 um.

A resazurin-based mitochondrial metabolic assay was used to indicate the cell number
and viability. The results shown in Figure 18 are presented as mean of three samples with
their respective standard deviations, with cell number extrapolated from standard the
curve. As 50,000 cells were encapsulated per 50 pL hydrogel, the cell density in HAH-
FN gels was extremely high already on day one. In addition, the cell number increased in
the HAH-FN gels during the week of culture. On the contrary, there was only a very low
signal from the cells which were encapsulated in HAH and the cell number did not dras-
tically change during the week of culture.
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Figure 18. hBMSC viability in hyaluronan gels either with fibronectin (HAH-
FN) or without fibronectin (HAH), quantified with a resazurin-based mitochon-
drial metabolic assay. Cell number was extrapolated from the standard curve. (n

= 3, error bars = SD)

The total DNA content of the samples was analysed. The results are presented as a mean
of three samples, with their respective standard deviations, with cell number extrapolated

from standard the curve, and shown in Figure 19.
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Figure 19. hBMSC number and proliferation in hyaluronan gels either with fi-

bronectin (HAH-FN) or without fibronectin (HAH), quantified with a total DNA
assay. Cell number was extrapolated from the standard curve. (n = 3, error bars
=SD)

The results from total DNA assay indicate that the cell viability decreased drastically in
HAH hydrogels during the seven days in culture. There was also a small but most likely
statistically insignificant decrease in viability in HAH-FN gels.

5.4 Cell morphology in hyaluronan hydrogels

Cell morphology was evaluated at each time point by immunocytochemistry. The cells
were stained for vinculin (green), actin fibers (red) and nucleus (blue). The confocal im-
ages are shown in Figure 20.
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Figure 20. hBMSCs encapsulated in hyaluronan hydrogels. Cells remained
rounded in the HAH-FN gels on day 1 (A), and cells were able to spread in the
HAH-FN gels on day 4 (B). On day 7, well spread cell clusters could be seen in

HAH-FN gels (C). On day 1 in HAH hydrogels, cells remained rounded and vin-
culin remained diffusive around the nucleus (D). Nucleus is stained in blue, ac-
tin fibers in red and vinculin in green. Scale bar 50 um.

After one day in culture, hBMSCs remained rounded in both types of hydrogels. Fibron-
ectin content enabled cell spreading and protrusion formation in HAH-FN gels on day
four. However, as shown in the upper part of Figure 19B, most of the cells still remained
rounded and could not form an organised cytoskeleton. After a week in culture, most of
the cells in HAH-FN hydrogels remained rounded, but the cells which were able to spread
could form big spindle shaped cell clusters. The cells had organised cytoskeletons with
defined actin fibers. However, vinculin was not shown to be localised to the end of the
actin fibers. For the HAH gels, only the day one result is shown as the samples did not
stain well, and no actin fibers could be seen. However, vinculin was extensively stained
in HAH gels, even though it could not be detected in HAH-FN gels.
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6. DISCUSSION

6.1 Fabrication of adhesion ligand-presenting hydrogels

Adhesion ligand-presenting hydrogels provide useful platforms for studying mecha-
notransduction in 3D. Adhesive interactions with the microenvironment and integrin clus-
tering are prerequisite for the activation of many signalling pathways, and therefore by
varying the adhesion ligand presentation it is possible to alter cell behaviours and gain
fundamental insights into mechanotransduction. However, carrying out single variable
studies in 3D is demanding, because other material properties, such as stiffness and de-
gradability, can affect the mechanosensing of cells as well. To gain control over a single
or multiple material properties, synthetic hydrogels are commonly preferred, because nat-
urally derived hydrogels have inherent bioactivity, which can also alter cell responses.

The fabrication of modular poly(ethylene glycol) hydrogels turned out to be challenging.
Although the original results for PEG4NPC synthesis seemed promising, the self-synthe-
sised PEG4NPC did not perform as expected in the further hydrogel fabrication. In addi-
tion, the fabrication of PEG hydrogels faced setbacks due to delays in receiving PEG
components and custom-synthesised peptides, which are time-consuming to produce. In
order to fit the cell culture studies into the time frame of this thesis, focus was shifted to
hyaluronan hydrogels. In order to include adhesion sites within these gels, fibronectin
molecules were physically embedded to the hydrogel structure. The incorporation of the
large fibronectin molecule (440 kDa) was expected to have altered the crosslinking kinet-
ics and mechanical properties of the hydrogels, meaning that differences between the non-
adhesive HAH and the adhesive HAH-FN hydrogels are caused not only by variations in
ligand density, but also by changes in mechanics. It also affected the ability of the dyes
used in various assays to penetrate the gels, likely giving false negative results for the
more densely crosslinked HAH gels.

6.1.1 PEGA4NPC synthesis needs further optimisation

The original results from PEG4NPC synthesis indicated that the achieved level of func-
tionalisation was high (99.6%), and it was achieved in anhydrous conditions with a 3 M
excess of 4-NPC, with a 72 h reaction time and a large amount of starting materials. Thus,
the main factors improving the level of functionalisation were a longer reaction time, a
high excess of 4-NPC over PEG, and anhydrous reaction conditions. By using a larger
amount of starting materials, the inaccuracies which arise from working with small
amounts of material were diminished. Anhydrous conditions were essential for the suc-
cess of the coupling, and changing the N> flow to work in N> chamber increased the re-
peatability of experiments and diminished the number of error sources.
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As the hydrogel fabrication using the self-synthesised PEG4NPC proceeded, it was noted
that the level of peptide conjugation which could be achieved was not as high as expected,
based on the level of functionalisation with 4-NPC. The observation was made when re-
sults were compared with a collaborating research group that was able to achieve a higher
level of peptide conjugation to the commercially produced PEG4NPC that they were us-
ing, which had 88% functionalisation with 4-NPC.

In order to confirm the level of functionalisation achieved for the self-synthesised
PEG4NPC, absorbance of the sample was measured at the isosbestic point, at 350 nm, in
three different buffers with pH 7.4, 8.2 or 9.0, and with 2 M excess of cysteine per ex-
pected 4-NPC group. Normally, a physical change, such as the ionisation of a sample,
affects its absorbance. The isosbestic point of a compound, illustrated in Figure 21 at the
point at which the absorbance curves of samples with different pHs cross over, is the
wavelength or frequency at which such properties do not affect the total absorbance, and
therefore it excludes any effect which might arise from the pH of the buffer. However,
the results (not shown) were inconsistent. Therefore, the level of functionalisation was
finally measured with NMR spectroscopy.
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Figure 21. The isosbestic point of p-nitrophenol in water. The isosbestic point
of a sample is the wavelength at which the total absorbance is not affected by
physical changes in the sample which might be caused by the pH of the buffer.
(Biggs 1954)

The NMR results showed that the 4-NPC had conjugated to the 4-arm PEG, yielding
PEG4NPC. The level of functionalisation seemed to be high, close to 100%, which is
contradictory to the observations of the performance of the self-synthesised PEG4NPC
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with the peptide conjugation. Thus, the achieved level of functionalisation could not be
determined with full certainty in the time frame of this thesis.

6.1.2 Fibronectin likely altered the crosslinking of HAH

In order to prepare adhesion ligand presenting-hyaluronan hydrogels, fibronectin was
physically embedded within the hydrogel structure. Addition of fibronectin resulted in
visibly softer HAH-FN gels compared to non-adhesive HAH hydrogels. As fibronectin is
a large macromolecule (~440 kDa), it likely interfered with the crosslinking of the hydro-
gels, resulting in a looser polymer network with a lower stiffness.

The fibronectin content of 50 uLL HAH-FN gels was 35 pg. This was decided by a simple
experiment (data not shown), whereby two different fibronectin contents were compared.
Based on the solubility of fibronectin in the buffer, two types of gels were prepared; either
with 35 pg or 70 pg of fibronectin. As the hydrogel with higher fibronectin content was
very soft, it was determined to be unsuitable for the cell experiments, and hyaluronan gels
with 35 pg fibronectin content were used in the further cell studies.

6.2 Optimisation of RNA extraction from PEG hydrogels

The 3D matrix provides additional challenges for studying cell differentiation in hydro-
gels, as the gene expression analysis method, real time quantitative polymerase chain re-
action, requires high quality RNA to be extracted from the samples. For this purpose,
RNA extraction from PEG hydrogels was optimised by comparing two commercial RNA
extraction kits and two different lysis buffers. The number of parallel samples was three,
except for the blanks and for the hydrogels in the TRI Reagent & tRNA buffer. Due to
the small amount of samples, the reliability of the results is limited by this study setting,
as repetition of the experiment did not fit to the time frame of this thesis study.

The RNA extraction yield was high with the TRI Reagent & tRNA buffer with both of
the kits. However, the high readings from the buffer blank and gel blank showed that
there were still some contaminants from the added tRNA in the samples. Therefore, it
was concluded that RLT+ buffer was more reliable for RNA extraction. A higher yield of
RNA from the 2D sample was obtained with the RNeasy Plus Mini Kit compared to the
AllPrep DNA/RNA/Protein Mini Kit, and the yield for 3D samples was in both cases
quite similar. The yield obtained would be a sufficient quantity for a gene expression
study on a wide panel of genes relating to mechanotransduction and differentiation down
multiple lineages.

The quality of the extracted RNA was studied in detail. According to the technical bulletin
for NanoDrop Spectrophotometers, the A260/280 ratio is considered to be the primary
measure of nucleic acid purity, and a value of ~2.0 is considered to indicate high RNA
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purity. The A260/230 ratio is used as a secondary measure, and the ratio for pure RNA is
generally in the range of 2.0-2.2.

The A260/280 ratio was ~1.5-2.0 for all the cell samples, which indicates that there were
likely to be some contaminants present. The A260/230 ratio was even lower for all the
samples. One explanation for this conflicting result is that the TRI Reagent, which is a
phenolic solution, absorbs at 230 nm. However, this does not explain the lower values for
the RLT+ buffer. Another explanation may be the presence of traces of hydrogel compo-
nent contaminants that absorb at any of the wavelengths measured (230, 260 or 280 nm).

The RLT+ samples were analysed with Fragment Analyzer, which utilises a parallel ca-
pillary electrophoresis technique and expresses “RNA quality number” out of a maximum
score of 10. The maximum value was obtained with both of the kits for the 2D samples.
The RNA quality numbers for the RNA extracted from 3D samples were 6.7 and 6.2, for
the RNeasy Plus Mini Kit and for the AllPrep DNA/RNA/Protein Kit, respectively. The
lower RNA quality number is due to the fragmentation of the RNA, which almost cer-
tainly results from the harsh homogenisation procedure which was carried out for the gels
at the beginning of extraction. In general, Fragment Analyzer is considered to be more
reliable for studying RNA quality. Thus, the quality of extracted RNA seems to be rela-
tively high. A value of > 6 is sufficiently high for gene expression studies via real-time
quantitative polymerase chain reaction. In future, however, it is likely possible to reduce
the speed and duration of the homogenisation step to one 15 s cycle at 1,000 rpm, in order
to minimise fragmentation and yield higher quality RNA for applications such as gene
expression arrays, which demand higher quality RNA. Efficient homogenisation of the
hydrogel matrix and cells without causing damage to the RNA has been stated to be a
challenge in other studies as well (Koster et al. 2016).

The user protocols of the two commercial RNA extraction kits are quite similar for the
RNA extraction steps, which explains why the obtained yields do not differ much. In-
creased precision and more careful pipetting could decrease the amount of contaminants
in TRI Reagent & tRNA samples. As different types of hydrogels have very different
matrix properties, it should be evaluated whether the RNeasy Plus Mini Kit and RLT+
buffer is the most beneficial combination for other hydrogels and whether the results are
translatable to other materials. It is important to note that in this extraction experiment,
hydrogels with very high cell densities were used (250,000 cells per 50 pL hydrogel) and
therefore the yield of RNA extracted from gels with lower cell densities will be lower.
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6.3 Evaluation of cell behaviour in hyaluronan hydrogels

6.3.1 Fibronectin presentation enhanced cell survival

The viability and proliferation of encapsulated hBMSCs were evaluated over a week of
culture. The assays equally show that fibronectin improved cell survival inside the hydro-
gels, and after one week the viability was over four times higher in the HAH-FN gels,
compared to the HAH gels, according to the total DNA assay. This result is in line with
the hypothesis that adhesion ligand presentation enhances cell viability, and it is known
that cell adhesion is fundamental for cell survival for adherent cells such as MSCs.

The cell viability was lower in HAH gels already on day one, and the viability further
decreased during the culture time. A small but most likely statistically insignificant de-
crease in viability could be seen in HAH-FN gels as well, according to the total DNA
assay. However, this may be due to insufficient gas, nutrient or waste product exchange
through the gels, due to poor permeability, rather than being an effect of ligand density.

Problems with stainings emerged early on, and the consistent results from different stain-
ings indicate that the structure of HAH gels was likely so tight that the dyes could not
penetrate the hydrogel. In addition, hyaluronan has a negative charge, which might also
have prevented the dyes from entering the hydrogel. The permeation of gas, nutrients and
waste products is fundamental for cell survival within hydrogels, and this might have
been compromised in the HAH gels, therefore resulting in low viability of the cells.

It is important to select suitable assays for each study setting, and this need is especially
highlighted when culturing cells in 3D. During this preliminary study, the selected three
viability assays gave very different results, and some of the limitations of these assays
were highlighted. The total DNA assay appeared to be the most reliable assay for these
hyaluronan hydrogels, likely because the hydrogels were homogenised before the quan-
tification of results. Cell numbers obtained with the total DNA assay were slightly higher
than expected, which may relate to inaccuracies of the standard curve. However, as the
cell samples were fabricated at the same time point, the cell numbers between samples
were comparable and the decrease in viability could be seen at each of the time points.

The issues with the results obtained from the other two viability assays, the resazurin-
based mitochondrial metabolic assay and live/dead staining, related mainly to the material
properties. According to the resazurin-based mitochondrial metabolic assay, the HAH-
FN samples contained over 150,000 cells already on day one, and the cell number in-
creased during the culture. Changes in the hydrogel structure were the likely cause of
these conflicting results between the mitochondrial metabolic assay and the total DNA
assays. The cell numbers were extrapolated from a standard curve with four different cell
densities. As the standard curve specimens were only incubated in the medium for 20 min
before addition of the mitochondrial metabolic assay reagent, the gels of the standard
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curve were likely not as permeable for the dye as the samples were. As the hydrogels
swell, become wetted (and eventually get degraded during the culture time), they become
more permeable for the dye, which becomes more accessible for the cells. However, after
seven days, the HAH gels did not seem to become more permeable for the live/dead
stains, which could relate to possible dye-hydrogel interactions.

Due to the simultaneous use of multiple viability assays, it was possible to gain a lot of
information about the cell-hydrogel samples that is indicative of their varying structures.
The problems with the dye permeation were consistent, and it can be therefore concluded
that the assays which are based on stainings are not suitable as such for the non-adhesive
HAH hydrogels. Therefore, the use of the resazurin-based mitochondrial metabolic assay
is not recommended for studying cell viability in these gels.

6.3.2 Fibronectin presentation enabled cell spreading

Cell morphology was evaluated at each time point by immunocytochemistry and bright-
field imaging. Imaging of the samples could be carried out easily due to the transparency
of the hydrogels. Spread cells were observed only in the HAH-FN hydrogels, and spread
cell clusters were detected already on day four. However, most of the cells in HAH-FN
gels remained rounded during the week of culture, and most likely only the cells which
were able to reach fibronectin were able to spread. Cells encapsulated within the gels
without fibronectin remained rounded, which supports this finding. The results are as ex-
pected, as it is well-known that fibronectin presentation provides adhesion sites for the
cells, which enables spreading (Kasten et al. 2014). In addition to the adhesion ligand
presentation, the altered crosslinking caused by addition of fibronectin resulted in softer
gels, and this may have enabled the cells to easier deform the surroundings to allow cell
spreading, and possibly even migration throughout the matrix.

In the HAH-FN gels, spread cells had defined stress fibers visible with immunocytochem-
ical stains, but rounded cells did not, as only the cells which were able to attach to the
surroundings were able to organise their cytoskeleton. The lack of vinculin in the adhe-
sion sites is unexpected, as it is a focal adhesion protein and it was expected to be present
in cells which have attached to their surroundings via integrins. This finding could relate
to problems with the staining protocol, or the density of vinculin may have been too low
to detect. The same protocol had been previously used successfully with collagen hydro-
gels, but it needs to be further optimised for hyaluronan hydrogels.

In the HAH gels, actin fibers were not visible in the cells at all, which relates to the prob-
lems with the dye penetration. However, nuclei and vinculin were could be easily seen,
and vinculin seemed to remain diffusive around the nucleus. Similar observations of dif-
fuse vinculin within cells in non-adhesive hyaluronan gels have been previously reported
(Khetan et al. 2013; Kim & Kumar 2014). As both types of the gels used in this study
were stained with the same protocol, it is unexpected that the vinculin could be seen in
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the HAH gels, but it was lacking in the cell adhesion sites in HAH-FN gels. According to
this contradictory result, it might be that fibronectin somehow interferes with the vinculin
staining. In this study, the material blanks were prepared from HAH gels, and therefore
the effects of fibronectin content could not be further evaluated.

6.3.3 Assessment of the study and future perspectives

The results of the preliminary cell culture study indicate that the material design work
should continue for the hyaluronan hydrogels. Preparation of hydrogels with smaller pol-
ymer content, e.g. 1.4% (w/v) instead of the 1.6% used in this study, could potentially be
used to decrease the level of crosslinking and to increase the mesh size. However, as the
level of crosslinking is related to the stiffness of the hydrogel, lower crosslinking might
compromise the mechanical properties of the hyaluronan hydrogels.

Thorough material testing should be carried out before continuing to further cell studies.
Effective solute transport is one of the most critical design parameters for hydrogels
(Slaughter et al. 2009), and the diffusion properties need to be tested for both types of the
hydrogels, as it remains unclear whether the fibronectin presentation affected the cross-
linking throughout the entire gel, or if some parts were more densely crosslinked than
others. Diffusion properties of hydrogels can be determined by studying the progression
of labelled molecular probes with varying molecular weights through the samples over
time. (Hoffman 2002; Zustiak et al. 2010)

The HAH-FN hydrogels seemed to be softer than the non-adhesive HAH hydrogels, and
this observation was confirmed with compression testing (results not shown). In addition,
the stiffness of the hydrogels seemed to decrease during the week of culture, and HAH-
FN gels become more permissive for the reagent of the resazurin-based mitochondrial
metabolic assay. Therefore, it would be important to study the swelling and degradation
properties of these gels. Determination of the degradation time of these hydrogels would
be beneficial for future cell culture studies as well.

Besides the need for material testing, the results of this study highlight the need for opti-
misation of assays for each specific 3D environment, as the material properties can affect
the outcomes of the assays. For the stainings, live/dead and immunocytochemistry, the
dilutions of the dyes and incubation times should be adjusted in order to achieve proper
staining of the samples, without overstaining the material. For example, in an immuno-
chemistry protocol optimised mainly for hyaluronan hydrogels, the suggested incubation
times are two hours for phalloidin and 20 min for DAPI (Khetan & Burdick 2009). In this
study, the corresponding incubation times were 55 minutes and 5 minutes, respectively.

One way to improve the experimental set up of the preliminary study would be to stain
the fibronectin within the HAH-FN gels with fibronectin antibody. This would be bene-
ficial for evaluation of cell adhesion, as now the interpretation of the results includes some
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assumptions about the fibronectin presentation. A possible error source in this study is
the small number of parallel samples. Therefore, the results should be further confirmed
with higher number of samples and preferably with cells from different donors as well.

In the future, comparing the effects of different fibronectin densities on cell behaviours
would be of great value to the field of mechanotransduction. Fibronectin is an interesting
mechanosensitive molecule, but it presents other biologically relevant sequences in addi-
tion to adhesion ligands, which could alter cell responses. Excluding the other potential
effects of fibronectin presentation in addition to altered adhesion ligand presentation is
challenging. In addition, with regards to the mechanical properties of these hyaluronan
hydrogels, the current fibronectin content seemed to be near the upper limit. Thus, one
intriguing approach would be to fabricate hyaluronan hydrogels with engineered fibron-
ectin fragments which only include the adhesion sites, similarly to the work by Kisiel et
al. (2013). The smaller size of the molecule means that it would be less disruptive to
crosslinking and therefore it could be incorporated to the hydrogels at higher levels.
(Kisiel et al. 2013) In order to proceed to cell differentiation studies with the hydrogels
used in this study, the gels should remain undegraded at least for two to three weeks, as
the in vitro differentiation of MSCs is commonly assessed after two weeks for osteogen-
esis and three weeks for adipogenesis. With some modifications, the HA hydrogels used
in this study have great potential to be used in the future to unravel the mechanisms of
mechanotransduction.
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7. CONCLUSIONS

The aim of this thesis was to study the effects of adhesion ligand presentation on cell
behaviour in three dimensions. In order to prepare the 3D matrix, contributions were made
to the hydrogel synthesis by optimising PEG conjugation with 4-NPC. However, the
achieved degree of coupling remains unclear, as the results from absorbance measure-
ments, NMR and the performance in practice gave conflicting outcomes, and the reason
why the self-synthesised PEG4NPC did not perform well in further use could not be de-
termined in the time frame of this thesis.

As the material fabrication faced delays with the delivery of custom-synthesised peptides,
PEG hydrogels were crosslinked using a simpler peptide which did not possess any ad-
hesion ligands. RNA extraction was optimised from these gels, and the successful high
yield and satisfactory quality achieved means that the developed method can be applied
in practice when proceeding to cell differentiation studies with the finished PEG hydro-
gels, functionalised with RGD adhesion ligands. As expected, the extraction yield was
lower compared to that obtained from 2D samples, but it is sufficient for gene expression
studies, and the best yield and quality were achieved with QIAGEN RNeasy Plus Mini
Kit with the supplied RLT+ buffer.

Preliminary studies concerning the effects of adhesion ligand presentation were carried
out with hyaluronan hydrogels, either without or with fibronectin as an adhesive ligand.
Changes in cell viability and morphology were evaluated over a week in culture. Fibron-
ectin clearly improved cell survival within the hydrogels and enabled cell spreading,
which correlates with the hypothesis, and demonstrates that mechanosensing and adhe-
sion ligand presentation can alter cell behaviours. However, as the consistent results from
different stainings indicate, the crosslinking density of the non-adhesive HAH hydrogels
was too high to enable sufficient dye permeation. The dense crosslinking most likely also
hindered the flow of waste products, gas and nutrients through the gels, which could have
been an even bigger contributor to the decreased cell viability than the lack of adhesion
ligands.

This work highlights the importance of assay optimisation for different types of hydrogels
and the need for throughout material testing before proceeding to cell culture studies. The
material chemistry and physical properties provide additional complexity to the 3D cell
culture platforms. In this work, some of the limitations of different cell viability assays
were underlined, and these can be considered when planning future cell culture studies
with hydrogels.
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APPENDIX A: DIFFERENTIATION POTENTIAL OF HBMSCS

5/16 6/16 7/16 9/16

Figure 22. Differentiation potential of hBMSCs from four different donors, la-
belled as 5/16, 6/16, 7/16 and 9/16. The cells were cultured in basic medium or
in osteogenic medium for 20 days before Alizarin Red staining, or in adipogenic

medium for 14 days before Oil Red O staining. The mineral content and lipid
vacuoles are stained in red.
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APPENDIX B: NMR SPECTRA FOR PEG4ANPC
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Figure 23. 'H NMR spectrum for A) PEG4NPC and B) unmodified PEG40OH.
The highest peak at 3.6 ppm indicates the presence on —CH> groups of the re-
peating unit of the polymer. The small peak shifted to 4.4 ppm in A) indicates the

attachment of —CH?2 to 4-NPC and peaks at 7.4 and 8.3 ppm indicate the pres-
ence of an aromatic ring. Solvent peak can be seen ~7.25 ppm and some impuri-
ties can be seen < 2.5 ppm.



