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“Let them think what they liked, but I didn’t mean to drown myself. I meant to swim till I sank—

but that’s not the same thing”

—Joseph Conrad
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1 Introduction

Periodontitis is the sixth-most prevalent disease, affecting nearly 11% of the global population
[1]. While many factors contribute to the development of periodontitis, bacterial colonisation
leading to biofilm formation is regarded the main culprit for its onset (Figure 1a) [2,3]. The oral
cavity copes with this bacterial imbalance with an acute inflammatory response, which
manifests clinically over time as chronic inflammation of the soft and hard tissues that support
the tooth (Figure 1b). Though the early stages of periodontitis may not immediately be
debilitating, progression results in the loss of periodontal tissues, and eventually tooth loss,
when left untreated. Diagnosis related to the severity of periodontal disease typically involves
clinical evaluation of periodontal pocket depth, attachment loss and radiological assessment
[4]. Current strategies to manage the disease focus on a consolidated aim: to remove biofilm
and control inflammation, while preserving the integrity of the oral mucosa and preventing
further alveolar bone loss (Figure 1c¢). The most common approach for treatment involves
scaling and root surface debridement [5]. However, due to the excess production of
proinflammatory cytokines, the capacity for the body to reconstruct the lost tissue is limited,
and requires regenerative intervention [3,6]. While bone substitutes, guided tissue regeneration
(GTR) membranes and the use of enamel matrix proteins have all been developed to facilitate
this regenerative process, their success has been unpredictable [7]. In this thesis, we present an
injectable scaffold material that could be implemented to stimulate endogenous regeneration

within the periodontal pocket (Figure 1d).

Bacterial infection Chronic inflammation Post-debridement Scaffold for periodontal
and bone resorption regeneration

Figure 1: Periodontal disease: the problem and the proposed solution. (a) Bacterial colonisation along the lateral
surface of the tooth. (b) As periodontitis manifests, inflammation occurs within the soft and hard tissue
surrounding the tooth. (c) Debridement involves the removal of inflamed periodontal tissue. (d) An injectable
hydrogel compliant to the geometry of the periodontal pocket (Illustration by Sanna Jacobsen. Adapted from [8])



1.1 Endogenous periodontal regeneration

The field of tissue engineering and regenerative medicine came about as means to restore
damaged or diseased tissues and organs with structural and functional replacements [9]. Many
of these solutions involve the development of biomaterials loaded with autologous cells aiming
to build new tissues. However, these strategies are very limited since they rely on high numbers
of cells from patients and require strict, controlled in vitro methods for expansion [10].
Alternatively, the body is known to be able to regenerate itself to a certain extent. Harnessing
this natural capacity could side-step major hurdles involved in the translation of tissue
engineered scaffolds. Hence endogenous regeneration, also referred to as autotherapy aims to
utilise exogenous intervention, such as biomaterials and growth factors to prompt the body into

a proregenerative state [10,11].

Since the objective of regeneration is to rebuild lost tissue within the defect, understanding the
natural composition of cells and extracellular matrix (ECM) native to periodontal tissue is
fundamental to the regenerative approach. An understanding of the microenvironment
including the structural and functional relationships between the different cell types is a
prerequisite to regeneration. The periodontium serves as a support system and as an anchoring
unit to the tooth. Situated laterally around tooth root, it comprises of four anatomical structures:

gingival epithelium, cementum, periodontal ligament (PDL) and alveolar bone (Figure 2) [12].

Gingival epithelium

\\\ Cementum
i%j\ Periodontal ligament

\ Alveolar bone

\\"l""'nmm'm'nnmummmﬂ‘" -

Figure 2: Structural components of the periodontium.

The gingiva surrounds and attaches to the cervical portion of the tooth on one side, and to
alveolar bone on the other. The function of the gingiva is to act as a seal between the tooth and

the inner layers of the epithelium to prevent fluid loss and access of external elements [12]. The



PDL is a set of collagen fibres known as the Sharpey’s fibres, which are aligned horizontally
and obliquely projecting from the cementum (Figure 2). They are responsible for anchoring the
tooth and act as shock absorbers [13]. Unlike the PDL and gingiva, the cementum and alveolar
bone are mineralised structures within the periodontium. The predominant cell types found in
the gingiva and PDL are specialised gingival and PDL fibroblast cells [14,15]. On the contrary,
the cellular part of the cementum mainly consists of cementoblasts, while the alveolar bone
houses osteoblasts and osteocytes. The cementum is responsible for securing the attachment of
PDL fibres to the root surface [16]. The fact that the periodontium consists of several different
tissue types makes it a challenging tissue to regenerate. With structural margins across the
periodontium, there are multiple junctions where the cells have subtle differences. For example,
the gingival epithelium in the periodontium transitions from sulcular to junctional as it attaches

to the cementum, each of which are known to have different morphologies [17].

Fortunately, there are certain similarities amongst the different structures within the
periodontium. For example, there have been questions whether cementoblasts are essentially
osteoblasts with a unique phenotype [16]. Additionally, PDL cells have been known to produce
collagen and exhibit certain osteoblast-like features [ 18]. Even though different components of
the tooth originate from different germ origins during early odontogenesis, most of the
specialised cells within the periodontium arise from neural crest cells [19,20]. As illustrated in
Figure 3, PDL fibroblasts are products of the mesenchymal lineage, while the gingival
epithelium originates from oral epithelial cells (not shown in the Figure) [21]. Although there
1s some controversy regarding the origin of cementoblasts and osteoblasts of the cementum and

alveolar bone, most studies do suggest they originate from the dental follicle as well [22-24].



Neural crest cells
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Figure 3: The origin of the main components of the peridontium. During odontogenesis, neural crest cells
proliferate into the dental mesenchyme from where patterning into internal and external structures are primed.
Dental follicle cells undergo further differentiation into the building blocks of specialised tissues, which mature
and terminally differentiate into forming their respective structures. (Adapted from [21])

The majority of the work presented in this thesis involves in vitro experiments that assess
cellular activity using mesenchymal stem cells. The reason for selecting mesenchymal stem
cells is threefold: firstly, because periodontitis does not only result in alveolar bone loss, but
also destruction of the periodontal ligament and cementum [25]. This would require
unspecialised cells that have a multilineage potential to regenerate the hierarchical transitions
of the periodontium. Secondly, due to the abundance and distribution of MSCs and progenitor
cells within the oral cavity, it is relevant to conduct in vitro studies with these cells [26]. Lastly,
mesenchymal stem cells have been recognised to have innate homing capabilities [27], which
is pertinent when developing an acellular hydrogel that would sidestep the isolation and
expansion of cells ex vivo. Hence, the approach involves harnessing the potential of
mesenchymal stem cells to migrate, attach, colonise and differentiate into the tissues lost due

to periodontitis (Figure 4).
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Figure 4: Mesenchymal stem cells surrounding the tooth are capable of migrating, proliferating and differentiating
in to the key cell types that constitute the periodontal structures (Adapted from [19])

1.1.1 Stem cells in the oral cavity

Stem cells are often characterised by their undifferentiated state and capacity to self-renew via
asymmetric cell-division [28,29]. This means that they are not dedicated to becoming one
specialised cell type, but instead have the ability to differentiate into a range of cell types. These
cells originate very early in development as the inner cell mass within the blastocyst (also
known as embryonic stem cells) [30]. As the embryo develops further, stem cells give rise to
the different germ layers, followed by the generation of organ primordia. As stem cells
proliferate rapidly to form organs within the foetus, dedicated niches of multipotent stem cells
are deposited in each organ [31]. In cases of damage, these multipotent cells serve as the
internal repair system for a dedicated set of tissues. Since many of the periodontal structures
are descendants of the ecto-mesenchyme, many stores of mesenchymal stem cells are found in

and around the tooth.

With their presence in many soft and hard tissues, mesenchymal stem cells (MSCs) exist in
abundance throughout the body. Since they are morphologically very similar to fibroblasts,
MSCs are typically identified based on their cell surface marker profiles, where they must be
positive for CD73, CD105 and CD13, while being negative for haematopetic markers, CD14,
CD34 and CD45 [32]. Due to stable in vitro expansion and the easy, but invasive access, stem
cells from the bone-marrow of long bones is perhaps the most commonly tapped source for
mesenchymal stem cells [33]. However, this may not be the most effective source for tissue

regeneration. MSCs from the jawbone have proven to have higher proliferative and osteogenic



differentiation capacities than those present in long bones [34], which may be linked to the fact

that they originate from different germ layers [35].

PDLSCs

DPSCs
GMSsCs
SCAPs
BMSCs

Figure 5: Stem cells within the oral cavity. PDLSCs = periodontal ligament stem cells, DPSCs = dental pulp stem
cells, GMSCs = gingival mucosa stem cells, SCAPs = stem cells from the apical papilla, BMSCs = bone marrow
derived mesenchymal stem cells.

Dental stem cells serve as a reservoirs dedicated to replenishing damaged structures. The
different dental stem cells have dedicated names based on their location and regenerative
purpose (Figure 5) [36]. However, many regenerative applications are being developed that use
dental stem cells for purposes other than dental regeneration, since they have proven to have
multi-differentiation potency [37-41]. For instance, periodontal ligament stem cells (PDLSCs)
have been recognised for their differentiation into osteoblasts [42]. The multi-differentiation
potential indicates that most dental stem cells are capable of regenerating key components of
the periodontium, irrespective of their microenvironment. As the name suggests, PDLSCs
likely contribute to the generation of new ligament fibres between the cementum and the
alveolar bone [43]. On the contrary, dental pulp derived stem cells (DPSCs) are said to be
inherent in the perivascular niche within the canal of the tooth [44]. Surrounded largely by
mineralised hard tissue, these cells are not directly exposed to the periodontium. Hence, it is
likely that in the case of endogenous periodontal regeneration, PDLSCs would be the first-
responders in the proregenerative environment. Although, autologous porcine models and pre-
clinical studies have already demonstrated the formation of PDL-cementum complexes using
PDLSCs [45,46], the question still remains as to how we can harness this potential and coax

these stem cells to reconstruct the damaged periodontium endogenously.



1.1.2  Dynamic cell-matrix reciprocity

Building new tissue essentially means supporting cells to establish themselves in high numbers,
while allowing them to form an extracellular matrix (ECM). This key component of tissue was
once believe to merely serve as a “glue” to hold cells together. However, recent studies
regarding cellular interaction with the ECM has changed this opinion drastically [47]. The
perception that the ECM is an inert substance is no longer the case. Instead it is recognised as
an interactive and dynamic backbone that regulates intricate cellular processes, while providing
tissue with the morphology and homeostasis to function collectively as an organ [48]. While
cells themselves build the ECM, they are also dependent on being instructed by the ECM itself.
This constant dialogue and bi-directional physical and chemical relationship between the cells

and the ECM has been termed as dynamic cell-matrix reciprocity (Figure 6) [49].

Cells ECM

Synthesis
Degradation
Remodelling

Attachment
Survival
Proliferation
Differentiation
Migration

Polarity
Tension

Figure 6: Dynamic reciprocity interactions between cells and the ECM. (Adapted from [50]). The cells synthesis
the ECM and are capable of degrading it as part of the remodelling process. In exchange, the ECM provides the
cells with attachment anchors essential to their survival and proliferation. Once cells colonise the matrix, the ECM
supplies inductive cues importance to the differentiation and migration of cells across the tissue. Additionally, the
cells are receptive of the mechanical tension and polarity imparted by the ECM.

The ECM typically comprises of a variety of macromolecules such as proteoglycans and
collagen fibres, along with cell adhesive proteins such as fibronectin and laminin [51].
Additionally, the ECM is abundant in poly-peptide growth factors (GFs) that are distributed
across the ECM, signalling cells to perform specific cell activities [52]. It is the specific
localisation of these macromolecules and growth factors that allows for highly controlled
interactions with cells [53]. As for the peridontium, its ECM is very rich in fibrillar collagen

which gives the tissue its integrity and rigidity [47]. On a larger hierarchical level, the structure,

composition and mechanical properties of these collagen fibres give the tissue its function in



supporting the tooth [54]. With both fibrous and mineralised components that make up the
periodontium, the ECM across the tissue is non-uniform and particularly complex.
Additionally, various diseases including periodontitis are known to alter the ECM composition
within the tissue [47]. For instance, in the case of early and moderate periodontitis, the acellular
cementum is damaged as opposed to the cellular cementum in severe periodontitis [21]. This

further complicates the regenerative approach.

Reconstructing the damaged or absent ECM 1is certainly not an easy task. Since the ECM is
specific to each microenvironment and undergoes constant remodelling, it is a highly ambitious
endeavour. Instead, it is more feasible to create a microenvironment conducive to cell
colonisation, allowing the cells themselves to model the ECM. That being said, using a material
for endogenous regeneration provides the means to regulate and instruct cells via bioactive
cues. This gives rise to two questions that need to be addressed: 1) what physical and chemical
material features are important for periodontal regeneration, and 2) what combination of
bioactive factors would coax cells into a proregenerative state? These important considerations

will be discussed in the subsequent chapters.

1.2 Hydrogels for periodontal regeneration

1.2.1 Poly(ethylene glycol) hydrogels as a provisional ECM

Naturally occurring ECM is a dynamic structure that provides structural integrity to tissue,
while keenly regulating cell activity [51]. Its active participation in guiding cell behaviour has
made it the basis for developing biomaterials that mimic its form and function [55]. Hydrogels
are a class of materials that are structurally very similar to native ECM, in that they are typically
composed of hydrophilic cross-linked networks which can resist a certain amount of tensile and
compressive stress [56]. Furthermore, the molecular structure of the cross-linked mesh can be
tailored to be permissive to the exchange of nutrients and the transport of macromolecules [57].
As with naturally occurring ECM, these hydrogels too can be tethered with bioactive moieties
that support cell adhesion and prompt specific cell responses. As expected from a native ECM,
hydrogels can also supply chemical instructive cues, while providing cells with mechanical
support (Figure 7) [56]. In order to mimic specific compositions of natural ECM, a polymer
backbone with predictable and controllable chemistry is essential. Star poly(ethylene glycol)
(PEG) macromers have previously been used to produce hydrogels in a controllable manner,

yielding many biologically desirable properties [58,59]. Star PEG arms functionalised with



reactive groups serve as tethering points for cell-adhesion motifs such as arginine-glycine-
aspartate (RGD) (Figure 7). Additionally the low-protein adsorption of PEG itself enables the
mesh to serve as a reservoir of growth factors with minimal undesired interactions.

Cell adhesion motif

Cross-linker I
CaP

GFs

Figure 7: The cross-linked PEG hydrogel mesh acts as a provisional ECM, providing the cell with attachment sites
and bioactive cues such as growth factors and minerals.

Natural ECM 1is under constant remodelling by the cells to meet demands of the local
microenvironment. For hydrogels to perform similarly, the design would require a polymer
backbone that can be degraded upon cell colonisation. As the native ECM is remodelled via
cell-proteases [60], hydrogels too, can incorporate protease sensitive cross-linkers. As cells
colonise the hydrogel, the polymer network would be susceptible to degradation via the release
of cell-proteases such as matrix metaloproteinase (MMP) [61,62]. While such hydrogels mimic
naturally occurring extracellular matrices in many aspects, nature is often a step ahead. The
complex distribution, presentation and temporal release of bioactive molecules occurs in a
systematic and highly regulated manner. Simultaneously, cells use and replenish extracellular
stores of GFs and molecules to remodel the ECM. Hence, it is more reasonable implement a
hydrogel matrix as a provisional ECM that provides the structural basis for cell-driven
remodelling, rather than attempting to re-engineer a very organised and regulated network of
molecules. At the same time, it would be beneficial to incorporate cell-adhesive and
chemotactic cues within the hydrogel that would support cell colonisation and ultimately

facilitate the remodelling process.

Considering the amount of bone loss in periodontitis is relatively small, one would expect that

the body is capable of regenerating the periodontium itself. However, the body is incapable of
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doing so, as the demands to treat periodontitis are highly specific. Since the tissue is in a chronic
inflammatory state, innate regenerative processes are limited. At the same time, reduced
alveolar bone height leads to the collapse of the junctional epithelium. This has given rise to
interventions such as GTR membranes that are aimed at occluding the gingival connective
tissue from the alveolar bone out of the hope to facilitate bone regeneration [63]. However, the
use of an injectable material has certain advantages over the use of GTR membranes. For
instance, minimal surgical intervention is required to access the defect site. Additionally, with
the ability to conform to different defect geometries, an injectable material would fill the defect
in a way that would provide stability to the gingival flap, but also serve as a provisional ECM,
susceptible to cell infiltration. Hence an injectable hydrogel would facilitate vertical alveolar

bone growth, periodontal ligament ingrowth, while also being clinically manageable.

1.2.2  Inducing cell migration

Endogenous regenerative medicine is a rather nascent, yet promising field within regenerative
therapy. It relies on stimulating self-healing mechanisms and harnessing the body’s natural
capacity to repair and regenerate diseased tissue [11]. Stem cells are in the spotlight of
endogenous regeneration, since they have the innate capacity to migrate to tissues that need
repair [64,65]. Stem cell migration is a highly coordinated process, involving cell-adhesion
molecules, ECM components, and the stem cell niche itself [66]. Each of these molecules play
a role, either in the mobilisation of stem cells or as chemokines that provide directionality to
cellular migration [67]. Utilising factors that stimulate the migration of stem cells would be
purposeful in endogenous regenerative applications. While the delivery and release of these
factors dictate its effects [10], Table 1 summarises key factors that have been identified as

chemotactic inducers for stem cell recruitment.

Table 1: Important factors identified for stem cell homing and induction of chemotaxis. Adapted from [68,69]

Molecules References
Platelet derived growth factor (PDGF) [70,71]
CXC chemokines (especially SDF-1a) [72-76]
Vascular endothelial growth factor (VEGF) [77]
Tumor necrosis factor alpha (TNF-a) [78]
Transforming growth factor beta (TGF-) [79,80]
Matrix metalloproteinases (MMP) [81,82]

Granulocyte-colony-stimulating factor (G-CSF) [83,84]
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Unfortunately, bolus systemic or local injections of growth factors (GFs) have low stability and
undergo rapid degradation with limited half-lives in vivo [85-87]. Alternatively, repeated doses
of these factors can have adverse systemic effects, along with unnecessary accumulation across
the body [88]. Hence, direct delivery of these factors is inefficient in recruiting stem cells, since
the regenerative process relies heavily on the controlled and prolonged release of these
chemokines [75]. Scaffolds can serve as delivery vehicles for these molecules, providing
various means of efficient loading that can be tailored as per the intended application. Bonding
strategies, such as direct loading, immobilisation via ionic complexes, and particulate systems,
have all been used previously. However each of these methods come with specific pros and
cons [75,89-91]. Additionally, loading scaffolds with multiple recombinant factors is likely to
result in better recruitment of stem cells [92]. However the safety and underlying molecular

mechanisms of such approaches in vivo are yet to be validated.

This has prompted the use of blood derivatives such as platelet rich plasma (PRP) and platelet
lysates (PL) that naturally contain many of the chemoattractants identified in Table 1 [93]. As
the name suggests, PRP is a concentrate of platelets isolated from blood plasma upon multiple
centrifugation steps [94]. On the other hand PL is the lysed product of PRP as a result of
repeated freeze-thaw cycles or via platelet disruption using ultrasound [95]. Although both of
these blood derivatives are products of platelets, PL has the upper hand over PRP in its clinical
practicality and utility. Firstly, PL can be frozen and stored for use, whereas PRP needs to be
used upon processing. Secondly, PL processing results in the release of growth factors that
would otherwise require platelet activation in order to be released. Next, PL is void of platelet
debris and does not form fibrin glue easily, which is known to trap some of the growth factors
present in these blood derivatives [96]. Unlike PRP pools, growth factor concentrations from
different pools of PL show insignificant variations, contributing to predictable outcomes when
used to guide cell behaviour [97]. Both PL and PRP also contain cell adhesion molecules to

support cell adhesion to the ECM [98].

1.2.3  Supporting cell adhesion

The adherence-dependent nature of mesenchymal stem cells suggests that their survival and
expansion depends on physical interactions with their environment [99]. In parallel, scaffolds
and biomaterials have undergone a paradigm shift from being structural supports for damaged

tissues to being actively integrated into the tissue itself. This has led to the development of
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natural and synthetic approaches that facilitate cell colonisation and tissue integration as an

important part of biomaterial related research [100].

As mentioned earlier, cells interact with the ECM both physically and chemically. This physical
interaction occurs via transmembrane heterodimer proteins called integrins [101]. Subunits of
integrin can bind to ECM molecules such as fibronectin, vitronectin and a variety of collagens
[102]. However, the common denominator of these interactions is the highly specific binding
of integrin with a tri-amino acid sequence, arginine-glycine-aspartate (RGD) [103]. This RGD
fragment has been produced synthetically for its incorporation into biomaterials. It is not only
inexpensive and highly reproducible, but also comes with many advantages over using native
ECM proteins. Given the size of the small RGD fragment in comparison to whole ECM
proteins, scaffolds can be functionalised with high spatial control and presentation of RGD
ligands [104]. Additionally, RGD fragments are less susceptible to proteolytic degradation
compared to whole proteins. While RGD is synthetically produced, it brings minimal risk of
pathogen transmission and immune reactivity. Simultaneously, the synthetic production
process enables the addition of flanking amino acids to the RGD sequence, allowing it to be
chemically tethered to a wide range of biomaterials. /n vitro assessments combining RGD with
non-fouling materials such as PEG have high predictability for in vivo translation since

unspecific binding is negligible [104].

RGD can facilitate more than just cell attachment. The presentation, density and isoform of
RGD can influence cell morphology, migration and differentiation of cells [105-107]. The two
main isoforms of RGD are cyclic and linear, mainly differ in their spatial conformation [108].
Additionally, it is believed that both isoforms differ in specificity to different integrin subunits,
while cyclic RGD is known to have higher stability in vivo [107,109]. However to achieve
tissue regeneration, RGD functionality alone would be inadequate to achieve tissue
regeneration. Bioactive molecules such as growth factors and osteoinductive minerals can be
added into the biomaterial matrix to guide cells to terminally differentiate and ultimately form

tissue.

1.2.4  Driving stem cell differentiation

The high-inflammatory conditions within the periodontal defect prevents cells such as
osteoblasts, PDL cells and mesenchymal stem cells from performing their regular reparative
duties [110]. Minimising inflammation alone is insufficient to drive repair, and the cells require

a conducive microenvironment that promotes the regeneration of damaged tissue. Hence, the
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right inductive cues are necessary to coax both residential and recruited cells into a
proregenerative state that would ideally result in tissue formation. The multilineage capacity of
dental stem cells implies that different external cues, would direct cells differently [111]. With
numerous naturally occurring growth factors in blood derivatives, different responses from

each of the cell types could be expected [93].

Blood derivatives such as PL not only contain factors that are capable of inducing cell
migration, but also stimulants that drive cell differentiation [97]. The most abundant products
from the a-granules of platelets are PDGF, IGF and TGF-f, which have been linked to the
recruitment of progenitor cells as well as the differentiation of pre-osteoblast cells.
Additionally, other important factors such as VEGF and BMP are known to be potent inducers
of vascularization and bone formation [112]. BMP along with IGF and TGF-B belong to the
same superfamily of proteins, which play significant roles in the differentiation of cells to form
hard tissue [97,113]. BMPs are perhaps the most popular of them all, widely recognised for
their potential in inducing ectotopic osteogenesis, and have received both credit and criticism
for their use as a recombinant protein [114-116]. In addition to BMPs, FGF has also shown
increased bone healing when used in combination with calcium phosphates in periodontal rat
defects [117]. Additionally, FGF alone is capable of driving PDL cells into osteogenic
phenotypes in vitro [118]. TGF-f, on the other hand plays a very different role when it comes
to bone formation. It is known to inhibit osteoclast activity, while also stimulating osteoblastic
bone formation [119]. Hence, it is a key regulator of bone homeostasis, with the capacity to
recruit stem cells as well [120]. Among others, FGF, TSP-1 and TNF-a also actively contribute
to the wound healing and regenerative process [121,122]. However it is the combination of

these GFs that makes PL an attractive source for the induction of cell differentiation [93].

Though each GF mentioned above has been associated with differentiation when isolated,
whether the same effects would be observed via blood derivatives is questionable. Nonetheless,
it is clear that GFs in blood derivatives provide a nurturing microenvironment for cells, while
effectively recruiting progenitor cells [97,122]. Hence, the use of osteoinductive materials in
combination with blood derivatives could possibly have synergistic effects towards cell
differentiation and periodontal tissue formation [97,117]. Supplying calcium phophates (CaP)
would replenish the microenvironment with raw materials necessary to form mineralised tissue.
CaP are known to have osteoconductive and inductive properties that have been used to
promote MSC differentiation [123,124]. Hydroxyapatite (HA), tricalcium phosphates (TCP)

and amorphous calcium phosphates (ACP) have all been used based on their differences in
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solubility, stability, ionic release and mechanical strength [125]. Although HA is the main CaP
present in naturally occurring bone, its high stability makes it less susceptible to remodelling
[126]. This is important because the degradation and local ion release from soluble calcium
phophates have been associated with upregulation of key osteoblastic differentiation genes
[127]. Additionally, cells exposed to HA scaffolds with soluble CaP have shown increased
collagen synthesis and ECM mineralisation, when compared to HA scaffolds alone [128]. This
suggests that soluble CaP may be a better choice than stable HA in promoting the regeneration

of mineralised tissue within the periodontal defect.
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2 Research concept

The idea behind utilizing an injectable, synthetic and modular PEG hydrogel system was to
develop a clinically viable and minimally invasive approach for periodontal regeneration, while
side-stepping any hindrances related to cell therapies that involve ex vivo cell isolation and
expansion. PEG hydrogels alone are insufficient to actively induce periodontal tissue
regeneration. Therefore, PL and CaP were incorporated into the injectable system to direct cell
migration and differentiation respectively. The key components and likely mechanisms that

would orchestrate cellular responses within the periodontal pocket are highlighted in Figure 8.
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Figure 8: Conceptualisation of endogenous regeneration for periodontal defects with an injectable bioactive
hydrogel scaffold.

In order to assess the individual role of each of the biofunctional components added to PEG
hydrogels, in vitro studies were carried out separately. First, PEG was functionalised with the
synthetic integrin binding peptide, RGD, enabling cells to adhere and colonise the scaffold
(Paper I). Next, in order to drive differentiation towards the osteogenic lineage, there was a
selection of factors to choose from that could guide the stem cells in this direction. We chose
to study the osteogenic effects of ACPs within the hydrogel scaffold (Paper II), not only
because calcium and phosphate are prerequisites for bone formation, but also because the
addition of minerals could potentially add mechanical integrity to load bearing applications of
the hydrogel under development. Finally, to circumvent the isolation and expansion of cells for
clinical use, we decided to incorporate platelet lysate within the gel substrate as means of

attracting cells towards the hydrogel scaffold (Paper III).
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The general hypothesis of the thesis is that specific bioactive cues incorporated into the
hydrogel system would enable the cells to attach, differentiate and migrate towards the hydrogel
scaffold. As a result, emphasis in this thesis is placed on cellular responses when in contact or

exposed to hydrogels containing bioactive molecules.
The following research questions were addressed in individual papers as part of this thesis:
Paper I: Cell attachment studies

e What concentration of RGD is required for hMSCs to attach on PEG hydrogels?
e How do cells organize themselves on hydrogels of varying RGD concentration and

conformation of the RGD ligand?

e Does increased RGD concentration compromise the mechanical stiffness of the

hydrogel matrix?
Paper II: Cell differentiation studies

e Do minerals in the hydrogel serve as adhesion points for hMSCs?
e Does the release of minerals pose any cytotoxic effects on hMSCs?

e Do composite hydrogels promote osteogenic differentiation of hMSCs?
Paper III: Cell migration studies

e Do platelet lysate loaded PEG hydrogels stimulate directional migration of hMSCs?
e Do platelet lysate loaded PEG hydrogels increase the invasiveness of hMSCs in 3D?

An experimental design was developed to investigate these research questions (Figure 9).
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Figure 9: Summary of the experimental strategy followed in this thesis to evaluate the incorporation of cell-
adhesive motifs, ACP and platelet lysate as part of the hydrogel system.
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3 Experimental considerations

A variety of experimental and analytical techniques have been implemented in this research
study, many of which are well known in the field of stem cell biology and biomaterials. This
section introduces the different methods adopted to address the research questions defined in
the previous chapter. However, the aim of this section is not only to justify the purpose of the
techniques and state any adaptations made, but also to critically assess the advantages and

shortcomings of their use, while acknowledging possible alternate approaches.

3.1 Hydrogel formation and biofunctionalisation

3.1.1 PEG hydrogels

The hydrogel system used in the experimental work of this thesis was based on previous work
conducted by Lutolf and Hubbell [57,129]. In this system, four or eight armed PEG macromers
containing either maleimide (M) or vinylsulfone (V) reactive groups are dissolved in buffer and
cross-linked via MMP-sensitive peptides (Figure 10). A covalently linked hydrophilic network
is formed as reactive groups on the PEG macromers participate in a “click” thiol-Michael
addition reaction with bis-cysteine from the MMP-sensitive cross-linking peptide. As PEG
macromers cross-link, the bulk of the material undergoes a sol-gel transition. This changes the
properties of the system from a viscous to an elastic nature. Hydrogels were formed into discs
by pipetting a droplet between two hydrophobic glass slides with a silicon spacer in between.
This resulted in a disc with uniform surface, while the silicon spacers prevented the hydrogel
from drying out during the gelation process. The main reason we adopted PEG based hydrogels
was due to the modular “click” chemistry that enables biofunctionalisation with both, ease and
efficiency [130]. Additionally, cross-linking via Michael-addition reactions between thiols and
—enes can occur under physiological conditions, without the need for any free radicals, making

it a well-suited reaction for biological applications [131-133].
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Figure 10: Schematic illustrating macromers biofunctionalised with RGD and cross-linked with an MMP-sensitive
peptide to form a hydrogel network.

While both maleimide and vinylsulfone reactive groups are capable of participating in hydrogel
formation, they do so under very different pH conditions. PEG-M hydrogels form under acidic
conditions (pH 3.0 — 4.0), while PEG-V hydrogels form under basic conditions (pH 7.0 — 8.0)
[134]. Although PEG-M hydrogels are known to have relatively high reaction efficiency with
fast gelation kinetics, the acidic conditions are a prerequisite for this to occur [133].
Nonetheless, the low pH requirement comes with certain benefits and drawbacks. Since PEG-
M is more tolerant to the acidic conditions, it is better suited as an injectable material into the
acidic environment of a wound site. However, these acidic conditions can be unfavourable for
cell encapsulation or seeding for in vitro studies. Hence, PEG-M hydrogels underwent a
swelling step in cell culture media, prior to cell seeding for in vitro experiments (Papers I and
IT). This enabled an exchange of low-pH buffer post-gelation with cell culture media, making
the scaffold compliant to cell culture. There are various other methods to make PEG-M gels
more attractive for cell culture such as lowering the buffer concentration, increasing the thiol
reactivity or by using more electronegative end-linking peptides [135]. Though our approach
may not support cell encapsulation, it is a straightforward solution to seed cells onto the scaffold
(in 2D) without compromising the gelation kinetics or mechanical properties of the hydrogel.
Alternatively, PEG-V has extensively been used for in vitro and in vivo studies in the past [136-
138], since hydrogels can be formed under physiological pH, allowing for cell encapsulation
(Paper III). The high pH reactivity of vinylsulfone enabled us to form hydrogels by simply
dissolving the polymer in cell media or platelet lysate solution while maintaining effective
cross-linking of the PEG backbone. However, the PEG-V gels have previously been shown to
have slower gelation kinetics and lower mechanical properties in comparison to PEG-M gels

[134].
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PEG-M was pursued as a more attractive system in terms of creating composite hydrogels
containing ACP minerals (Paper II). The formation of CaP minerals precipitates the phosphate
ions from the buffer, reducing the pH of the gel suspension as the buffer capacity of the buffer
is diminished. However, high pH conditions are desirable for mineral formation. While the high
pH conditions required for PEG-V hydrogels may appear useful here, the consequences due to
the drop in pH with mineral formation is a lot more pronounced in the PEG-V system. This
results in much slower gelation kinetics, which dismisses its clinical applicability altogether
[134]. On the other hand, by increasing the pH of the buffer used in the PEG-M system, we
were able to strike a balance between the two competing reactions of gelation and mineral
formation resulting in hydrogels with reliable gelation kinetics and mechanical properties
[139]. Additionally, the superior mechanical properties of PEG-M hydrogels could be

particularly beneficial when incorporating biofunctional cues into the system.

3.1.2 RGD tethering

In order to accommodate cell adhesion, whole proteins or peptide sequences need to be
incorporated within the PEG network [107]. Given the reputed use of RGD in support of cell
adhesion [140,141], we decided to incorporate these synthetic cell adhesive peptide into our
hydrogel system. RGD peptides are typically available as two isoforms: linear (1inRGD) and
cyclic (cycRGD). Though there is evidence that the avf3 domain of integrin binds to cycRGD
with increased affinity and specificity, it is significantly more expensive to produce [142,143].
At the same time, the linear isoform has shown specificity to the asBi subunit, capable of
affecting downstream mechanisms within the cell [107]. While both isoforms of RGD are used,
there is no general consensus regarding the ideal concentration needed to enable cell attachment
onto PEG hydrogels [144]. Hence, our selection criteria for the required RGD concentration
was rather straightforward. We decided to incorporate RGD at low concentrations, slowly
working our way up towards concentrations that have been more typically used in PEG

hydrogels [141,145].

As RGD is introduced to the polymer solution prior to cross-linking, a fraction of the PEG
reactive groups react with RGD via a cysteine linkage. One obvious drawback of this is that
fewer reactive sites are available for end-linking [132]. This would likely result in an overall
decrease in the mechanical properties of the hydrogel due to the formation of fewer elastically
effective chains. Considering that PEG-M gels have demonstrated superior mechanical

properties and less network imperfections compared to PEG-V gels [134], we opted to tether
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RGD on PEG-M hydrogels in order to minimise any mechanical compromise imposed by the
presence of RGD. Nonetheless, there are other controlled manners in which the mechanical
properties of the hydrogels can be retained. Either increasing the number of arms per PEG
macromer or increasing the polymer content within the hydrogel, would counter any
mechanical compromises due to RGD tethering. In the experimental work presented in this

thesis, PEG macromers with different polymer properties were implemented (Figure 11).

+ + K

4X20 4X10 8X20 8X40

Figure 11: Schematic of 4- and 8-arm PEG macromers with varying molecular weights used to produce hydrogels,
From left to right: 4-arm 20 kDa (4X20), 4-arm 10 KDa (4X10), 8-arm 20 kDa (8X20) and 8-arm 40 kDa (8X40).
‘X’ represents the reactive group, maleimide (M) or vinyl-sulfone (V).

However, alterations in polymer properties can have consequences associated with it. With
more number of arms or increased arm lengths, RGD can be distributed very differently
throughout the hydrogel. As a result, the manner in which these peptides are presented to the
cells can yield different cell attachment and morphological characteristics. RGD clustering and
lateral spacing between adjacent RGD peptides is known affect cell spreading, focal adhesion
dynamics and cytoskeletal organisation [106,146,147]. Hence, it is important to consider
whether the presentation of RGD ligands would be altered by changing the number of
functional arms and the molecular weight of the macromers. There are few approaches to
validate the presentation of these ligands. This would require super-resolution fluorescence
microscopy, where antibodies specific to the integrin associating itself with the RGD could be
labelled, allowing a visualization for the presence of RGD. However, this would only highlight
the RGD peptides participating in integrin binding. Alternatively, synthesizing fluorescently
labelled RGD peptide conjugates have been utilised to stain peptide interactions with specific
domains of integrin [ 148,149]. However, the latter would likely be limited by spatial resolution,

given that mesh sizes within our hydrogel system are within the order of few nanometres.



22

3.1.3 Incorporation of calcium phosphate

ACP has been identified in matrix vesicles in hard tissues such as the enamel [150]. The
formation of HA is preceded by amorphous or octa calcium phosphates (OCP) [151,152] in
aqueous solution, the role of ACP as a precursor to hydroxyapatite in biological tissue is
debated [153,154]. Nonetheless, the biological activity and stability of CaP is highly dependent
on the solubility of CaP minerals [155]. While the solubility of CaP is highly dependent on the
pH of the environment [156], the high solubility of ACP makes it more readily available to
cells in comparison to minerals with lower solubility [157]. This feature of ACP serves as the
basis for incorporating CaP with high solubility into hydrogels to serve as a building block for

a mineralised ECM.

Considering that the polymer was dissolved in a phosphate buffer, the addition of calcium to
the system would directly promote the formation of CaP minerals. By including calcium within
our cross-linking solution, a simultaneous reaction of mineral precipitation and cross-linking
was established. This enables the formation of well-dispersed mineral phase throughout the
hydrogel. Additionally, considering that mineral phase transformation occurs rapidly in
alkaline solutions, strategies that would prolong the solubility of ACP and prevent mineral
transformation were applied. This involved stabilizing ACP either via ionic substitution
[158,159] with ions such as Zn*" or via surface adsorption [160] using organic molecules such
as citrate. Finally, careful selection of the reactive group for the PEG macromers was a
governing factor regarding the pH of the reaction, as previously discussed. The pH of the
reaction was particularly important here since it would not only determine the gelation kinetics,
but also the precipitation of CaP itself. With a mechanically superior PEG-M hydrogel, the
presence of minerals would further reinforce its high physical properties while soluble CaP

would direct cell behaviour (Paper II).

3.1.4 Platelet lysate loading

The chemotactic potential of PL loaded PEG hydrogels was studied in Paper III. In order for
these hydrogels to elicit a response, it is necessary that the bioactive molecules are released and
made available to the cells. Hence, we selected polymer parameters that would likely facilitate
the release of proteins from the PL loaded hydrogels. As a result, PEG-V hydrogels with low
polymer content (5 wt. %) and with longer polymer arms (8-arm, 40kDa) were chosen to form
GF and protein permissive networks. Additionally, it is important to consider that proteins in

the PL could possibly interfere with the formation of elastically effective chains. Hence, as a
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precautionary measure, 8-arm PEG macromers were selected to minimise adverse
consequences on the mechanical properties of the hydrogel. However, this was not the only
reason for our selection. Since invasion studies involved the encapsulation of hMSC spheroids
within the hydrogels, larger mesh sizes would promote the delivery of nutrients to the spheroid,
while also minimally constricting cellular outgrowth. Vinylsulfone reactivity was a deliberate
choice despite its previously mentioned inferior mechanical features [134]. Gelation at
physiological pH readily supported the encapsulation of spheroids, without additional buffering
required. Additionally, this enabled the dissolution of PEG macromers directly in PL

concentrates.

3.2 Material characterisation

3.2.1 Network architecture

Swelling ratio measurements represent an indirect measure of the network architecture within
the hydrogel construct. The mechanical properties of the hydrogel depend on two factors: the
cross-linking density and the equilibrium volumetric swelling ratio [161]. The cross-linking
density depends on the properties of the polymer itself, such as wt.%, functionality and number
of arms. These factors ultimately dictates the degree to which a hydrogel would swell. As a
result, a hydrogel in the swollen state will exhibit higher equilibrium liquid content, larger mesh
sizes () and inferior mechanical properties compared to its unswollen counterpart (Figure 12a).
Nonetheless, an increase in the cross-linking density and polymer content restricts swelling by

the presence of a larger number of elastically effective chains [162] (Figure 12b).
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Figure 12: (a) Illustration highlighting changes in mesh sizes (&) as a result of hydrogel swelling upon achieving
higher equilibrium liquid content. (b) Changes in hydrogel properties as a function of cross-linking density.
Adapted from [162].
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Swelling ratio represents the volumetric increase of the hydrogel due to liquid uptake after
gelation. It is calculated based on measuring the dry weight of a sample immediately after
gelation and reweighing the sample at different time points after being placed in a liquid for
swelling. The volume measurements were obtained using a density determination kit, where
volume of the hydrogels were assessed using a liquid of known density (po) as an auxiliary
liquid. The weight of the hydrogels was first measured in air (Wair), followed by a weight
measurement in the auxiliary liquid (Wig). In our experiments, either PBS or cell media were
used for both swelling as well as the auxillary liquid for measurements. The volume of the gel
before (V:) and after swelling (Vs) was measured using the following equation:

Wair = Wiig

Po — PL

V=«a

where a is a balance correction factor, taking into account the air buoyancy and py is the air

density. Swelling ratio was determined as the ratio between Vs and V..

This method was adopted in all three manuscripts because the information extracted from this
data set is particularly interesting when studying hydrogel systems. In Paper I swelling ratio
measurements were used as a measure of RGD density upon swelling. Although polymers may
be functionalised with the same concentration of RGD peptides prior to gelation, the degree to
which the hydrogel swells determines the density at which RGD is presented to the cells.
Additionally, swelling ratio measurements were used to complement AFM nanoindentation
results to verify differences in liquid uptake when comparing soft and stiff hydrogels. In Paper
II and Paper 111, swelling ratio was implemented as a means of assessing whether the presence
of minerals or PL interfered with the network formation of the hydrogels. Although swelling
ratio data provides insight into the bulk network architecture of the hydrogel, it does not provide
specific information regarding mechanical properties such as elasticity and stiffness of the

hydrogel.

3.2.2  Mechanical properties of the hydrogel

With evidence correlating cell behaviour and morphology to the stiffness of the substrate
[163,164], methods that are able to assess physical properties of the substrate with high-
resolution are crucial. Nanoindentation provides highly local physical information within the
order of few micrometres, making it an indispensable tool to determine stiffness as it would be

perceived by cells [165,166]. Acquiring this information was important in Paper I for two main
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reasons. Firstly, it highlighted the extent to which doubling the number of arms per macromer
added to the stiffness of the hydrogel surface. Secondly, it provided crucial information

regarding any compromises in stiffness upon RGD incorporation.

Atomic force microscope (AFM) nanoindentation was used to characterise the surface stiffness
of the hydrogels (Figure 13). A cantilever equipped with a colloidal probe was used to approach
the surface of the hydrogel (A). As contact was established (B), load was applied onto the
hydrogel surface (C) that resulted in the deflection of the cantilever (D), altering the z-position
as it indented the hydrogel surface. As the cantilever retracted to its original z-position (D),
negative deflection was observed caused by the adhesion forces between the cantilever and the
surface of the hydrogel. The extent of cantilever deflection was recorded by reflecting a laser
beam off the back of the cantilever and onto a position-sensitive photodiode. Together, this
data was plotted as a deflection versus z-position curve as illustrated in Figure 13. This
deflection versus z-position can be converted into a force versus indentation curve by
considering the vertical displacement of the probe along with the deflection of the cantilever.
In order to deduce the stiffness of the sample from force-indentation curves, the Hertz model

was implemented, since this best fits spherical probes as used in our study [166].
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Figure 13: Schematic illustrating the process of nanoindentation resulting in a deflection versus z-position curve.

In Paper I, force-maps were recorded by individually probing areas of the gel surface in a raster
fashion. This can be advantageous, since individual measurements collectively provides high
spatial resolution [166]. Additionally, this method facilitates the detection of any variations in

stiffness from one area to another across the hydrogel. As a result, multiple indentation curves
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were obtained to determine the mean Young’s moduli of the hydrogel. Nonetheless, there are
certain considerations that need to be taken into account when conducting nanoindentation on
compliant materials such as hydrogels. For instance, it is often difficult to determine the contact
point in soft materials since a decrease in Young’s moduli results in shallower force plots [167].
However, there are various fine-tuning measures and models in place to overcome this. As
implemented in our study, the Hertz model is particularly well suited when using colloidal
probes [166,168]. Additionally, it is important to consider the radius of the colloidal probe
when correlating hydrogel stiffness values to forces sensed by cells. Taking into consideration
that focal adhesion dimensions typically range from 0.25 to 10 microns [169], 2 micron

colloidal probes were used in our indentation experiments.

One limitation with assessing the mechanical properties of the hydrogel with AFM is that it
only considers the surface properties and neglects any variations that may occur within the
substrate. For composite hydrogels, the inhomogeneous precipitation of minerals would
prevent nanoindentation from yielding reliable results. This is simply because of the high
spatial specificity of the probe itself. Probing the surface of composite hydrogels could result
in indenting minerals instead of the PEG networks. Hence, evaluating the bulk of the material
would be a better representation of the hydrogel’s physical properties. Since AFM would not

provide this information, dynamic mechanical testing via rheometry was conducted instead.

The most common rheological technique implemented on hydrogels is small-amplitude
oscillatory shear rheometry [170]. This dynamic mechanical testing method imposes a
deformation onto the hydrogel using a small strain amplitude applied via an oscillating plate.
As a small amount of stress or strain is imposed on the hydrogel a stress response is measured
as a function of time [171]. The response of the hydrogel determines whether its behaviour is
elastic with a high storage modulus (G’) or viscous with a high loss modulus (G”).
Additionally, the performance of the hydrogel within a linear viscoelastic regime determines
its overall storage or loss moduli. The linear viscoelastic regime was determined by applying
either a fixed shear force onto the hydrogel or by rotating the oscillating plate at a fixed
frequency. It is in the linear viscoelastic regime that the hydrogel’s structure is at equilibrium
resulting in a linear relationship between the applied forces and the resulting stress or strain.
Minerals were incorporated into PEG hydrogels (Paper II) not only for their biological purpose,
but also to add mechanical strength to the construct. We were particularly interested in
evaluating the extent to which these minerals added to the bulk mechanical properties of the

composite hydrogels compared to non-mineralised counterparts. While dynamic mechanical
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testing directly evaluates the capacity of hydrogels to withstand deformation, it also sheds light
upon bulk network architecture. This is because hydrogels with high storage moduli have more
elastically effective chains. Hence, rheology provides complementary indirect information to

swelling ratio measurements validating any inhomogeneity in bulk network architecture.

3.2.3 Release studies

While network architecture determines the storage moduli and the degree of swelling, it also
dictates the release of the growth factors and proteins from the hydrogels. Migration and
differentiation studies in Paper II and Paper III rely on the release of factors that drive
differentiation and cell migration. In order to correlate any effects of these bioactive factors,
the extent to which these are released from the hydrogel is essential. In Paper II, atomic
absorption spectroscopy (AAS) was implemented to determine the amount of calcium and zinc
present within the media over time. This method relies on the presence of free ions in their
gaseous state (upon atomisation) and is based on the absorption of light to determine their
concentration [172]. Although AAS is a sensitive and reliable method, it is limited to only

detecting metallic ions.

In Paper III, BCA (bicinchoninic Acid) protein assay was implemented to measure total protein
release from PL loaded hydrogels. A release profile of proteins is important in order to attribute
any chemotactic effects to the contents of PL itself. Under alkaline conditions, proteins are
capable of reducing Cu®* to Cu!" in a reaction known as the biuret reaction [173]. BCA forms
a highly specific and stable complex with Cu'*, which results in a colour change that can be
measured by spectroscopy [174]. This assay is well known for its sensitivity, with minimal
interferences from salts present in buffers such as PBS. However, one shortcoming of this
method is that no information regarding the type of protein is revealed. Instead the total protein
content in the surrounding liquid is obtained. However, alternate methods can segregate protein
by size such as western blot, or by specificity, using an enzyme-linked immunosorbent assay
(ELISA) or Luminex assay. However, BCA analysis is considerably more cost effective, faster
and less tedious to perform. Nonetheless, since BCA is not specific and sensitive enough to

detect low concentrations of a single protein, SDF-1a release was measured via ELISA instead.

The “sandwich” ELISA was selected for its high sensitivity and specificity that would enable
detection of SDF-1a concentrations as low as 80 pg/mL. In this method, wells have been pre-
coated with an SDF-1a specific capture antibody in the supplied microplate. This interaction is

amplified upon binding with a biotin conjugated detection antibody. A substrate enables the
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detection of this via a colour change from blue to yellow, once the reaction is stopped. The
hydrogels were loaded with 250 ng/mL of SDF-1a and placed in PBS, to measure the amount
of SDF-1a that had been released from the construct over time. However, negligible amounts
of SDF-1a was detected at all time points, despite the high sensitivity of ELISA. If all the SDF-
la present were to be released from the hydrogel into the PBS, we would expect approximately
16 ng/mL to be detected, which is well above the detection limit of the assay. Instead, no SDF-
lo was detected. As a control, having accounted for the volume of the gel as well as the volume
of PBS around the gel, we diluted the SDF-1a without it being loaded in the hydrogel. This
revealed whether the hydrogel was retaining the SDF-1a without any release at the selected

time points.

3.3 Invitro experiments

It is imperative for any biomaterial being developed to undergo in vitro testing in terms of
biocompatibility, cytotoxicity and ultimately, for its intended application. Though in vitro
testing has faced criticism for inadequately representing in vivo scenarios, it is still the foremost
step towards validating biomaterials and their efficacy. The simplicity of in vitro testing
coupled with the right biochemical assays provide insight into cellular activities with
reproducibility. Additionally, ethical requirements for cell-based experiments are minimal in
comparison to in vivo studies. Although clinical translation is the ultimate goal, we first need
to understand the cell-material interactions in a controlled and simplified environment and

eventually test whether our results can be reproduced in a complex in vivo setting.

All in vitro experiments conducted as part of this thesis used primary cells instead of
immortalised cell lines. Though primary cells are more expensive and less robust in comparison
to cell lines, they are considered a more superior model of in vivo cell behaviour. That being
said, it is important to acknowledge that a weakness related to cell experiments in this thesis is
that all papers have utilised cells from a single donor only. Bone-marrow derived mesenchymal
stem cells were used in Paper I and II, while experiments for Paper III were performed with
adipose derived mesenchymal stem cells. This was purely due to convenience of cell
availability. However, it is necessary to be aware that experimental observations between
adipose and bone marrow derived stem cells could differ in spite of them sharing many
biological characteristics [175]. Additionally, evidence suggests that passages beyond 8 may
prompt rapid ageing [176], affect cell morphology and the proliferative capacity of hMSCs in
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vitro [177]. Hence, stem cells were kept at a maximum confluency of 70% and had undergone

no more than 6 passages in preparation for experiments.

3.3.1 Experimental design

In vitro experiments were carefully designed to best address the research questions related to
each study. Four key designs adopted as illustrated in Figure 14. A direct seeding method
involved cells seeded directly on hydrogel disks, where contact between the hydrogel and the
cells was essential to study cell attachment behaviours. Since we were also interested in
studying the effects of the soluble factors from the composite gels in Paper II, a non-contact
exposure setup was established in which the cells were seeded on the TCPS, while hydrogel
discs were placed in porous well inserts above. In Paper 111, two different setups were used.
The use of u- slides enabled us to document cell movement via live video microscopy (Figure
14d), while cell spheroids were encapsulated into hydrogel disks in order to assess the 3D

penetrability of the cells within the hydrogel matrix.
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Figure 14: An illustration of the four different in vitro setups used in this thesis.
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In Paper I, part of the study involved counting the number of attached cells within a fixed area
across the gel surface. This required precise seeding such that cells are only exposed to the gel
surface and not to the tissue culture plastic (TCPS). The most straightforward approach to
achieve this would be to have a layer of gel at the bottom of the plate with cells seeded on top
of the gel. However, gels pipetted directly into well plates had the tendency to swell against the
lateral walls of the well, leaving the centre of the well void of the gel. Ultimately, the approach
that worked best involved direct seeding of cells as a concentrated droplet onto the surface of
a hydrogel disk hydrogel. In order to optimise this, the wettability of the swollen hydrogel
surface was first measured via contact angle measurements. This allowed to maximise the
volume in which cells were seeded onto the hydrogel surface without drying of the hydrogel or
collapse of the droplet itself. The use of hydrogel disks placed in well plates allowed for easy
fixation and immunolabelling, while the disks could be removed from the well for confocal
microscopy. This was important since the confocal microscope available was upright, with
objectives that would otherwise limit the proximity to the sample. The direct seeding method
was utilised for assessing cell attachment (Paper I and II) and extracellular matrix formation
(Paper II). Additionally, the exposure setup was designed for quantitative differentiation assays.
Though seeding cells directly on to the scaffold for short periods of times (upto 7 days) worked
well, the cells they would peel off the hydrogel surface shortly after they had formed
multilayers. Instead, seeding cells on the TCPS allowed for better control of cell numbers and
favoured multilayer formation. This was important not only because substantial cells are
required in order to drive differentiation, but also because variability in cell numbers could

result in unreliable results from protein quantification.

Paper III involved the use of an established p-slide setup [178]. This best suited the study since
it had three separate interconnected chambers, blocked by plugs. This was important in order
to separate the cells from the gel, while allowing a concentration gradient to form. The centre
chamber was left empty in order to accommodate for swelling of the hydrogel upon liquid
uptake. The experiment began once the slide was placed under a microscope with an incubation
chamber and the plugs were removed to enable diffusion across the chambers. Hydrogels were
loaded either with PL, SDF-1a (positive control) or aMEM (negative control, without FBS) to
study chemotactic potential of the released proteins and growth factors. Cells were cultured

with FBS free media, in order to omit any opposing stimuli.

One aspect where our setup requires validation involves the establishment of a gradient in order

to induce migration. In the case of PL loaded hydrogels, it would be impossible to accurately
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visualise the presence of a gradient considering the different molecular weights of the proteins
and growth factors. Additionally, accounting for the protein-protein interactions that likely
occur in the PL mixture only makes it more problematic to validate the presence of a gradient.
On the other hand, it would be possible to visualise the gradient of SDF-1a by loading the gel
with fluorescent labelled dextran of a similar molecular weight as SDF-1a [179]. Though this
approach would not account for the chemical interactions between SDF-1a and the hydrogel,

it provides information on the physical aspects related to the release of the chemokine.

Paper III also dealt with the invasiveness of cells encapsulated within the hydrogel. For this,
cell spheroids were generated by seeding stem cells in non-adherent round bottomed wells for
24 h. Immediately after the polymer was mixed with the end-linker solution, it was pipetted in
and out of round bottomed well, such that the spheroid would be embedded into the gel mixture
and formed into a disc (Figure 14). Due to the size and compactness of the spheroid, the
viability of cells at the core of the spheroid may be a concern with regard to sufficient nutrient
transport to this region. However, previous studies that utilise a similar approach assure that
almost 90% of the hMSCs maintain their viability at 3 days in culture [180]. Phase contrast
microscopy along with confocal microscopy was implemented in order to qualitatively assess

the penetrability of cells into the hydrogel matrix.

3.3.2  Cell attachment and organisation

In order to assess the behavioural characteristics of cell attachment and organization confocal
laser scanning microscopy (CLSM) was the main technique used for image acquisition.
Confocal microscopy offers multiple advantages over conventional optical microscopy. Firstly,
confocal imaging techniques enables blocking light from regions other than that in focus. This
allows for control over the depth of field across the specimen while collecting a series of optical
sections across the z-plane with high resolution and minimal background [181]. This proved
particularly useful in Paper I where cell clusters existed as 3D objects and often required a
collection of z-stacks to visualise each cell belonging to the cluster. Additionally, CLSM
enables fluorescent imaging of cellular structures upon immunolabelling with specific

fluorophores and antibodies.

An important consideration when visualizing structures within the cell is the selection of
primary and secondary antibodies for immunolabelling. In Paper I and II anti-human vinculin
primary antibodies were selected to label part of the focal adhesion (FA) complex. In addition,

phallodin and 4',6-diamidino-2-phenylindole (DAPI) was used to label the cytoskeleton and
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the nucleus respectively. Vinculin was selected primarily based on its role within the focal
adhesion complex. It has been widely recognised as one of the main mechanosensory
components within the force-transduction layer of the FA [182,183]. As shown in Figure 15,
vinculin is an adaptor protein that acts as a molecular clutch between the transduction of
mechanical input received by talin and the imposed force on the contractility of actin filaments
[184,185]. Since we alter the mechanical stiffness of the hydrogels in Paper I via changes in
polymer selection and in Paper II with the presence of minerals, the manner in which cells
perceive these changes can be highlighted by vinculin localization. On the other hand,
phalloidin and DAPI were selected based on their high specificity for their respective target
structures and their reliability in cellular imaging [186,187]. Phalloidin enabled visualisation
of cellular morphology adopted by the cells seeded on hydrogels with varying characteristics,

while DAPI was used label the nucleus.
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Figure 15: Illustration of vinculin as part of a molecular clutch system in the mechanotransduction process between
force sensation and transmission.

Imaging of the cells provided a qualitative overview of attachment and organization. However,
further quantitative analysis of these images highlighted subtle differences among the groups.
In Paper I, the attachment and organizational behaviours of cells were analysed in depth. This
included assessing the number of cells that had attached per unit surface area of the gel, the

percentage of hydrogel surface area covered by cells and spatial relationships between the cells.
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However, we also employed a technique often used in the ecological evaluation of populations,
known as nearest neighbour analysis developed by Clark and Evans [188] which has also
previously been employed in the field of cell biology [189]. A parameter known as the R-value,
which represents the spatial uniformity and distribution within a population, is generated from
the images. The R-value is calculated as a ratio between the distance to the first neighbour for
each nucleus (RA) and the expected mean distance within a randomly distributed population
(R’E) [188]. This value serves as an index of aggregation and can indicate whether the members
of the population are clustered (R = 0), randomly distributed (R = 1), square distribution (R =
2) or have a hexagonal distribution (R =2.15) as illustrated in Figure 16. Hence, lower R-values
closer to zero represent an aggregation of cells, while values closer to 1 represent cells
distributed at random. In order to extract this data from the confocal images, there are various

steps involved in the process.
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Figure 16: Interpretation of R-values based on cell distribution across a set field of view.

Cell Profiler Software was used to process the images and extract R-values from cell
distributions in a given field of view. Images from DAPI channels were smoothed and
segmented to recognise individual nuclei as primary objects using a size filter and intensity
thresholding. Distances from each individual object to its nearest neighbour object were

determined (RA) within an expanded radius of 20 pixels (corresponding to the average nuclear
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diameter). The number of objects within the expanded radius (neighbours) was also counted.
Subsequently a more strongly smoothed image was generated followed by segmentation for
object recognition. These objects were compared to the original primary object nuclei and
designated as parent/child to define cell clusters compared to individual cells. The segmentation
and cluster assignment was visually cross-checked based on individual colour assignments to

each object.

3.3.3  Assessment of cell viability and cytotoxicity

Lactate dehydrogenase enzyme (LDH) leakage was measured as a marker of membrane
damage. In healthy cells, this enzyme is typically held within the cytoplasm, however, upon
damage of the phospholipid bilayer, it is released into the cell culture media. LDH in the cell
media is measured via a coupled enzymatic reaction that converts tetrazolium salt to formazan
resulting in a red colour that can be measured by absorbance [190]. Positive and negative
controls were included in order to obtain results relative to maximum and minimum amounts
of LDH released from the cells. The positive control involved the addition of Triton X-100 to
cells seeded on TCPS enabling maximum membrane lysis. On the other hand, the negative
control simply involved cells seeded on TCPS representing cells with intact membranes. The
assessment of cytotoxicity in the LDH assay is limited to the damage to the membrane. Hence,
it is important to consider the membrane permeability of the compound under investigation.
While LDH provides information regarding cell death, it does not provide information

regarding adverse effects that did not result in cell death.
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Figure 17: LDH is released upon perforation of the cell membrane. Detection involves the conversion of lactate
to pyruvate
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Hence, in contrast to cytotoxicity, cell viability was assessed to provide parallel information
regarding the health of the cells. An alamar blue assay was used as an indicator of cell viability
via the reduction capacity of the cell’s metabolic status. This assay involves the reduction of
resazurin, a cell permeable blue colour dye to a fluorescent pink colour upon the acceptance
of'an electron [191] . This internal reduction environment is typically supplied by mitochondrial
reductases participating in the energy metabolism within the cell. As a result, increased
reduction of resazurin to resofurin correlates to increased cellular metabolic activity, which is
measured either via spectrophotometric fluorescence or absorbance [192]. The alamar blue
assay has multiple advantages over frequently used tetrazolium salts in other cell viability
assays such as the MTT assay. Resazurin is not only water soluble, but also non-toxic, which
allows for the assessment of cell viability without it being lethal to the cells. One important
consideration when utilising alamar blue is related to the incubation time of the dye. This can
range from 1 to 4 hours depending on the cell density [190]. However, if alamar blue is
measured at different time points through the course of an experiment, it is important to
maintain the same incubation time for accurate results. Additionally, alamar blue is most
sensitive when cell densities among test groups are similar. Both LDH and alamar blue were
conducted in Paper II, to ensure that the presence of minerals did not have any toxic effect to

the cells and to confirm that cell viability was not affected.

3.3.4 Cell differentiation analysis

Once no adverse effects of the minerals was assured via LDH and alamar blue assays, in vitro
studies in Paper II were focused on assessing the extent of osteogenic differentiation in the
presence of ACP. We implemented an array of testing methods to quantify differentiation on
the protein as well as the gene levels. Proteins and genes of interest were selected such that the
early and late differentiation stages were considered (Figure 18). Bead-based multiplex assays
(xMAP by Luminex) were used to quantify protein and cytokine products after cells were
exposed to composite hydrogels. The system is based on antibody-antigen interactions and is
based on the principle of sandwich ELISA assays, however this approach allows for the analysis
of multiple analytes simultaneously [193]. The beads used in the assay have signature spectral
properties and are coated with several specific capture antibodies that bind to target proteins.
As a result of this binding, an analyte-specific biotinylated antibody is incubated following a
streptavidin-reporter conjugate, similar to that mentioned in ELISA. The main difference here

is that the beads are analysed via the Luminex 100/200™ instrument which reveals spectral
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properties of the beads along with the reporter fluorescence, together assessing the
concentrations of multiple analytes [194]. Though this assay can be expensive for the analysis
of single analytes, it is more cost-effective and time saving compared to ELISA assays when
analysing multiple analytes simultaneously. The main advantage of using such an assay is that
it requires only small quantities of cell media and provides results with high accuracy and
specificity. This allows for tracing the proteins from each replicate over the course of time
without the need for separate samples for different time points. Furthermore, in contrast to
ELISA assays, this method is capable of analysing multiple protein products simultaneously
[195]. In Paper II, osteoprotegerin (OPG), osteopontin (OPN), osteocalcin (OC) and sclerostin
(SOST) were the osteogenic proteins selected for analysis, along with the cytokines interleukin-
6 (IL-6) and tumor necrosis factor (TNF-a)). Though this assay is limited to protein and cytokine
analytes, there are various other methods that were used to provide more insight into the

differentiation process.
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Figure 18: The main protein and genes involved in the different stages of MSC differentiation MSCs towards the
osteogenic lineage (adapted from [196]).

Proteins are generated as a product of genetic translation. Hence, we chose to assess the fold
changes in osteogenic gene expression via quantitative reverse transcription polymerase chain
reactions (RT-qPCR). Analysis of gene expression is a multi-step process and relies on multiple
factors such as the isolation efficiency of RNA, the production of cDNA from mRNA and the
use of an optimised PCR thermocycle. The production of cDNA relies heavily on isolating high
quality RNA. Total RNA in Paper II was isolated using TRIzol®. This method requires

homogenization of samples and separates RNA and proteins on the basis of phase separation
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[197]. The main drawback of this method is the use of toxic and corrosive chemicals such as
phenol and chloroform. Alternative, less toxic methods involve either spin-columns or the use
of magnetic beads, which are known to produce higher yields, but are significantly more
expensive [198]. However, the magnetic beads contain poly-thymidine nucleotides covalently
attached to the beads that bind to the poly-adenosine tails of mRNA. This added specificity to
mRNA could result in less contaminants such as proteoglycans, DNA, lipids and proteins when
compared to the TRIzol® method used in our study [199]. Once RNA is isolated from the cells,
the next step involves first strand cDNA synthesis. This requires primer sets,
deoxyribonucleotide triphosphates (ANTPs) and an enzyme such as reverse transcriptase
(RTase) to form a double stranded product (Figure 19). While primers attach to the forward
and reverse ends of the single strands, RTase drives the polymerization of a new
complementary strand to be formed using the dNTPs as building blocks. In order for the
reaction to take place, specific temperatures that facilitate the double strand separation,
annealing of the primers, first strand synthesis and amplification are required [200]. This
requires the use of a thermocycler that changes temperature as per the phase of the PCR process.
Human primer sets were selected with an average size of 20 bp that bind separate exons and
have melting temperatures of 60°C, important factors that can affect the outcome of the PCR
reaction [201]. The genes under investigation were runt-related transcription factor 2 (RUNX2),
osteopontin (OP), osteocalcin (OC) and osterix (OSX). These specific genes were selected to
detect transitions at each step of the differentiation process (Figure 18). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was chosen as the housekeeping gene, due to its high
stability and constitutive expression [202]. The housekeeping gene within the PCR process

served as a control while being the baseline for normalization of the genes under investigation

[203].
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Figure 19: Molecular process of RT-qPCR. RNA is extracted and isolated from the cells in order to synthesise
cDNA. The synthesis of cDNA requires dNTPs and primer sets in order to form a cDNA:RNA hybrid using RTase
to drive the reaction. The PCR reaction results in amplification of the DNA used to determine the fold changes in
gene expression.

Apart from osteogenic protein production and gene expression, alkaline phosphatase (ALP)
activity was assessed upon hMSC exposure to composite hydrogels (Paper II). ALP is a
membrane bound enzyme that is considered a product of early osteogenic differentiation [204].
Hence, the activity of this enzyme was measured at 7 and 14 days using a p-
nitrophenylphosphate (pNPP) based spectrophotometric assay. The activity of ALP is assessed
based on its catalytic capacity to convert pNPP from a colourless to a yellow compound under
alkaline conditions (Figure 20) [205]. One limitation of this assay is that cells need to be lysed
in order to measure membrane bound ALP, demanding separate setups for each time point.
Cells were lysed via repeated freeze-thaw cycles at -80°C, which has previously been tested to
efficiently yield the highest enzyme activities [205]. Additionally, the assay was conducted on

the day of harvesting the cells, minimizing any storage-related loss of enzymatic function.
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Figure 20: ALP catalysed conversion of p-nitrophenyl phosphate to p-nitrophenol under alkaline conditions
resulting in a yellow colour product that absorbs light at 405 nm (adapted from [206]).

3.3.5 Minerals within the ECM

In order to assess the extracellular mineral deposits by the cells in Paper 11, alizarin red staining
was used to visualise and quantify calcium within the cell layer 21 days after exposure to
composite hydrogels. One obvious consideration in this setup was to have a control without
cells present at the bottom of the well. This allowed us to distinguish calcium released from the
composite hydrogels that precipitates in the medium versus calcium entrapped within cell
matrix. Upon staining and removal of excess alizarin red, light microscopy was used for image
acquisition. Additionally, alizarin red can easily be recovered from the stained samples in order
to quantify the amount of chelated calcium. This involved the use of cetyl-pyridinium chloride,

followed by absorbance detection at 562 nm.

Alternatively, von Kossa staining would also stain mineralised nodules using silver nitrate
[207]. However, unlike alizarin red that forms a chelate with calcium cations, it lacks specificity
to calcium cations and binds to a variety of calcium salts instead [208]. Other stains for calcium
include xylenol orange, and calcein blue. The advantage of these stains is that cells can be left
live in culture, allowing for real-time visualization of mineral formation [208]. Both xylenol
orange and calcein blue chelate calcium in a similar fashion as alizarin red, however as

fluorochromes, they require fluorescent microscopy for assessment.

Mineral entrapment within the extracellular matrix was also qualitatively assessed via scanning
electron microscopy (SEM) in Paper II. In this case, cells were seeded for 21 days directly on
to the scaffolds to contrast differences observed via the exposure setup used for alizarin red

staining. SEM provided high resolution images that showed mineral nodules at much higher



40

magnifications compared to the conventional light microscopy used in alizarin red imaging.
Additionally, SEM provided spatial resolution regarding the location of minerals along with
structural details regarding the cell-laden composite. In the acquired images, cell morphologies
were poorly preserved, and it was particularly difficult to distinguish between the ECM and the
cells themselves. This is likely due to the unavoidable solvent replacement and dehydration of
the sample in order to scan the sample in a vacuum, which may have ultimately compromised
the integrity of the cells. Unfortunately, alternative dehydration methods such as freeze drying
would likely not improve this outcome [209]. However, the use of cryo- or environmental-SEM
may circumvent dehydration related issues since it can be performed under low vacuum
conditions [210]. Together with optical microscopy images of the alizarin red stain and the
SEM images, we can nonetheless obtain data regarding mineral deposition on both the macro
and sub-micron scale. Although CLSM could be used to visualise mineral deposition in the
ECM, SEM provides images with higher contrast capable of distinguishing surface landmarks
easily [211]. Additionally, fluorescence CLSM could be employed to identify locations of
specific cellular and ECM structures, however this would require multiple fluorophores to do
so. On the other hand, SEM samples require only a single metallic coating such as gold or

platinum, while providing structural information at a higher contrast and resolution than CLSM.

3.3.6  Cell migration analysis

The Boyden chamber assay is one of the first and most established chemotaxis in vitro assays
to assess induced cell migration [212-214]. It involves seeding cells on porous membranes
above media containing chemotactic agents [215]. With the presence of a chemotactic gradient
via the porous membrane, cells can migrate into the bottom chamber. At the end of the
experiment, the migrated cells can be counted in the bottom chamber to assess the migration
capacity of the cells [215]. Not only is this an end-point assay, but also has limitations
associated with the setup itself and the data that can be extracted from it. Concentration
gradients in this assay are steep, while migration related parameters, such as cell trajectories,
distances and velocities cannot be assessed [178]. Hence, an alternate migration assay was

employed in Paper III in order obtain a comprehensive assessment of cell migration.

Cells were exposed to hydrogels loaded with chemotactic factors in a p-slide setup (Figure 21)
[178]. Considering the size and format of these slides, the assay requires only small volumes
of hydrogels, while fitting securely on any conventional slide stage that supports live imaging.

As with most chemotaxis assays, the principle of this setup relies on the establishment of a
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concentration gradient. However compared to the Boyden assay, the chambers in the p-slide
setup are known to have long-term linear gradients, which are well suited for slow migrating
mammalian cells [178]. Additionally, compared to the Boyden assay, all chambers within this
setup were in one z-plane, which made monitoring real-time cell migration fast and easy. This
setup consisted of three interconnected chambers (C1, C2 and C3) adjacent to each other, as
illustrated in Figure 21. Cells were seeded in the leftmost chamber (C1), while hydrogels were
loaded in the rightmost chamber (C3). The central chamber (C2) was left empty to
accommodate for hydrogel swelling, while allowing a gradient to form. As media comes in
contact with the hydrogel, proteins and GFs diffuse out of the loaded hydrogel, to create a

gradient of the chemotactic molecules available to the cells.

P <

Figure 21: Schematic illustrating the p-slide setup used for chemotaxis studies in Paper III. The u-slide consists
of three chambers (C1, C2 and C3). Cells were loaded in C1, while hydrogels were loaded in C3. C2 was left
empty to establish a gradient and to accommodate for swelling of the hydrogel. The red dashed box highlights the
field of view (approximately 8.3 mm?) from which cells were randomly selected for migration analysis. Parameters
such as forward migration index (FMI) was assessed along the x-axis in order to assess chemotactic induced
migration in the direction of the hydrogel.

Images were acquired over a 50 h time period via live time-lapse microscopy, with images
taken at 10 minute intervals. Cells were randomly selected from within the red dashed rectangle
outlined in Figure 21. This area was selected since it was in close proximity to the
corresponding chamber containing the loaded hydrogel and cells in this area would likely be
most susceptible to chemotactic induced migration. The extraction of data from the images
revealed information pertaining to migratory parameters, such as distances covered, velocity

and directness. Additionally, the displacement of the centre of mass (COM) along with the
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forward migration index (FMI) was evaluated. COM indicates the spatial average difference
between the initial position and the final position of all the cells, thus representing an average
displacement of the population [178]. Furthermore, FMI provides directional information
regarding the efficiency of the cell to move towards its end-point. This is a very reliable
parameter for chemotactic induced migration and has been implemented in very early
chemotaxis studies [216,217]. Considering that the cells were placed in a chamber adjacent to
the chemoattractant loaded hydrogel, we were particularly interested in the FMI along the x-
axis (Figure 21). This was calculated using the following equation:

Emrt = Ly Fend

n d;
i=1 1,accum

where Xiend is the final x coordinate of the cell path, and d;accum is the accumulated distance by

the cell.

Directionality adopted by the cells is best represented via rose plots, highlighting the precise
angles between the initial and final points of cell migration. For all rose data plots, the Rayleigh
test was performed to confirm whether the distribution of cells was heterogeneous, indicating
that cells being analysed were biased towards one particular direction [218]. Cells having
homogenous distributions were considered to have migrated randomly, while cells

heterogeneously distributed were considered to have migrated with directionality [219].

In this study, cells were tracked manually by selecting the position of a cell through
approximately 300 frames per cell. The main reason we opted to track cells using a Manual
tracking Image J plugin [220] was not only because it was recommended by producers of the
u-slide, but also because data obtained from this plugin is optimised to fit a custom software
that generates trajectories and migratory results efficiently. Although manual tracking may
increase the chance of human based errors, it is easy to use and works well if the sample size
is not too large. Conversely, if high number of cells are to be tracked, manual tracking may end
up being a tedious approach. While alternate automated cell tracking plugins such as MTrack2
for Image J could likely end up being more accurate and time saving where hundreds of cells
need to be tracked, they require rigorous optimised thresholding and segmentation in order to
recognise the cells [221]. Commercially available automated tracking software such as
MotoCell [222], Imaris and Volocity could prove beneficial for larger sample sizes, with nearly

half the image processing times of open-source software [221]. However, these software are
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best suited to fluorescently labelled cells and require expensive licences to use. Additionally,
automated tracking requires images to be taken at small time intervals, such that cells do not
migrate large distances over time. Hence, automated tracking would not only require more
images, but also demands higher computing power to extract the data. Furthermore, these
commercial software are notoriously known to identify high percentages of non-existent cells
from phase contrast images [221]. Another important consideration when tracking cells is the
fact that cells divide over the period of live-cell tracking. In Paper III, one of the two daughter
cells were selected at random to continue the manual track of that from the original cell. While
detecting daughter cells is problematic even for automated cell tracking software, there is the
possibility of identifying specific optical flow patterns as cells enter mitosis, which could be
registered as a landmark for the software to segment and identify each daughter cell as a new
object [223]. Nonetheless, this urges advanced bioinformatics tools to provide user friendly

platforms that account for such issues, while being available as open-source software.
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4 Summary of key findings

PEG hydrogels were functionalised with RGD, amorphous calcium phosphate and platelet
lysate in three separate setups. In addition to validating hydrogel biocompatibility and cell
viability, biological responses of hMSCs were assessed in terms of cell attachment,

differentiation and organization as outlined below.

4.1 Cell attachment and organisation (Papers I and II)

In paper I, PEG hydrogels were functionalised with varying concentrations of linear and cyclic
RGD, in search of the optimum concentration and isoform to enable hMSC spreading. We
observed no prominent differences among the two isoforms, however, concentration of RGD
along with the stiffness of the hydrogel dictated the morphology of the cells. Cells seeded on
8M20 hydrogels functionalised with cycRGD concentrations > 0.5 mM supported cell
spreading. However, hMSCs seeded on the softer 4M20 and 4M10 hydrogels exhibited round
morphologies and led to the formation of cell clusters. We also showed that increased RGD
tethering did not have a significant effect on hydrogel stiffness, irrespective of the number of
functional arms on the macromer. In Paper I, cells seeded on composite hydrogels required
additional RGD functionalisation to support cell spreading, suggesting that the presence of

minerals alone was insufficient for cell attachment.

Interestingly, in the case of both non-mineralised (Paper I) and composite hydrogels (Paper II),
localization of vinculin to the periphery of the cell bodies was not prominent, indicating the

lack of mature focal adhesions.

4.2 Cell differentiation (Paper II)

The effect of composite hydrogels containing CaP on the differentiation of hMSCs was
assessed both qualitatively and quantitatively. Higher quantities of alizarin red stain was
observed when cells were exposed to composite hydrogels versus non-mineralised controls.
Additionally, SEM imaging confirmed the presence of mineral nodules when cells were seeded
onto the surface of the hydrogel. These results suggested that minerals were incorporated within
the ECM produced by the cells. However, ALP release, protein secretome and gene expression
data did not provide conclusive evidence that composite hydrogels direct hMSCs towards the

osteogenic lineage.
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4.3 Cell migration (Paper III)

Proteins released from platelet lysate loaded PEG hydrogels induced directional migration of
hMSC towards the hydrogel scaffold. Analysis of migration parameters highlight that cells
migrated faster and further in the presence of PL-PEG hydrogels. In contrast, end point
coordinates from cell trajectories showed that cells exposed to control setups ended up
homogenously distributed. Finally, cell spheroids encapsulated within PL-PEG hydrogels
exhibited outward sprouting, which eventually led to the collapse of the spheroid and

colonisation of the hydrogel matrix.
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5 General discussion

It has been argued within biomaterial science that there is no such thing as a bioinert or
biocompatible material [224,225]. This argument may have a lot to do with the semantics of
each word, but also stresses the need for context when they are used. On one hand it is argued
that developing a completely bioinert material is impossible [225]. On the other, the
compatibility and inertness of implantable biomaterials depends on the biological host and
location of implantation, as much as it depends on the composition of the material itself [224].
Rather than debating the semantics of inertness, we will define the word in context of this thesis.
‘Inert’ is used here as a relative term to describe PEG hydrogels that lack biofunctionality, thus
preventing cells from interacting with the scaffold. On the contrary, the word ‘active’ implies
that the PEG hydrogels have been functionalised with bioactive molecules, in order to elicit a

‘desired’ cellular response.

5.1 Interpreting cell responses

2D in vitro studies have recently received criticism in comparison 3D cell studies [226,227]. It
is true that 3D cell culture provide a more realistic biochemical and biomechanical
environment, representing natural tissue physiology [228]. However, 2D cell studies are still a
viable approach for understanding fundamental cell behaviour translatable to in vivo outcomes
[229]. The lack of robust 3D culture substrates prevents transferability of knowledge from one
study to another. While Matrigel is considered the gold standard for 3D cell culture, it contains
ECM proteins derived from mice [230]. Additionally, its reliability is questionable due to
batch-to-batch variation [231], while also prompting the cautious interpretation of cellular
activity when using such matrices [232]. On the other hand, cell studies are not only easier to
conduct with the standardised use of tissue culture plastic, but also become relatable and
reproducible across different biological disciplines. This is especially beneficial when
developing studies from the ground up that require several rounds of optimisation and
validation. For instance, while we seeded cells on the surface of the hydrogels, in no scenario
did we see the localisation of vinculin to the periphery of the cell bodies. However, rather than
questioning the antibody and the immunolabelling process, we simply seeded the cells onto
glass and verified that our observation was specific to our substrate. There is no doubt that both
2D and 3D setups have their own advantages and disadvantages, however, it is important to

implement each of them in perspective of the research question.
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5.1.1 Cell attachment

In the case of endogenous regeneration, both 2D and 3D cell experiments are important. As
biofunctional PEG hydrogel is injected within the defect, GFs diffuse out over time inducing
the migration of the cells. Before cells can invade the provisional matrix provided by PEG
hydrogel, cells first come in contact with the hydrogel surface to begin colonisation. Hence 2D
in vitro experiments would help understand the requirements to enable cell attachment and
proliferation on the surface. Only once sufficient cells colonise the surface and cleave the
MMP-sensitive cross-linker, will they make their way into the 3D construct. Factors such as
stiffness, topography and distribution of cell adhesion ligands of a biomaterial are known to
control cell behaviour in 2D [146,233,234]. While stiffness alone is capable of dictating cell
morphology [235], we found that for inert materials such as PEG, this was not the case. A
combination of hydrogel stiffness of more than ~ 15 kPa and RGD concentration of more than
0.05 mM were key to enabling cell attachment on the PEG hydrogels (Paper I). Despite the
added stiffness provided by CaP minerals, these hydrogels did not support cell attachment
without RGD functionalisation (Paper II). This further emphasises the dependence of integrin
on the RGD ligand for successful attachment on PEG hydrogels. One may question the
distribution of the RGD ligands between soft 4M20 and stiff 8M20 hydrogels. However,
calculations based on the swelling ratios confirmed that RGD distribution was well above the
limit to support cell spreading [106,236,237], despite the increased swelling in the softer gels.
Interestingly, we observed cells with spread morphologies also on the non-mineralised 8M40
hydrogels functionalised with RGD in Paper II. It is unlikely that this spreading was a result of
stiffness, since storage moduli for these gels (~2 kPa) were comparable to those of the soft
4M20 gels used in Paper I [134]. However, the 8M40 and 4M20 hydrogels differ in terms of
wt. % and the number of arms, which would likely result in different RGD distributions. While
the density of RGD presentation via star macromers is known to alter the morphology of cells
[238], studies that control each polymer parameter are required to pinpoint the contributing

factors causing these differences in RGD presentation.

However, cells did not require RGD to colonise the hydrogel surface in the presence of PL
(Paper III). This implies that naturally occurring ECM proteins within the lysate were sufficient
for cell attachment in 2D. Although seeding cells directly onto the hydrogel surface revealed
the basic requirements for cell adhesion, it had its limitations. Cells cultured on hydrogels for
upto 7 days formed multilayers with no evident penetration into the hydrogel (Paper III). Cells
certainly proliferate on the hydrogel, but do not penetrate the hydrogel within 30 days of culture
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(Appendix 1). This is likely not due to PEG chemistry, but instead a consequence of the abrupt
change in material stiffness at the gel-liquid interface [239]. One way to overcome this
pronounced stiffness shift at the interface, is by creating density gradients across the hydrogel,
which would provide a gradual stiffness increase to the cells [240]. Though this approach has
proven to increase cell infiltration significantly, the ways in which this can be translated to the

clinic are yet to be investigated.

5.1.2 Making sense of migration

Although cells seeded in direct contact with the hydrogel did not penetrate below the surface,
cells did migrate towards the hydrogel when loaded with PL (Paper III). PL contains GFs with
different sizes. For example, PDGF is approximately 30 kDa [241], whereas CXC chemokines
such as SDF-1a are approximately 8-14 kDa [242]. It is likely that smaller growth factors are
released from the hydrogel initially, while other larger proteins are either being entrapped
within the hydrogel matrix or diffusing over time. Since more than 50% of the total protein had
released from the PL loaded hydrogels, it would be advantageous to characterise the types of
proteins that were released. Knowing which proteins released from the hydrogel would provide
valuable information regarding the driving force for the chemotactic effects associated with
PL. PDGF has previously been recognised as a chemotactic inducer, and considering its
abundance in PL [243,244], it is highly possible that it is the driving force in our system as
well. While SDF-1a is a potent inducer of mesenchymal stem cell migration [179], it is not
recognised as an abundant growth factor in PL [244]. No SDF-1a was detected upon measuring
the amounts of SDF-a in the PL concentrates, implying that it is likely not a contributing factor

to the observed chemotaxis in our study.

We also produced hydrogels containing recombinant SDF-1a alone and evaluated the release
of SDF-1a from these hydrogels via ELISA. Results indicated that SDF-1a release from the
hydrogel was not detected at any time points. As a control, having accounted for the volume of
the gel as well as the volume of PBS around the gel, we diluted the SDF-1a without being
loaded in the hydrogel. This revealed that there was no flaw in the method per se, but instead
suggested that SDF-1a was being either physically or chemically entrapped within the gel
network. While forward migration index results showed directional migration of cells towards
hydrogels loaded with PL, this was not the case for SDF-1a and control hydrogels. This was

due to no release of SDF-1a and the absence of chemotactic factors in the media. By no means



49

does our study dismiss the fact that SDF-1a is capable of directing stem cell migration, but

instead shows that its effects were undetected due to its retention in the hydrogel matrix.

Due to the high proliferative and cell-adhesive capacity of PL [245], cell spheroids were
encapsulated within the hydrogels for 7 days to assess whether the presence of PL promoted
cell invasion and facilitated the colonisation of the matrix. It was apparent that cell spheroids
established outgrowths from day 1 when encapsulated in PL hydrogels, which was not observed
in the other two gel groups. This may be attributed to the abundance and accessibility of ECM
proteins naturally present within PL, in comparison to smaller and likely less accessible RGD
fragments in the other hydrogels. Over the course of seven days, the spheroid in the PL hydrogel
disintegrated completely, with cells populating the hydrogel. The collapse of the spheroid may
not directly be a consequence of the cell conducive environment provided by PL, but instead,
due to the fact that the presence of proteins resulted in fewer elastically effective chains. With
fewer polymer networks around the spheroid, it is likely that the matrix imposed less constraint
onto the spheroid, allowing its expansion. However, this can only be confirmed once the
mechanical properties of these hydrogels are determined. Nonetheless, these observations are
in accordance with previous studies that use MMP-sensitive cross-linkers, and illustrate the

capacity for the hydrogel to be degraded and remodelled into natural ECM by cells [129].

Our choice in selecting 8V40 (5 wt. %) polymers in Paper III likely facilitated the release of
proteins, since longer arms would results in larger mesh sizes and promote the diffusivity of
the proteins. VS-PEG gels are known to have network imperfections innately [134], however
the presence of PL results in even fewer elastically effective chains. This implies that the
presence of proteins resulted in fewer elastically effective chains. However, this increased
liquid uptake represents increased diffusivity and permeability of the hydrogel, which drives
the release of proteins from the hydrogel, inducing cell migration. Conversely, in the larger
scheme of regeneration rather than just migration, it may be beneficial to have a slow releasing
system with a constant supply of bioactive molecules. One way to control this would be to use
a higher polymer content or shorter arm lengths that would physically entrap proteins more
effectively. Certain studies have combined multiple systems to result in initial burst releases of
GFs along with slower and prolonged release, which has resulted in higher regenerative
capacities [246,247]. Another approach would be to combine PL gels with CaP, wherein many
of the proteins would likely be adsorbed to the CaP. This would likely retard the release of

proteins, while decreasing the solubility of CaP itself.
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5.1.3  On the differentiation of stem cells

Once cells have been recruited to the defect site, they require specific cues that assign them
their regenerative duties. These signals serve as lineage determinants, coaxing cells to
reprogram into specific cell types [248]. Successful commitment results in tissue specific gene
and protein profiles, while changes manifest in the ECM as well [249]. In Paper I, hydrogel-
ACP composites were introduced to hMSCs in order to create a conducive environment for
osteogenic differentiation. Cell differentiation was assessed comprehensively via gene

expression analysis, protein production and calcium deposition.

Calcium and zinc release profiles for hydrogels containing each of these elements revealed
initial burst releases of each element, which eventually plateaued to a sustained release after 5
days in culture medium. Interestingly, the calcium concentrations after 5 days was lower in cell
culture media containing mineralised hydrogels rather than the non-mineralised hydrogels. This
implies precipitation of the released calcium over time. Additionally, qualitative analysis via
light microscopy and SEM imaging, confirmed that CaP minerals had been incorporated within
the ECM when the cells were exposed to the mineralised composite hydrogels. While alizarin
red staining confirmed the precipitation of calcium also in the absence of cells, significantly
increased calcium deposition was observed within the ECM of the cells. This additionally
confirmed that precipitated calcium was indeed entrapped within the ECM. Nevertheless, the
question still remained as to whether the cells themselves produced osteogenic proteins and had

the genetic machinery activated for lineage specification.

Osteogenic protein production was measured from the cell culture media. However, no
differences were observed among cells exposed to either composite or non-mineralised
hydrogels. In addition, ALP results indicated no significant differences among cells exposed to
the different hydrogel groups. Gene expression analysis further validated these observations
and confirmed that ACP did not have an effect on the differentiation of hMSCs towards the
osteogenic lineage. However, protein levels and gene expression were generally higher for cells
in the presence of non-mineralised hydrogels compared to the composite groups. The difference
in cell numbers is an important consideration when questioning higher protein and gene
expressions in the non-mineralised groups. Higher cell numbers would result in higher amounts
of proteins secreted into the media, which can be perceived as false positives. Although making
sure that the same number of cells were seeded initially can prevent discrepancies in cell
numbers, it does not account for changes in cell densities that occur during the experiment. On

the other hand, for gene expression analysis, the 2T method normalises genes of interest to
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a housekeeping gene that is constitutively expressed in cells [250]. This accounts for
differences in the number of cells, mRNA quality and RT efficiency among different groups in
the gene expression analysis [251]. Nonetheless, when protein production and gene expression
do not converge in explaining experimental outcomes, it is important to consider indirect
factors that may be causing these differences. While cells exposed to non-mineralised
hydrogels formed multilayers across the bottom of the well plate, cells exposed to composite
hydrogels showed patches where there were no cells. These differences in cell numbers in
combination with protein and gene expression data are often necessary to explain the overall

outcome of the experiments.

Additionally, it is possible that the differentiation effects of ACP were masked in the presence
of osteogenic media. However if this was the case, all three groups would likely have similar
differentiation profiles. Previous studies have cultured hMSCs on scaffolds in media with and
without osteogenic supplements to attribute differentiation effects to the scaffold itself
[252,253]. Perhaps a similar approach would isolate the differentiation effects of CaP in our
study. However, the use of supplements for differentiation does not go unwarranted. The
process of osteogenic differentiation is not triggered by a single event that results in
mineralisation, but instead involves the coordination of numerous regulatory mechanisms over
a period of time [254]. Osteogenic media typically contains three supplements: ascorbic acid
(AA), dexamethaosone (DX) and B-glycerophosphate (BGP), each of which support cell
differentiation in different ways [254]. AA is known to increase collagen-1 secretion into the
ECM [255], while DX induces Runx2 expression [256] and BGP provides a source of
phosphate for mineralisation [254]. While there have been a few controversial discussions
regarding the use of dexamethasone induced differentiation [257,258], it has been used in vitro

as an osteogenic supplement since as early as 1985 [259,260].

We did not see striking evidence suggesting that ACP drives the differentiation of stem cells.
However we did observe incorporation of minerals within the ECM. Previous studies that
compared the osteogenic induction of ACP and hydroxyapatite (HA) nanoparticles have
reported increased osteogenic differentiation using HA [261]. This suggests that the
differentiation capacity of CaP is likely dependent on its crystallinity and solubility and implies
that ACP may not be the most inductive source for differentiation. Nonetheless, with the high
solubility of ACP, cells are supplied with the building blocks necessary to form mineralised

tissue.
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5.2 In perspective of periodontal regeneration

Endogenous regeneration relies on cell homing to harness the body’s innate ability to
regenerate lost tissue. This involves the use of growth factors within a scaffold that attracts
cells and acts as an ECM template for the cells to colonise and remodel [10]. In this thesis we
dissect the important aspects of endogenous regeneration and validate the use of bioactive
hydrogels to guide stem cell attachment, differentiation and migration in vitro. Although we
present results in favour of endogenous regeneration, there are various concerns specific to the

periodontal defect that cannot be ignored.

The current idea behind periodontal regeneration involves creating a ‘chamber’ between the
soft and hard tissue to support vertical bone regeneration, while preventing the gingiva from
collapsing due to reduced bone height [262]. Our results show that composite hydrogels are
mechanically superior to those without minerals, making them a viable solution where
structural rigidity is of importance. Additionally, it is desirable to have MSCs and osteoblasts
colonise the scaffold, while it is equally important to prevent infiltration of gingival fibroblasts
[263]. We show that without incorporation of RGD or PL, cells are unable to attach and
colonise the hydrogel. Hence, it would be purposeful to consider a dual compartmentalised
gelation procedure [264], where hydrogels containing cell-adhesive motifs are placed in contact
with the alveolar bone, while an inert gel is placed on the top on this, in contact with the gingiva.
This would likely promote regeneration of the PDL, cementum and alveolar bone, while
occluding the gingiva. Previous studies have implemented similar compartmentalised bi-
layered systems demonstrating their potential in vitro as well as in animal models [265-267].
For instance, PL membranes were used with injectable CaP cements and implanted into
periodontal defects in rats [265]. This resulted in connective tissue reattachment and alveolar
bone growth, while impeding epithelial downgrowth. Another study reported the same in
canine models [266]. However, both these studies incorporated cells derived from the animals
and presented them back into the defect to augment the regenerative process. While the ex vivo
isolation of cells defeats the purpose of endogenous regeneration, whether a compartmentalised

cell-free scaffold can achieve similar results is yet to be determined.

Although we address the osteogenic differentiation of MSCs in Paper II, harnessing the
multilineage capacity of MSCs towards cementoblasts and periodontal ligament cells must not
be disregarded, in order to restore the function of the periodontium. The most promising study
yet involving endogenous regeneration utilised SDF-1a loaded collagen scaffolds to recruit

MSCs in a rat periodontal bone defect model [268]. While SDF-1a promotes bone regeneration
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and angiogenesis, it is also capable of reducing inflammatory responses. Although this study
highlights SDF-1a as a molecule of interest for periodontal regeneration, they do not mention
anything regarding its potential to guide stem cells towards the formation of the cementum or
periodontal ligaments. This suggests the use of growth factors in addition to SDF-1a to guide
stem cells towards lineages other than bone. The use of blood derivatives such as platelet-rich

fibrin has already shown evidence in regenerating the cementum-PDL complex in dogs [269].

Although the PEG-V hydrogels utilised in our studies can be formed under physiological pH,
proteins from PL in these hydrogels were found to interfere with the formation of elastically
effective chains. This would not only result in mechanically inferior hydrogels, but also raises
concern for further unpredictable interferences in vivo. While we prove that these gels are
capable of attracting stem cells in vitro, whether a similar effect would be observed in vivo is
yet to be determined. Although cells do not infiltrate the hydrogel when seeded directly on the
surface, the outgrowth and collapse of cell spheroids highlight the potential for cells to remodel
the 3D matrix. Whether cells are able to invade the gel in vivo dictates the success of the
intervention. Nonetheless, Lutolf and colleagues have utilised a similar hydrogel system in
critical size rat calvarian defects and show successful infiltration and bone healing [129]. This
implies that limitations identified in vitro do not necessarily amount to the same outcome in

Vivo.
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6 Concluding remarks

In this thesis, we present injectable scaffolds with bioactive features desirable for endogenous
periodontal regeneration. We demonstrate the importance of cell-adhesion motifs along with
hydrogel stiffness as dictating factors in guiding cell morphology, attachment and organisation.
While ACP was intended to guide stem cells towards the osteogenic lineage, we did not observe
its influence in this regard. Instead, minerals were incorporated into the ECM when cells were
exposed to the composite scaffolds as well as when seeded directly onto the hydrogel surface.
However, minerals alone were incapable of supporting cell adhesion without RGD
functionality. On the contrary, cell-adhesive proteins within PL were sufficient for cell
attachment, while demonstrating chemotactic effects in attracting stem cells. These findings
demonstrate the bioactive capacity of functionalised hydrogels in aspects of cell attachment,
migration and differentiation independently. However, we need to combine these bioactive

components into one system that would guide cells through the entire regenerative process.

While SDF-1a was retained within the hydrogel, future work regarding alternate loading
methods could harness its chemotactic potential in our system. Although PL was selected as
the main candidate to attract stem cells, given the myriad of growth factors it contains, it would
likely also have the capacity to guide stem cell differentiation. While stem cells would migrate
towards the defect site and differentiate with the guidance of PL, CaP would provide cells with
the raw materials to build mineralised tissue. However, combining the two components would
require rigorous optimisation, both to ensure the CaP remains highly soluble, and to prevent
PL from interfering with the gelation process. At the same time, the real-time degradation of
the hydrogel must be considered to ensure it behaves as a temporary ECM substitute, while
effectively releasing the different bioactive molecules at different stages of the regenerative
process. Future work to ensure the controlled release of GFs could include the use of thrombin

and calcium to contain PL within an engineered blood clot.

For endogenous regeneration to be effective, chronic inflammation within the defect cannot be
ignored [10]. Strategies to effectively control inflammation must be a prerequisite to any
regenerative intervention. There is evidence that blood derivatives have the potential to limit
inflammation by recruiting monocytes in vitro [270].Additionally, clinical studies have
demonstrated local anti-inflammatory effects of blood derivatives within the periodontal pocket
[271]. While in vitro studies were conducted using mesenchymal stem cells in this thesis, it

would be interesting to assess whether other dental stem cells would perform similarly. This
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would provide a more localised viewpoint into which cells respond best to our bioactive system.
Nonetheless, despite the reproducibility and refinement that in vitro studies provide, ultimately

only in vivo studies would validate our system of its true regenerative capacity.
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Appendix

Appendix 1: Image of hMSCs cultured on the surface of RGD functionalised PEG-M hydrogels
for 30 days.
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ARTICLE INFO ABSTRACT

Strategies that enable hydrogel substrates to support cell attachment typically incorporate either entire extra-
cellular matrix proteins or synthetic peptide fragments such as the RGD (arginine-glycine-aspartic acid) motif.
RGD Previous studies have carefully analysed how material characteristics can affect single cell morphologies.
PEG However, the influence of substrate stiffness and ligand presentation on the spatial organisation of human
gz‘::ge;esenchymal stem cells mesenchymal stem cells (hMSCs) have not yet been examined. In this study, we assessed how hMSCs organise
Tissue engineering themselves on soft (E = 7.4-11.2 kPa) and stiff (E = 27.3-36.8 kPa) poly(ethylene glycol) (PEG) hydrogels with

varying concentrations of RGD (0.05-2.5 mM). Our results indicate that hMSCs seeded on soft hydrogels clus-
tered with reduced cell attachment and spreading area, irrespective of RGD concentration and isoform. On stiff
hydrogels, in contrast, cells spread with high spatial coverage for RGD concentrations of 0.5 mM or higher. In
conclusion, we identified that an interplay of hydrogel stiffness and the availability of cell attachment motifs are
important factors in regulating hMSC organisation on PEG hydrogels. Understanding how cells initially interact
and colonise the surface of this material is a fundamental prerequisite for the design of controlled platforms for

Keywords:
Cell attachment

tissue engineering and mechanobiology studies.

1. Introduction

The mechanical properties of biomaterial substrates are known to
alter cellular behaviour in many ways (Fusco et al., 2015). Changes in
substrate stiffness are capable of altering cellular morphologies as well
as guiding cells towards a specific fate (Chicurel et al., 1998; El-
Sherbiny and Yacoub, 2013; Engler et al., 2006). This has re-
volutionised researchers’ approaches towards tailoring substrates that
communicate with and instruct cells in a manner that supports the
application of the biomaterial itself (Li et al., 2017). In addition to the
mechanical properties, the presence of anchored biochemical ligands
within the substrate can have a significant impact on various cellular
behaviours (Bae et al., 2007; Engler et al., 2004; Hsiong et al., 2008;
Kilian and Mrksich, 2012; Wen et al., 2014). Cellular structure, motility
and proliferation rates can be influenced by altering substrate stiffness
or the availability of biochemical ligands (Frith et al., 2012; Mathieu
and Loboa, 2012). Poly(ethylene glycol) (PEG) hydrogels are excellent
platforms for mechanobiology studies by providing robust and highly
controllable systems, allowing for regulated ligand tethering while
permitting stiffness tunability (Herrick et al., 2013).

While elaborate studies have investigated changes in single cell
morphologies linked to alterations in nanotopography, mechanics and
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functionality of various substrates, the way in which cells organise in
groups or colonies on these substrates has not yet been investigated
(Engler et al., 2004; Kim et al., 2012; Schwarz and Bischofs, 2005; Yim
et al., 2010). Various studies have controlled the presentation of syn-
thetic cell attachment ligands on patterned surfaces, providing insight
into mechanosensing and mechanotransductive processes (Arnold et al.,
2004; Deeg et al., 2011; Frith et al., 2012). Studies that have success-
fully incorporated various concentrations of RGD peptides within hy-
drogels often encapsulate cells within the gel and test for fate-priming
without analysing how cells organise themselves as groups upon initial
contact (Anderson et al., 2011; Kyburz and Anseth, 2013; Nuttelman
et al., 2004). However, the encapsulation of autologous cells typically
requires isolation and expansion, substantially limiting its potential
translation to the clinic. Cell-free systems relying on recruitment and
attachment of cells from adjacent tissues to the substrate promise a
more feasible solution regarding clinical application. To maximise the
potential of such approaches, it is crucial that we define a minimum
concentration of RGD required in order to accommodate cell attach-
ment.

The low protein adsorption of PEG is advantageous when en-
gineering controlled cell-responsive systems, but requires tethering of
sufficient levels of cell attachment motifs in order for the substrate to
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support cellular adhesion (Hern and Hubbell, 1998). The incorporation
of RGD peptides in hydrogel systems have shown to enhance cellular
attachment, spreading and proliferation (Shu et al., 2004). Both linear
and cyclic isoforms of synthetic RGD peptides have been used in the
past (Hersel et al., 2003; Verrier et al., 2002). It is known that the cyclic
isoform is selective in binding to the a,f3 integrin subunit, while the
linear form is specific to the asf; subunit, resulting in the onset of
different downstream cascades within the cell (Hersel et al., 2003).
Studies related to tissue engineering and stem cell-based regenerative
medicine often use cyclic isoforms to guide differentiation processes,
since the cyclic isoform is also known to have high stability in vivo
(Haubner et al., 1996; Hersel et al., 2003; Kantlehner et al., 2000;
Zhang et al., 2016). Additional evidence suggests that a,f; integrin
exhibits significantly higher binding affinity and specificity to the cyclic
isoform than the linear one (Haubner et al., 1996; Rodda et al., 2014).
This proposes that lower concentrations of the cyclic isoform may be
required in hydrogels for efficient cell adhesion and survival, compared
to the linear isoform, which could in turn also have an impact on the
stiffness of the substrate. As indicated by Bellis, many confounding
factors make the selection of RGD peptide concentrations and isoforms
a complex decision when designing hydrogels (Bellis, 2011).

In this study, we use a hydrogel system based on PEG star macro-
meres. Maleimide groups at the chain ends serve as functional groups
for end-linking of the macromeres into hydrogels as well as ligation
sites for tethering RGD peptides. Since the same functional groups are
used for tethering RGD peptides as for cross-linking of the hydrogel
backbone, one can expect a correlation of RGD peptide concentration
and gel stiffness as less elastically active links might be formed when
fewer unreacted functional groups are available. We investigate po-
tential changes in substrate stiffness due to increased RGD tethering
within this system via nanoindentation, using atomic force microscopy
(AFM). We hypothesize that higher RGD concentrations and stiffer gels
promote human mesenchymal stem cell (hMSC) attachment and
spreading. Hence, we study how hMSCs attach and organise themselves
on PEG hydrogels functionalised with varying concentrations of linear
or cyclic RGD peptides (linRGD and cycRGD respectively) while im-
plementing image analysis tools to assess organisational changes of
cells as initial indicators of how they interact with PEG hydrogels.

2. Methods
2.1. Hydrogel preparation

Hydrogels of distinct stiffness were made from maleimide functio-
nalised PEG star macromeres (PEG-MAL) varying in molecular weight
and functionality. All polymers were purchased from JenKem
Technology USA. Four-armed PEG-MAL (20 kDa) was dissolved in ci-
trate phosphate buffer with a final buffer concentration of 100 mM
within the polymer mix (pH 3), whereas 4-armed PEG-MAL (10 kDa)
and 8-arm PEG-MAL (20kDa) were dissolved in citrate phosphate
buffer at pH 2.5. Prior to gel formation, macromeres were either
functionalized with Cyclo(RGD(dF)C) produced by AnaSpec or linear
RGD peptide (Ac-GCGYGRGDSPG-NH,) produced by Pepmic, at final
concentrations of 0.05, 0.5, 1.5 or 2.5 mM. Four-arm (20 kDa) and 8-
arm (20 kDa) gels without any RGD peptides were prepared as controls.
A linking peptide (Ac-GCRDVPMSMRGGDRCG-NH2) synthesized by
Pepmic was used to end-link the macromeres into gels. In brief, 20 uL of
RGD-functionalised PEG-MAL-end-linker mixtures were pipetted be-
tween two hydrophobic glass slides separated by a 1 mm spacer and
allowed to react at 37 °C for 20 min. All gels were swollen for 1h in
1 mL of mesenchymal stem cell growth media (MSCGM, Lonza) at 37 °C
in 24-well plates. After swelling, excess medium was discarded in pre-
paration for cell seeding. Three gels were prepared for each RGD con-
centration, in preparation for cell seeding. Four-arm PEG-MAL (20 kDa)
hydrogels are referred to as ‘soft’ hydrogels, whereas 8-arm PEG-MAL
(20 kDa) hydrogels are referred to as ‘stiff’ hydrogels in the results and
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discussion of this paper.
2.2. Swelling ratio measurements

The swelling ratio was defined as the ratio of swollen (V) to non-
swollen (V,) volume. Volumes were determined using an analytical
scale equipped with a buoyancy kit. Hydrogels were weighed first in air
and then in phosphate buffered saline (PBS) immediately after curing.
Swollen gels were weighed again at 1.5 h and 48 h after swelling in PBS.
Triplicates were prepared for each group and experiments were con-
ducted twice independently (n = 6). All measurements were performed
at room temperature.

2.3. AFM nanoindentation

Gel stiffness was determined on micro-scale via nanoindentation
using a JPK Nanowizard 4 atomic force microscope (AFM). Indentation
was performed with colloidal probes with 2 um SiO, spheres attached to
tip-less silicon nitride cantilevers (PNP-TR-TL, NanoWorld AG), which
were purchased from sQube. Each cantilever was calibrated in a two-
step procedure in PBS. First, the optical lever sensitivity was defined by
deflecting the cantilever against a hard glass surface, then, the canti-
lever spring constant was determined using the thermal noise method.
Spring constants were typically found around 0.06 N/m.

For nanoindentation experiments, hydrogel disks were prepared as
described above and swollen to equilibrium in PBS at 37 °C. The disks
were placed on glass slides and covered with a PBS droplet. Three force
maps of 8 X 8 indentations on an area of 50 x 50 um? were recorded
on random spots. A minimum of three gels from independent experi-
ments were tested per group. Maximal indentation force was controlled
to 2 nN. E-modulus was determined from the force-indentation curves
using the Hertz model. All samples were assumed to behave like ideal
gels (Poisson's ratio of 0.5).

2.4. Cell culture and seeding

Experiments were performed using hMSCs purchased from Lonza
(lot #0000451491, tissue acquisition #28386). Cells were cultured
(passage <= 5) at 37°C in a 5% CO, incubator in Lonza's Poetics
Mesenchymal Stem Cell Basal Medium (catalog no. PT-3238) supple-
mented with Poetics MSCGM™ hMSC SingleQuot Kit (catalog no. PT-
4105) to maintain cells in an undifferentiated state. Once cells were
70% confluent, they were trypsinized for seeding onto glass coverslips
and onto hydrogels. A seeding density of 4700 cells/cm? of hydrogel
surface area (3000 per gel in a 30 uL droplet) was used. The surface
area covered by the droplets was assessed using contact angle mea-
surements to ensure uniform initial cell seeding density across the gel
and glass surfaces. Cells were allowed to attach for 1.5 h before 1 mL of
MSCGM was added to each well. hMSCs were cultured on hydrogels
and glass substrates for 48 h prior to fixation. Two independent ex-
periments were conducted, each containing triplicates and data for
triplicates from each group was pooled.

2.5. Immunolabeling and confocal microscopy

hMSCs were fixed by first adding a 4% paraformaldehyde (PFA)
solution directly to the medium (1:1 ratio) for 10 min, before all liquid
was discarded. Subsequently, 4% PFA was added to the wells for
20 min. The PFA was discarded and cells were washed with Dulbecco's
Phosphate-buffered saline (DPBS) three times. hMSCs were then per-
meabilized using 0.1% Triton X-100 for 10 min, followed by a DPBS
rinse. All samples were blocked with 5% bovine serum albumin (BSA)
in DPBS blocking buffer for 2h at room temperature. Blocking buffer
was discarded and cells were rinsed three times with DPBS. Mouse anti-
human vinculin primary antibody (ABfinity, Thermo Fischer) was di-
luted 1:100 in 1% DPBS-BSA solution. Cells were incubated overnight
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at 4 °C with primary antibodies. The primary antibodies were discarded,
followed by three DPBS rinses, before the secondary antibodies and
phalloidin were added to the wells. Phalloidin and all secondary anti-
bodies (Thermo Fischer Scientific) were diluted in 1% BSA-DPBS so-
lution to obtain working dilutions of 1:400. Alexa Fluor® 647 Phalloidin
was used for fluorescent labelling of actin and cytoskeleton. Goat anti-
mouse IgG secondary antibody Alexa Fluor® 488 was used to fluores-
cently label anti-vinculin primary antibodies. DAPI was used at a
1:1000 working dilution to stain the nuclei. Gels and glass cover slips
were viewed with a 20 X /0.40 HCX PL APO CS objective lens on a Leica
SP8 confocal microscope using 638 nm excitation and 643-710 nm
emission filters for phalloidin and with 488nm excitation and
493-560 nm emission filters for vinculin. Two additional images were
taken per replicate with the same lens and an additional 2 X electronic
zoom to obtain images for focal adhesion analysis. Z-stacks were gen-
erated where cells in the same field of view did not appear on the same
plane due to sample topography.

2.6. Data extraction and image analysis

For all data obtained via confocal imaging, 60 fields of view (F.0.V)
were analysed per gel group (n = 60). However, these 60 F.O.Vs were
obtained from two independent experiments, each consisting of tripli-
cates, from which 10 images were taken per replicate. Maximal in-
tensity projections were generated for regions of interest that were
imaged as z-stacks. Confocal microscopy images were imported into
FLJI Software (ImageJ, NIH) for automated cell area analysis using a
custom macro. Briefly, the macro consisted of removal of outlier pixels,
median blur and rolling ball background subtraction, followed by
merging of the nuclear and vinculin channels to generate images for
whole cell area measurements. Otsu intensity thresholding produced a
binary image to allow counting and measuring of all objects above a
defined size threshold. Data was expressed as the mean proportion of
field of view area covered by cells. Separately, the DAPI channel images
were imported into Cell Profiler 2.2.0 for nuclei counting and nearest
neighbour analysis. The pipeline comprised of image smoothening with
a median blur, background subtraction and rescaling of the image in-
tensities, followed by automatic Otsu thresholding to identify the nuclei
and allow assessment of the nearest neighbour distance. We employed a
nearest neighbour analysis methodology from Eidet et al. (2014) to
analyse the spatial arrangement of cells in relation to their neighbours.
This was first described by Clark and Evans to measure spatial re-
lationships in populations (Clark and Evans, 1954). This enabled the
assessment of the cell distribution within each field of view with
parameter R, which can vary from O (clustered) to 2.15 (hexagonal
distribution), with R = 1 indicating a random distribution. A sample of
this methodology is provided in the Supplementary information of this
manuscript (Fig. S1).

2.7. Statistical analysis

Statistical analysis was conducted using the software Sigma Plot
13.0 (Systat Software Inc.) One-way ANOVA was performed along with
the Dunn's method on all data sets to test for statistical significance. The
only exception to this was for swelling ratio data, where t-tests were
performed to determine significant differences. Statistic tests were
performed where differences between groups show p < 0.05.
Significant statistical differences are represented in figures by a single
asterisk symbol. The spread of data points for all box plots are re-
presented by a central solid line (median), box limits (25th and 75th
percentiles) and whiskers denoting upper (90th) and lower (10th)
percentiles.
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Fig. 1. Differences in stiffness between 4-arm (20 kDa), 8-arm (20 kDa) and 4-
arm (10 kDa) hydrogels (n = 3). Increased RGD tethering did not influence the
overall stiffness of the hydrogels. However, 8-arm gels were significantly stiffer
compared to the 4-arm gels (p < 0.05). Median with 90th and 10th percentiles.
C: cyclic RGD, L: linear RGD, NF: non- functionalised.

3. Results
3.1. Mechanical properties of the hydrogel substrates

Stiffness of 4-arm (20kDa) and 8-arm (20 kDa) PEG hydrogels as
measured by AFM nanoindentation is shown in Fig. 1. As a control, we
also performed nanoindentation on gels without RGD functionalisation
(NF gels) as well as 4-arm gels of lower molecular weight (10 kDa). A
prominent difference in stiffness can be observed between 4-arm and 8-
arm gels. 4-arm “soft” hydrogels show E moduli ranging from 7.4 to
11.2kPa, whereas 8-arm “stiff” hydrogels feature E moduli ranging
from 27.3 to 36.8 kPa. However, we observe no statistically significant
differences in stiffness between gels with varying RGD concentrations
for neither the 4-arm nor the 8-arm gels. A noticeably wide spread of
data points is seen for all gels, indicative of variations in stiffness of gel
batches produced from different reaction mixtures.

In addition to assessing the stiffness of hydrogels, the degree of
swelling was determined as a measure of gel topology. Soft hydrogels
show a significantly larger increase in volume 48h after swelling
compared to 1.5h after swelling (Fig. 2). However, 8-arm gels did not
swell more at 48 h versus 1.5 h. The data also shows that increased RGD
tethering does not result in significant differences in swelling ratios for
both soft and stiff gel groups, which is consistent with the AFM na-
noindentation results (Fig. 1). 4-arm (10 kDa) gels display intermediate
gel stiffness, with mean swelling ratios higher than those of stiff gels but
lower than those of soft gels at both time points.

3.2. Attachment and spatial organisation of hMSCs

Fig. 3 displays the median number of cells attached to the hydrogels
per field of view. On soft RGD-functionalised hydrogels, fewer than 40
cells attached per field of view. Additionally, we observe increased
hMSC attachment on soft hydrogels with an increase in RGD con-
centration. However, there is no significant difference in cell attach-
ment between gels with linear versus cyclic RGDs at each concentration
tested. Interestingly, there is a significant increase in cell attachment for
stiff hydrogels beyond 0.5 mM of RGD, whereas stiff gels functionalised
with RGD concentrations as low as 0.05 mM support cell adhesion in a
similar manner as seen for the soft gels. NF gels lack RGD functionality
and show minimal cell attachment overall, irrespective of differences in
stiffness between the 4-arm and 8-arm counterparts. Interestingly, 4-
arm (10kDa) gels functionalised with 2.5mM of cyclic RGD, which
feature a stiffness between the soft and stiff gels (E = 15 kPa), exhibit
significantly fewer number of attached cells compared to all 8-arm gels
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Fig. 2. Average swelling ratios ( = SD) of PEG-MAL hydrogels swollen for 1.5h
and 48 h (n = 6). Increased RGD tethering does not have a significant effect on
swelling for any gel type. Furthermore, after 1.5 h no significant differences in
swelling can be observed between stiff and soft gels. Statistically, 4-arm gels
exhibit increased swelling at 48h in comparison to 8-arm counterparts
(*p < 0.05). 8-arm gels appear to reach maximal swelling at 1.5h and do not
swell further at 48 h. C: cyclic RGD, L: linear RGD, NF: non- functionalised.
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Fig. 3. Number of hMSCs observed per field of view (F.0.V) via confocal mi-
croscopy (n = 60). A significantly higher cell attachment number was evident
for 8-arm gels with RGD concentration of 0.5mM or more (*p < 0.05). Stiff
gels with 0.05mM RGD show cell attachment numbers similar to those ob-
served on soft gels. C: cyclic RGD, L: linear RGD, NF: non- functionalised.

(p < 0.05). Variation between independent experiments have been
accounted for and results from individual experiments are shown in
Supplementary information Fig. 2.

Fig. 4 shows qualitative differences in hMSC organisation based on
the substrate stiffness and availability of RGD motifs. These images
indicate spreading on gels of sufficient stiffness in conjunction with an
adequate concentration of RGD motifs (= 0.5mM). On all soft hydro-
gels, cells cluster and organise themselves in close proximity to each
other, irrespective of concentration and type of RGD. Fig. 4 also shows
that cells do not spread on 4-arm (10kDa) gels, despite an ample
amount of RGD and a higher stiffness compared to 4-arm (20 kDa) gels.
Furthermore, on soft 4-arm gels we generally observe an increased
cluster size with increased concentration of RGD for both linear and
cyclic RGD.

In order to quantify the manner in which cells organise themselves,
we measured the proximity of each cell in relation to the cells around it.
This results in an R-value indicative of each hMSC's association with its
neighbours (Fig. 5A). When assessing spatial organisation of hMSCs, we
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see higher R-values for stiff hydrogels. R-values were distinctively high
in stiff gels with an RGD concentration of up to 0.5mM, indicating a
more random cell distribution compared to cells seeded on the soft gels,
which exhibit lower R-values denoting clustering. Overall, stiff gels
feature significantly higher R-values with increased RGD concentra-
tions, indicative of greater spreading (p < 0.05). Finally, though few
hMSCs attached to NF gels, R-values are less than 0.32, indicating
clustering which can also be seen qualitatively in Fig. 4.

An additional parameter assessed is the surface area covered by
attached cells. This enables quantifying the extent of spreading while
also providing an overview of the degree of clustering on softer hy-
drogels. hMSCs attached to stiff hydrogels with more than 0.5 mM RGD
cover approximately 40% of the surface area of the gel. This is a sig-
nificantly higher coverage compared to groups where cells cluster
(Fig. 5B). Groups that exhibit clustering show minimal coverage on the
surface of the gel, implying that clusters are relatively small.

To further investigate cellular interactions with the PEG hydrogels,
cells were immunolabeled with an anti-vinculin primary antibody
(Fig. 6). For all gel types, irrespective of stiffness or RGD concentration,
no peripheral recruitment of vinculin was observed. Vinculin appears
across the cytoplasm with no indication of mature focal adhesion for-
mation. However, cells seeded on glass cover slips showed distinct
peripheral localisation of vinculin as part of mature focal adhesions
complexes.

4. Discussion

Mesenchymal stem cells are an adherent-dependent cell type, im-
plying that physical and biochemical interactions with their micro-
environment can influence cell survival, growth, migration and differ-
entiation (Dominici et al., 2006; Park et al., 2012). Salinas and Anseth
have previously tested MSC affinity for different RGD peptide sequences
and their contextual presentation in PEG hydrogels (Salinas and Anseth,
2008). However, the combined influence of RGD concentration and
stiffness on the spatial organisation of hMSCs on hydrogel substrates
has not yet been investigated.

We first determined whether increased RGD tethering affects hy-
drogel stiffness. Since maleimide groups functionalised with RGD
peptides are no longer available for end-linking, one might expect a
decreased number of elastically effective chains in the network and thus
a reduced stiffness. However, we do not see any statistically significant
differences within either of the gel groups when varying RGD con-
centrations. This means that despite the different numbers of maleimide
groups available for end-linking, a comparable number of end-links is
formed. This observation can be explained by the fact that the archi-
tecture of the used hydrogels is non-ideal in the sense that just a frac-
tion of the available functional groups ultimately forms elastically ef-
fective links. Thus, the number of ultimately formed end-links can well
be very similar, irrespective of a fraction of the maleimide groups being
consumed for tethering RGD motifs. However, the large variation of
measured stiffness values makes it difficult to draw any definite con-
clusions. Though we do not see changes in stiffness upon RGD func-
tionalization, it is important to acknowledge the possibilities of al-
terations in network architecture, such as entanglements and changes in
hydrophobicity that may occur. However, analysis of this is beyond the
scope of this study. Zustiak et al. (2010) successfully tested different
peptides and studied the effects on a variety of gel parameters. How-
ever, no previous studies have investigated the effects of different RGD
isoforms on substrate stiffness.

Unsurprisingly, we observed substantial differences in stiffness be-
tween the 4-arm and 8-arm gel groups. It is also worth noting the large
spread in measured stiffness for each of the groups. This represents a
substantial variation when producing the gels independently. However,
replicates for any given gel group produced from the same reaction mix
did not exhibit such large variations. In contrast, we see consistent
results in cell attachment and organisation for independent batches of
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Fig. 4. Confocal images of hMSCs immunolabeled with DAPI (nucleus), phalloidin (actin) and vinculin (focal adhesions) (scale bar: 100 um). hMSCs organised
themselves as clusters on soft substrates, irrespective of RGD conformation or concentration. Furthermore, a shift in hMSC organisation is evident on stiff hydrogels
with 0.5mM of cycRGD or more. cyc: cyclic RGD, lin: linear RGD, NF: non-functionalised.

the gel. To our best knowledge, there have been two previous studies on
changes in substrate compliance with increased ligand tethering for
PEG hydrogels (Missirlis and Spatz, 2014; Zustiak et al., 2010). Zustiak
and colleagues tested the effects of 0.1, 1.0 and 3.0 mM RGD on the
swelling ratios and shear moduli of PEG gels. They found that swelling
ratios were increased by 12% only in gels functionalised with 3.0 mM of
RGD compared to hydrogels with no RGD, and shear moduli were not
altered for concentrations below 3.0 mM (Zustiak et al., 2010). In a
different study, Missirlis and Spatz tested gels of similar stiffness as in
our study and report that increased RGD concentrations only resulted in
a slight increase in E modulus for ‘medium’ (E = 33.2 kPa) and ‘stiff’
(E = 65.4 kPa) gels (Missirlis and Spatz, 2014). Considering we here
incorporate a maximum of 2.5mM RGD, our results are in good ac-
cordance with those reported. Contradictory to observations from
Missirlis and Spatz, we report a significant increase in cell attachment

with increased substrate stiffness. This effect is enhanced upon in-
creasing RGD concentrations on stiff substrates (Fig. 3). Even though
we did not see major effects on substrate stiffness with increased RGD
tethering, cells do sense a combination of these factors and exhibit
organisational differences.

hMSCs on soft PEG gels cluster rather than spread, irrespective of
RGD peptide concentrations or isoforms (Fig. 4). It is likely that a
variety of factors contribute to this observation. For instance, cells re-
quire sufficient traction to enable spreading which may be inadequate
on the soft gels (Fang and Lai, 2016). Additionally, due to significantly
greater swelling for soft gels (Fig. 2), RGDs are spaced further apart
than those on the stiff gels, despite identical nominal concentrations.
Assuming that peptides within 5nm from the surface are available for
cell interaction, we found 30-1690 peptides/um? for soft gels and
60-2830 peptides/um? for stiff gels based on the nominal RGD



A.S. Chahal et al.

16
(A)
14 -
1.2 A
*
1.0 -
3 o8 . )
: B
3
@ 06 A %%
04 - é ééé E
0.2 A
0.0 A
120
A B
(o]
@ 100 A
=
- %*
&
S 801
o
[
>
3 60
@
s
5 40 -
2}
©
(=2
O 20
:;‘ r | E
5 o) m=EEEEEEE 8
=2
w 0 [Te) n v u n e} w w 0 w n v e}
55285598 | 25858 | 8
4J 0 (&}
4-arm 8-arm 4-arm
(20 kDa) (20 kDa) (10 kDa)

Fig. 5. (A) R-values classifying spatial organisation of hMSCs across the field of
view (n = 60). On soft gels, hMSCs exhibit significantly higher clustering ir-
respective of RGD concentrations with R-values < 0.3 (*p < 0.05). NF gels
also exhibit clustering with even lower R-values. Stiff gels exhibit decreased
clustering as RGD concentrations increase, with an evident shift in cellular
organisation between 0.05 and 0.5 mM. (B) Surface area of the gel covered by
hMSCs. Differences in cell organisation leads to distinct differences in cell
coverage. Cells attached on stiff substrates functionalized with sufficient RGD
tend to spread, resulting in higher surface coverage (= 40%). However, on soft
gels clustered cells cover a smaller surface area (< 8%). C: cyclic RGD, L: linear
RGD, NF: non- functionalised.

concentrations ranging from 0.05 to 2.5mM. Previous studies con-
trolled RGD presentation and found that cell spreading is highly sen-
sitive to slight changes in ligand spacing (Arnold et al., 2004; Wilson
et al., 2012; Wolfenson et al., 2014). They identified a critical spacing
of 60-70nm to be required for stable integrin mediated adhesion.
Elsewhere, Frith et al. studied the influence of lateral spacing of RGD on
hMSCs and found that cells were less spread for ligand spacing greater
than 62nm (Frith et al., 2012). Based on a theoretical estimate, soft
hydrogels used in our study with RGD concentrations of 0.5mM or
higher are below this threshold, indicating that RGD concentration
alone does not govern the cell morphology.

Missirlis and Spatz observed similar rounded cell morphologies
when seeding REF52 cells on hydrogels functionalized with up to
0.5mM RGD (Missirlis and Spatz, 2014). However, in contrast to our
findings, these cells were not clustered. Two primary reasons may
contribute to the cluster morphologies of hMSCs on soft gels. First, the
lack of traction prevents the cells from spreading and thus limiting the
movement of cells on the surface. Second, the lack of sufficient avail-
able anchoring points may cause the cells to cluster. As a result, cells in
close proximity with each other appear to attach to their neighbours in
order to survive and form clusters. For stiffer gels providing sufficient
traction, 0.05mM RGD is inadequate to prevent clustering. However,
stiff gels with RGD concentrations of 0.5mM or higher support hMSC
spreading. As a result, a combination of sufficient stiffness to provide
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traction and adequate RGD motifs seems to be required to enable cell
adhesion and prevent clustering.

Although the presence or absence of ligands plays an independent
role, previous studies have shown that cell shape and spreading are
greatly regulated by substrate stiffness (Han et al., 2012). Engler et al.
demonstrated that cells on soft substrates are insensitive to adhesion
ligand density (Engler et al., 2004). We observed a similar scenario
here, where the presence of RGD alone does not enable cells to spread if
the substrate is not sufficiently stiff. The cytoskeleton plays a central
role in cell spreading, and as a response to mechanical stimuli, proteins
assemble at the periphery of the cytoskeleton to form focal complexes
(Engler et al., 2004). Confocal images taken of hMSCs seeded on soft
gels in Fig. 6 showed no punctuations of large, mature focal adhesions
akin to those observed on glass controls. Instead, we observe dot-like
expression of vinculin throughout the cell body of cells seeded on hy-
drogels. Intriguingly, Fig. 6 also shows hMSCs spread on stiff hydrogels,
but there is no indication of vinculin at the cell membrane to represent
mature focal adhesions. One possible reason leading to the absence of
mature focal adhesions may be attributed to the lack of mechanical
forces to drive the recruitment of vinculin associated with mechan-
osensing at focal complexes. Other studies also suggest vinculin re-
cruitment to focal adhesions in cells on substrates with Young's moduli
of at least 200 kPa (Kocgozlu et al., 2010). This would explain the lack
of mature focal adhesions on soft hydrogels. However, hMSCs did not
form mature focal adhesions on stiff hydrogels either. This is likely due
to the insufficient binding of integrin to the substrate, since vinculin is
known to play a vital role in physically linking integrins to the cytos-
keleton (Berrier and Yamada, 2007).

Cavalcanti-Adam and colleagues have previously observed a lack of
focal adhesions on substrates with RGD spaced 108 nm or further apart.
However, integrin-based adhesion may still occur at this point, leading
to what has been referred to as cryptic adhesions forming under pro-
truding lamellae (Cavalcanti-Adam et al., 2007). In the study conducted
by Missirlis and Spatz, REF52 cells were seeded on to PEG hydrogels
functionalised with 0.1-2.0 mM RGD (Missirlis and Spatz, 2014). They
observed localisation of vinculin to the periphery on gels with RGD
concentrations of at least 0.25 mM. However, we observed neither focal
adhesion formation nor vinculin recruitment at the cell periphery, ir-
respective of RGD presentation. The PEG gels used in their study feature
a similar stiffness as the soft and stiff gels tested in our study. However,
since the cells they used are of rat origin, there may be interspecies
differences to consider in the regulation of vinculin when compared to
hMSCs. However, we observed vinculin throughout the cytoplasm. One
possible explanation is that we are observing nascent focal adhesions,
since evidence suggest that they occur independent of substrate rigidity
(Changede et al., 2015). However, definite verification of nascent focal
adhesions is complicated and previous studies suggested localisation at
the lamellipodium (Choi et al., 2008). The lack of mature focal adhe-
sions has further been attributed to increased cell motility (Rodriguez
Fernandez et al., 1992), contributing to the observed formation of cell
clusters.

Previous studies typically encapsulate cells into PEG hydrogels in
order to study how cells interact with their 3D environment (Pfaff et al.,
1994; Wang et al., 2013; Yang et al., 2005). However, few studies have
seeded cells onto the surface of hydrogels (Huebsch et al., 2010). In
clinical situations, access and isolation of patient's stem cells can be
expensive and limited. As a result, it is important to recognize alter-
native approaches that are capable of inducing local host stem cell
migration towards the site of damage using injectable, cell-responsive,
biodegradable scaffolds. There has been increasing evidence that me-
senchymal stem cells have immense migratory potential in various re-
generative scenarios, both in vitro and in vivo (Cornelissen et al.,
2015). In order to orchestrate the function of MSCs, it is necessary to
understand how these cells attach, colonise and organise themselves on
compliant materials. Therefore, the minimum requirements for efficient
adhesion and the optimal mechanical stiffness need to be determined.
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0 05 mM 2 5 mM Fig. 6. hMSCs immunolabeled with DAPI (blue), phalloidin

(red) anti-vinculin antibodies (green) (scale bar: 100 pum).
r r Inlet images highlight cell peripheries (inlet scale bar: 10 pm).

No recruitment of vinculin was observed as part of mature
focal adhesion formation for all gel types. Instead, vinculin
was observed across the cytoplasm of cells, without particular
localisation at the periphery. Cells seeded on glass coverslips
clearly exhibit mature focal adhesion formation with vinculin
distinctively localised to complexes at the periphery of the cell
body (white arrows). cyc: cyclic RGD, lin: linear RGD. (For
interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Our study, however, shows that these processes are multifaceted and do 5. Conclusions

not solely depend on substrate stiffness or RGD presentation in-

dependently. This fundamental understanding constitutes a prerequisite This study extends the current knowledge for cell-based applications
for a future class of acellular scaffolds. that utilize PEG. We provide a basis for selecting specific stiffness and

ligand presentation that contribute to hMSCs attachment and coloni-
sation on PEG hydrogels. In order to attach large numbers of hMSCs in a
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spread manner, both substrate stiffness and attachment ligand con-
centrations need to be above a certain threshold. Cells seeded on soft
hydrogels exhibited significantly fewer attached cells, with the forma-
tion of cell clusters, irrespective of RGD concentrations. In contrast,
hMSCs attached in large numbers and spread on stiff hydrogels with
RGD concentrations of 0.5mM or higher, suggesting that cell attach-
ment and spreading are both multifaceted phenomena. We observed
that increased RGD tethering has no significant effect on the stiffness of
both soft and stiff hydrogels. Additionally, we found no differences in
the number of hMSCs attaching to gels functionalised with either linear
or cyclic RGD.
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Supplementary Information

Supplementary Figure 1

Nearest neighbour analysis was conducted using data extracted from confocal images. DAPI
channel images were analysed using Cell Profiler Software to threshold and segment the
images for the nuclei to be recognised as objects. Nearest neighbour (R-values) analysis was
determined by calculating the ratio between the mean distance of the first neighbour for each
nucleus (RA) and mean distance which would be expected in a randomly distributed
population (R’E) (Clark and Evans, 1954). A lower R-value correlates to higher aggregation of

samples, whereas higher values closer to 1 represent samples distributed at random.
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Fig. S1: Methodology to determine R-value. Images A1-A4 represent clustered hMSCs seeded
on soft hydrogels functionalised with RGD and B1-B4 represent spread hMSCs seeded on stiff
hydrogels. DAPI channel images were smoothened, thresholded and segmented to recognise
nuclei as objects (A1l and B1). The distance to the first neighbour was measured for each
nucleus and used for the nearest neighbour analysis as described by Clark and Evans. Nuclear
outlines were expanded by 20 pixels (the average nucleus diameter) to count the number of

neighbours within the expanded radius (A3 and B3). A4 shows a blurred and thresholded



image to allow a visual check on the segmentation and neighbour assignment in the nearest

neighbour analysis

Supplementary Figure 2
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Fig. S2: Number of hMSCs observed per field of view via confocal microscopy (n=30). Each
graph represents data obtained from independent experiments involving triplicates per gel
group. Thirty images per gel group were obtained for data analysis. C: cyclic RGD, L: linear

RGD, NF: non- functionalised.
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