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Abstract

Articular cartilage is a specialised tissue which covers the articulating surfaces at the end of
the mammalian bone. This thin layer performs essential functions such as load bearing and
shock absorption in joints. However, it lacks the ability to satisfactorily self-repair. This
characteristic of the cartilage tissue makes this tissue of interest to tissue engineering and
regenerative medicine therapies.

Within sheep populations, there is a significant individual variation in the characteristics of
the ovine bone marrow-derived mesenchymal stem cells (0MSCs). These variations are
demonstrated in the differentiation responses of 0MSCs to multiple inducing factors such as
nutrients and biomechanics. These differences may impact on the choices of treatment
strategies that are used within regenerative medicine.

This study aims to investigate the variation in characteristics of oMSCs and to design in vitro
growth protocols for oMSCs in 3D culture. These 3D growth conditions will be compared
for static and dynamic culture. For comparison, native articular cartilage and engineered
cartilage structures were also characterised through the measurement of mechanical and
biochemical properties in addition to histological and immunohistological assessment.
Mechanical conditioning of the cells and 3D constructs was carried out using the Magnetic
lon Channel Activation (MICA) technology developed previously. The pioneering bio-
magnetic technology offers a novel way to stimulate mechanically sensitive membrane
channels using remotely controlled magnetic nanoparticles (MNPs) which lead to the
differentiation of bone marrow-derived stromal stem cells in vitro.

This thesis has effectively demonstrated that there is a clear individual variation between the
sheep donors in regard to oMSCs characterisation and tri-lineage differentiation potential.
The effect of this variation on dynamic and static culture has been identified. The study has
also demonstrated that mechanical stimulation of the transient receptor potential cation

channel subfamily V member 4 (TRPV-4) enhances chondrogenic differentiation of oMSCs.



Mechanical stimulation of oMSCs for their differentiation towards chondrogenesis in 3D
hydrogels using the MICA technology, firstly Twik-related potassium channel 1 (TREK-1)
ion canal was targeted. However, no consistent response in all the ovine donors was
observed. The total amounts of SGAG, total collagen and total protein produced by the cells
during culture was enhanced in mechanically stimulated gels for potentially only three out
of the five donors. However, mechanical testing revealed significant increase in Young’s
Modulus for the dynamically cultured gels compared to static gels.

Whereas, mechanical stimulation oMSCs targeting the Transient receptor potential cation
channel subfamily V member 4 (TRPV4) resulted in increased cellular responses as shown
by mechanical testing, biochemical analysis, histological and immunobiological analysis
compared to TREK-1 targeted samples.

In summary, this thesis sets out to systematically explore the ovine mesenchymal stem cell
population derived from multiple donors. With this information, we can ultimately start to

address the issues of personalised approaches to regenerative therapies.

Keywords: ovine MSCs, MNPs, MICA technology, articular cartilage,
chondrogenesis, cell therapy, regenerative medicine, bone marrow derived

mesenchymal stem cell.
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CHAPTER 1

Introduction and literature review



Overview

The bony skeleton is a specific organ, which serves several functions. It provides mobility,
support, and protection. In addition, it acts as a reservoir for essential minerals involved in
homeostasis through the Ca*™ and P ion storage and has hematopoietic function during
blood cells production. Human and other vertebrates’ bodies are supported by the skeletal
system that acts as a system of levers which enable movement along with the muscles and
essential connective tendons and ligaments (Saladin, 2010). The bones join each other
forming joints or articulations, which can be classified according to their anatomy and
physiology into three types: Synarthroses (Fibrous joints), which is immovable and
connected by fibrous connective tissue, Amphiarthroses (Cartilaginous joints), which is
slightly movable and connected by fibrocartilage, and lastly Diarthroses (Synovial joints),
which is a movable and complex joint structure that determines the extent of movement (Van
De Graaff, 2001). Joints enable the hard and rigid skeleton to move at different locations
(Pazhoumand-Dar et al., 2015).

Unlike bone tissue injuries, which are able to heal easily with a restoration of the original
tissue in most cases, cartilage tissue is considered to have limited capacity for self-repair
(Buckwalter, 1992).

Therapeutic approaches in musculoskeletal regenerative medicine, which use adult bone
marrow-derived mesenchymal stem cells (BM-MSCs) are promising. Various approaches
for the repair of articular cartilage have been investigated including stem cell-based
engineered tissues, with properties closely mimicking those of native cartilage (Johnson et
al., 2012; Wang et al., 2006).

Within the field of regenerative medicine and tissue engineering, magnetic nanoparticles
(MNPs) have specific multifunctional roles as they can tag, track and activate the stem cells
inside the body (Markides et al., 2012)

To translate current experimental treatment strategies into the clinic, different animal-based

studies must be performed before their successful translation into human practice to ensure
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a successful and secure healing of the tissue defect. Sheep are the most representative animal
model for human orthopaedics, because they are similar in bone structure, biochemical and
mineral compositions as well as weight, physiology and immunology. Finally, sheep mimic

humans in embryonic development and ageing (Andersen et al., 2018).
1.1 Articular cartilage / structure and biology

Articular surfaces of long bones are protected by a low-friction, wear-resistant tissue, the
articular cartilage, which is designed to bear and distribute loads. Articular cartilage is an
avascular hyaline cartilage, which enables movement by providing a low friction surface
for articulation. Despite the unparalleled mechanical behaviour cartilage has poor
regenerative capacities and low metabolic activity due to the scarcity of endogenous stem
cells, the lack of nutrient supply, vascular and neural network as well as lymphatic tissue
(Diekman and Guilak, 2013).

Articular cartilage is composed of one type of cells called chondrocytes and a dense
extracellular matrix (ECM). Chondrocytes constitute about 5% of the net weight of the
articular cartilage (Alford and Cole, 2005). However, chondrocytes’ metabolism is
responsible for the extracellular matrix maintenance and making it stable and copious (Lu et
al., 2011).

1.1.1 Articular cartilage zones

Structurally, articular cartilage can be divided into four zones: the superficial tangential zone
(STZ), the middle or transitional zone, the deep radial zone, and the zone of calcified
cartilage (Figure 1.1).

These zones have different components and functions. For example, the superficial zone,
which forms approximately 10% to 20% of articular cartilage thickness, represents the

articulating surface, a smooth sliding surface which resists shearing. It has the highest



collagen content of the four zones and collagen fibrils are packed densely with a highly

ordered arrangement parallel to the articular surface (Mow et al., 1989).
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Figure 1. 1: Cross-sectional diagram of healthy articular cartilage. A) cellular organization in the
zones of articular cartilage and B) collagen fibre architecture is shown (Sophia Fox et al., 2009).

This layer comparatively has a high number of chondrocytes, which are flat in shape. The
health and integrity of the superficial layer is essential for protecting the other deeper layers.
In addition, this layer is responsible for the characteristic compressive of the cartilage nature,
because it is in direct contact with the synovial fluid and that enables it to resist shearing,
tensile and compressive force that shed within the joint (Sophia Fox et al., 2009).

The middle zone forms about 40% to 60% of the articular cartilage volume and has a higher
compressive modulus than the superficial zone. Collagen fibers are thicker and less
organised. Fibrils are packed loosely and aligned obliquely to the surface. This layer has a
different layout of the collagen fibre which is mostly oblique or un-organised. Furthermore,
the middle zone contains spherical shaped chondrocytes at a low density. The transitional
layer’s function is to resist the compression force (Bhosale and Richardson, 2008).

The deep zone makes up for 30% of the cartilage. Its main characteristic is the presence of
large diameter collagen fibrils, which are oriented perpendicularly to the articular surface.
The deep zone provides the greatest resistance to compressive forces. Finally, the last zone,
is the calcified cartilage tidemark, which separates the deep zone from the calcified cartilage.

It rests directly on the subchondral bone. It is there that the chondrocytes get
4



characteristically arranged in columnar orientation, parallel to the collagen fibres and

vertical to the joint line. (Pearle et al., 2005).
1.1.2 Chondrocytes

Chondrocytes are the cartilage cells, they originate from undifferentiated mesenchymal stem
cells when they lose their pluripotency, then proliferate and congregate together in a dense
aggregate of chondrogenic cells in the chondrification site. These chondrogenic cells
differentiate into so-called chondroblasts, which then synthesise the cartilage ECM. The
chondroblast is now a mature chondrocyte that is usually inactive but can still secrete and
degrade the matrix, depending on conditions (Somoza et al., 2014).The morphology and
function of the chondrocytes depend on their location in the zones of the articular cartilage.
The superficial zone chondrocytes have an elongated appearance and express proteins, that
have lubricative and protective functions, and secrete relatively little proteoglycan (Wong et
al., 1996). One of the important proteins involved in surface lubrication is a superficial zone
protein (SZP). This protein is identified as a functionally important molecule, which is used
to distinguish the chondrocytes phenotype of the superficial zone from those in deeper
layers, because only cells in the superficial zone are able to biosynthesize SZP (Schumacher
et al., 1999; Wang et al., 2006). Otherwise, chondrocytes of the middle zone are more
rounded than the cells in the superficial layer. Chondrocytes of the deep zone are typically
arranged in a columnar fashion. On the other hand, the chondrocytes of the calcified cartilage
zone, are small and are embedded in a chondroid matrix speckled with apatite salts (Wang
and Kandel, 2004).

Articular cartilage homeostasis is very important. It occurs through the interaction between
chondrocytes and the dense extracellular matrix which balance the anabolism and the
catabolism of the matrix (Pearle et al., 2005). In this circumstance, cells form a specific
microenvironment which is responsible for the turnover of the ECM in its immediate
vicinity. This microenvironment acts to confine the chondrocyte within its own matrix, and
accordingly, prohibit and avoids any passage to adjacent areas of cartilage. Chondrocytes

5



interaction within the matrix is rare due to their widespread distribution and sparsity in
number. However, these cells respond to numerous stimuli from their environment such as
growth factors, mechanical loads, piezoelectric forces, and hydrostatic pressure.
Chondrocyte viability depends the vigorous chemical and mechanical environment
(Buckwalter, 1991).

1.1.3 Extracellular Matrix

Biochemically, the extracellular matrix (ECM) of the articular cartilage is composed of water
which forms about 65%-80% of the healthy cartilage tissue and some dry components which
are primarily composed of type Il collagen, and proteoglycans as large aggregation. Other
various minor collagens and non-collagenous proteins, lipids, phospholipids, and
glycoproteins are making up the minor, poorly defined classes of cartilage molecules
(Kiyotake et al., 2016; Schwarz et al., 2012). Cartilage ECM contains crucial bioactive
signals is considered a promising chondroinductive material.

1.1.4 Water

Water is the major component of the articular cartilage, one third of this water is
accompanying the collagen’s intrafibrillar space. Small quantities of water are found as
intracellular space. However, a considerable amount of water fills the pore space of the
matrix (Maroudas et al., 1991; Torzilli, 1985). Articular cartilage water is a dissolvent for
different elements like inorganic ions (Na*, Ca?*, Cl-and K*, Mg?*) (Lai et al., 1991).

The water content is different in concentration according to the zone from about 80% at the
superficial zone to 65% in the deep zone (Buckwalter and Mankin, 1998b). The fluid
exchange through articular cartilage zones, and surface helps chondrocytes to receive
alimentary elements and provide lubrication for the cartilage. The flow of water through the
cartilage zones and across the articular surface helps chondrocytes to receive alimentary
elements and provide lubrication for the cartilage. The mixture of fluid and matrix provides,
the viscoelastic and mechanical properties of the hyaline cartilage. In biomechanical terms,

viscoelastic materials composed of two main phases, the solid organic phase and a movable
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interstitial fluid phase. This allows the cartilage to offer efficient load distribution (Lu and

Mow, 2008; Williams et al., 2007).

1.1.5 Collagen

The major structure of the ECM is collagen which forms about 60% of the dry weight of
cartilage. Collagen type Il represents the vast majority of this component. It is comprised of
collagen fibrils and fibre and forms a network in the ECM incorporating proteoglycan
aggregates. It also provides the tensile strength that is required to give articular cartilage its
resistance to loading (Kiyotake et al., 2016). Other types of collagen, such as collagen type
I, H1, VI, IX X and XI are present as minor contributors to the articular cartilage matrix
(Jansen et al., 2010). The minor collagen types aid to produce and stabilise the type Il
collagen fibril network (Maroudas et al., 1991). Different types of collagen and their

functions were mentioned in Table 1.1 (Bhosale and Richardson, 2008).

Table 1. 1: Different types of cartilage collagen and their functions.

Collagen Morphological location Function
type
| It is the primary collagenous Expressed by cells in freshly
component of bone tissue and isolated non-calcified cartilage
fibrocartilage. tissue
I Principal component of microfibril  Tensile strength
(90-95%)
i Also found in other connective In cartilage forms a mesh
tissues crosslinked with other type 11
fibres and type 11 fibres
VI Pericellular matrix Helps chondrocytes to attach to the
matrix
IX Cross-linked to surface of Tensile properties and facilitates
microfibril fibril interaction with
proteoglycans
X Closely related to the Structural support and aids in

hypertrophied cells in calcified cartilage mineralization
cartilage layer
XI Within or on microfibrils Regulates collagen fibril size



1.1.6 Proteoglycans

Proteoglycans (PGs) are a family of molecules composed of a core protein linked by covalent
bonds with one or more linear glycosaminoglycan chains. The proteoglycans are the second-
largest group of macromolecules in the ECM. There are several kinds of proteoglycans
included in the ECM, which are essential for normal cartilage function. They can be divided
into two classes, the large proteoglycans, such as aggrecan and small proteoglycans, such as
decorin, biglycan, fiboromodulin, lumican, and mimican. The most abundant and the largest
PG is aggrecan. This molecule reacts with hyaluronan to form large proteoglycan aggregates
through protein links (Smith and Goodship, 2008). Aggrecan has numerous highly sulphated
glycosaminoglycan side-chains, which hold water and therefore give the cartilage its
mechanical properties. The small proteoglycans are mostly related with collagen fibrils
formation and modelling. Deficiency of the decorin gene in mice resulted in large, irregular-
sized collagen fibrils, which is believed to be caused by unregulated lateral fusion and this

was associated with weak and fragile skin (Danielson et al., 1997).
1.1.7 Chemical and physical cues promoting cartilage formation

During cartilage formation each zone is preserved by a unique combination of cellular,
biomolecular, mechanical, and physical factors. Zonal arrangement of articular cartilage
during development is formed by controlling the secretion and locative distribution of
transforming growth factor- (TGF-B), bone morphogenetic protein (BMP), and insulin
growth factor (IGF) family (Dy et al., 2010). The exterior superficial zone is maintained by
TGF-B1 and BMP-7 signalling (Moeinzadeh et al., 2016). Chondrocytes in the superficial
zone express pre-chondrogenic marker Sox-9 and superficial zone protein (SZP) (Andrades
et al., 2012; Las Heras et al., 2012). The middle zone is maintained by TGF-1 and IGF-1
signalling. Pre-hypertrophic chondrocytes in the middle zone highly express aggrecan,
glycosaminoglycans, and collagen type Il (Klein et al., 2009; Nguyen et al., 2011).

Hypertrophic chondrocytes in the calcified zone are maintained by TGF-B1 signalling.



Chondrocytes in the calcified zone express hypertrophic markers alkaline phosphatase
(ALP) and collagen type X (Nguyen et al., 2011).

1.1.7.1 Biochemical cues

In order to keep tissue homeostasis and regeneration of the cartilage, some molecules are
involved in the expansion and differentiation of mesenchymal stem cells MSCs (see sections
1.4.1.1-1.4.1.5) for example, Wnt protein, transforming growth factor-beta (TGF-B)
superfamily, bone morphogenic proteins (BMPs) and cytokines (Cruz et al., 2017). Wntis a
family of proteins that are reported to control bone mass in vivo and act directly on MSCs
(Liu et al., 2009; Takada et al., 2009). These proteins also have influence on cartilage
differentiation. The TGF-B superfamily includes many growth factors, which regulate the
developmental skeletogenesis and postnatal skeletal homeostasis (Piek et al., 1999). TGF-p
has distinctive importance and was used for years to produce and assess cartilage (Albro et
al., 2013). BMPs are important morphogens, which regulate chondrogenesis and
skeletogenesis during normal embryonic development (Hogan, 1996). Studies confirmed
that MSCs cultured in the presence of BMP-2 increased osteoblastic indicators like alkaline
phosphatase activity and expression of osteocalcin. This effect increases in the presence of
dexamethasone (Rickard et al., 1994).

Other factors which influence the differentiation of the MSCs interact, at different levels,
with the Wnt and/or TGF-p /BMP pathways. These factors include fibroblast growth factor
(FGF), platelet-derived growth factor (PDGF) and many transcription factors (TFs). FGF-2
aids the cell proliferation and maintenance of the undifferentiated MSCs phenotype over
time (Martin et al., 1997). PDGF was shown to inhibit osteogenic differentiation although,
they are very important for the growth and essential in the differentiation of MSCs (Gruber
et al., 2004; Kratchmarova et al., 2005).

1.1.7.2 Physical cues

Tissues and cells in the human body are influenced by a range of different external forces,

which affect the cells development and maintenance. MSCs have been shown to be highly



mechanosensitive. Hence, physical stimulations can be considered a possible method for
controlling of MSCs differentiation in vitro (Delaine-Smith and Reilly, 2012). Cells sense
the physical environment through receptors by converting mechanical forces into
biochemical signals. These processes involve changes in intracellular calcium concentration
or the activation of diverse signalling pathways. These signals can adjust the cellular and
extracellular structure through mechanosensitive feedback and can modulate diverse cellular
functions as migration, communication, contraction, secretion, proliferation, differentiation
and apoptosis, which are all crucial for organ development and homeostasis (Jaalouk and
Lammerding, 2009).

Interactions between biochemical and mechanical signals to stimulate differentiation
pathways have been reported and it is becoming clear that mechanical forces can critically
direct stem cell behaviour (Estes et al., 2004). There are several mechanical forces which
affect the bone marrow environment, like tension, compression and fluid- induced shear
(Gurkan and Akkus, 2008). Accordingly, various ways were developed to stimulate cells
mechanically in vitro. These include tensile stress through stretching (tensile stress) (Brown,
2000), hydrostatic pressure (Angele et al., 2003) platen abutment (compressive stress)
(Goligorsky, 1988), shear stress through fluid flow (EI Haj and Cartmell, 2010; Reinwald et
al., 2016), ultrasound (lwashina et al., 2006; Kobayashi et al., 2009), high frequency, low
magnitude displacement (vibration) (Edwards and Reilly, 2011; Go et al., 1983; Lau et al.,
2010; Roundy et al., 2003) and direct cell magnetic stimuli (Crawford et al., 2006; Harrison
etal., 2017; Leung et al., 2009).

Recently, cells can be instructed to change their function or undergo differentiation in vitro
through the influence of the combination of appropriate chemical, physical and/or signals by

different bioreactors, will mentioned in detail in this chapter (Section 1.5).
1.2 Cartilage disorder and pathology

Articular cartilage defects may result from injury, joint and cartilage infections or

osteochondral pathology, such as osteonecrosis and osteochondritis dissecans.
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Osteochondritis dissecans (OCD) is a disorder that affect joints, most frequently in children
and teenagers. This illness occurs when a small segment of bone begins to separate from its
surrounding region due to a lack of blood supply (Berndt and Harty, 1959). In adults,
cartilage defects have bad prognosis for regeneration, which could lead to the development
of degenerative arthritis (Zhang et al., 2016). Cartilage lacks blood and lymphatic vessels
so that, the cells infiltration in the normal inflammation process after the injury rarely occurs
and the injury recovery is delayed or injuries do not heal (Zhang et al., 2009). Adding to
injuries and other pathological cartilage disorders, the construction of cartilage is not stable
during the lifetime of an individual. Thus, following tissue maturation there is continuous
chondrocytes activity to preserve the structure of the cartilage.

In a study, authors concluded that articular cartilage lesions were most frequently seen in
patients during their forties, with full thickness lesions common in young adults in their third
decade, following acute traumatic injuries, monotonous minor trauma and major evident
injuries which all can lead to osteoarthritis (Mankin, 1982). A study of 72 knee injury
patients, concluded that 95% of patients experienced with pain, 76% with swelling and 18%
with ossify joint , with history of trauma in 68% of the patients (Johnson-Nurse and Dandy,

1985).
1.2.1 Cartilage ageing process

The cartilage aging process is not fully understood. Researchers hypothesized that aging
occurs due to reduced responsiveness of chondrocytes to anabolic growth factors such as
insulin like growth factor 1 (IGF1) (Loeser et al., 2000), which along with a reduction in
cellularity leads to a decrease in the chondroitin sulphate and aggrecan components of the
cartilage and associated reduction in the water content (Jerosch, 2011). In addition, changes
in the GAG structures including the extent and position of sulphation group have been
reported (Hickery et al., 2003). Furthermore, the collagen within the ECM becomes
increasingly cross-linked resulting in increased cartilage stiffness (Grogan and D D’lima,
2010). Consequently, cartilage loses its ability to resist the forces placed upon it and this is
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reflected in a gradual degeneration of the cartilage structure. These changes to the ECM
reduce the ability of the cartilage and that usually progresses to degenerative disease state
osteoarthritis (Zhang et al., 2009). United States-based estimates suggest that symptomatic
osteoarthritis affects 12% of individuals over the age of 24 increasing to 33% for those over

60 (Lawrence et al., 2008).

1.2.2 Osteoarthritis

Osteoarthritis (OA) is the progressive erosion of articular cartilage and is characterised by
severe pain, rigidity in the di-arthroidal joints and the subsequences limit joint mobility and
function (Toai et al., 2010). Most joints can be affected to develop OA, but knees, hips and
small hand joints are the most frequently affected sites (Gupta and Gupta, 2005). The exact
pathophysiology of OA is still unclear, but a fundamental characteristic of OA is the thinning
or diminishing of articular cartilage and that is associated with pain, inflammation, and
radiologically observable histopathologic lesion such as sclerosis and osteophytes. In
addition to the synovial irritation, inflammation and bone remodelling processes lead to
further roughness to the superficial layer which could cause accelerate joint damage. OA is
not only a cartilage disease, but it is considered as a dynamic pathological condition that
affects the whole joint tissues including the synovium and subchondral bone (Lee and Wang,

2017).

1.3 Cartilage damage repair - traditional and novel approaches

The treatments of the articular cartilage injury represent a great therapeutic challenge due to
the tissue repair deficiency and its mal-regenerative ability. Numerous attempts have been
made to regenerate articular cartilage (Marks, 2017). The treatment depends on the condition
of the patient and their degree of cartilage damage. However, in a case of complete cartilage
degeneration, total joint replacement is the only option (Benders et al., 2013; Brittberg et al.,

1994).
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The first attempts in regenerative medicine were surgical options such as microfracture,
which is a simple arthroscopic procedure and by far is the most common method used as a
first-line treatment for symptomatic chondral defects (Zhang et al., 2016).

Autograft and less common allograft and xenograft transplantations are another surgical
treatment have adopted to repair the cartilage defects. In this technique, a full depth plug of
tissue is collected from a non-weight bearing area in the joint of the patient (Autograft) or
from another Human (allografts) or animal (xenografts) (Wang et al., 2015), followed by an
implantation process into damage region of joint in order to obtain healthy tissue graft (Clair
etal., 2009). Each method has its own advantages and disadvantages. In spite of the excellent
medical outcomes using the autografting method, there are some shortcomings which
include inadequate donor tissues both in terms of capacity and quality, donor area morbidity
(Laurencin et al., 1999). Also, stability of the graft tissue at high weight-bearing region over
time as a result of the graft tissue being extracted from a non-weight bearing area (Malloy
and Hilibrand, 2002).

When other methods fail to repair the cartilage damage or when the articular cartilage has
severe damage and advanced joint disease, then either total or partial joint replacement are
employed. This method is done to restore typical function by removing the injured joint and
implanting artificial shell (such as alloys and titanium), a polymer surface (such as
polyethylene) as well as a metal stem. However, it comes with its own limitations including
loosening of the artificial implant, wearing off and short life-span of implant (maximum of
15 years) and increasing pain of the patient (Zhang et al., 2009).

The other surgical attempt is autologous chondrocyte implantation (ACI) (Gupta et al.,
2006). This method is suitable for partial cartilage lesions. ACI has been used clinically to
repair both craniofacial and articular cartilage defects since 1987 (Marlovits et al., 2006).
The procedure was considered as the first application of cartilage regenerative medicine
when a small cartilage piece is harvested from a low-weight-bearing area of the knee joint.

The chondrocytes are enzymatically isolated from the biopsy and the cells are then grown in
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vitro under the most optimal conditions to expand active chondrocytes. After 2—3 weeks, a
suspension of these cells then is implanted surgically into the cartilage defect site under a
periosteum flap to produce new cartilage tissue. This original technique was first described
by Brittberg and colleagues and called cell-based therapy. This technique has been
developed to involve scaffolds and growth factors and subsequently, considered as tissue-
engineering techniques (Brittberg et al., 1994). In spite of the favourable outcomes described
elsewhere (Corpus et al., 2012), this technique has a number of limitations such as the
possibility of producing fibrocartilage, which has a different mechanical property from

hyaline cartilage and requires multiple invasive surgeries (Zhang et al., 2009).

1.4 Regenerative Medicine- a novel approach for cartilage

defect repair

Principally, regenerative medicine involves a multidisciplinary effort to replace or repair
diseased tissue and the fundamental components of regenerative medicine are cell therapy
and tissue engineering (Terzic and Nelson, 2013). These two foundations are linked by the
same aim, which is to design a safe, effective and consistent therapies for maintenance,
regeneration or replacement of malfunctioning organs. This is done by seeding the
appropriate cells into a three-dimensional (3D) scaffold, then culturing the resulting
construct in a bioreactor under mechanical conditions to promote cell and tissue growth

(Figure 1.2) (Borenstein et al., 2007).

Mechanical
Conditioning
(bioreactor)
f Differentiation media
Source 0 ith Growth Factor Tissue Engineered
Isolation i with Gro €
Healthy Cells Expansion -~ 3D Scaffold Biomolecules Cartilage
supplements

Figure 1. 2: A scheme displaying the fundamental pillars of the regenerative medicine for

cartilage repair.
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As a part of regenerative medicine, tissue engineering approaches are emerging as a reliable
way to restore cartilage. The treatment of joint surface lesions aims to restore pain-free joint
function by helping the formation of new tissue that has the structure and strength of natural
articular cartilage (Chenetal., 1997; Li et al., 2013; Steadman et al., 2003).

1.4.1 Cell therapy for cartilage tissue engineering

Within the advancement of tissue engineering, new techniques, cell sources, and
biomaterials are being used to overcome the limitations of the traditional cartilage repair
techniques. The goal in cartilage regeneration is to find an ideal cell source that can be easily
isolated, is capable of expansion, and can be cultured to express and synthesize cartilage-
specific molecules such as type 11 collagen and aggrecan (Chung and Burdick, 2008).
Foremost, chondrocytes have been widely studied to evaluate their role in producing,
maintaining, and remodelling the cartilage ECM. However, there are some limitations using
this cell source (lkada, 2006; Liu et al., 2017). Some of these challenges include limited
availability of autologous chondrocytes and the invasiveness of the chondrocytes harvest
process as well as the fact that it causes donor-site morbidity (Kock et al., 2012). The
monolayer culture methods that are used to expand chondorcytes cause them to
dedifferentiate towards the fibroblastic phenotype with different properties for articular
cartilage (Bonaventure et al., 1994; Goessler et al., 2004).

De-differentiation decreases the expression of collagen Il, aggrecan and other proteins
related with articular cartilage as well as an increased expression of collagen I, (Bonaventure
et al., 1994; Goessler et al., 2004; Stewart et al., 2000). Alternative cell types have been
used including fibroblasts which are easily obtained in high numbers and can be directed
toward a chondrogenic phenotype (Nicoll et al., 2001).

In this context, stem cells which have a remarkable potential to develop into many different
cell types in the body during early life and growth have been introduced as a possible cell

source for orthopaedic tissue engineering since the eighties(Bruder and Fox, 1999; Tuan et
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al., 2002). Additionally, these cells can be modified genetically to induce or enhance
chondrogenesis (Gurusinghe and Strappe, 2014).

1.4.1.1 Stem cells

Stem cells are undifferentiated cells that can differentiate into specialised cells and they are
found in multicellular organisms. In mammals, there are two main types of stem cells,
embryonic stem cells and adult stem cells such as mesenchymal stem cells. Stem cells have
two crucial properties; one of them is the ability to self-renew and creating new stem cells
by symmetric division. Self-renewability is the process that permits to obtain two daughter
cells which have the exact same characters of the mother cell. The other property is the
ability to differentiate into multiple different types of daughter cells by asymmetric division
(Barry and Murphy, 2004; Lodi et al., 2011).

Stem cells have been introduced as a possible cell source for orthopedic tissue engineering
(Bruder and Fox, 1999; Tuan et al., 2002). Accordingly, investigations on cellular therapies
focus on progenitor cell populations such as bone marrow derived mesenchymal stem
cells (BM-MSCs), which also have the ability to differentiate into cartilage cells
(Pittenger et al., 1999). Clinically, autologous BMSCs have been used to repair articular
cartilage defects by surgical transplantation of collagen-embedded BMSC constructs
(Nejadnik et al., 2010; Wakitani et al., 2004; Wakitani et al., 2007) and by direct intra-
articular injections of BM-MSCs (Orozco et al., 2013).

1.4.1.2 Mesenchymal stem cells

Due to their unigue biological properties, mesenchymal stem cells (MSCs) have generated a
great amount of interest in the field of regenerative medicine. These cells were discovered
by Alexander Friedenstein and his coworker in 1968 as an adherent fibroblast-like
population in the bone marrow (Friedenstein et al., 1968). Subsequently, MSCs were
isolated from various tissues such as adipose tissue (Zuk et al., 2002), peripheral blood,
umbilical cord and placenta (Kern et al., 2006), liver and other adult and embryonic tissues

(Fiegel et al., 2006).
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For better characterization of MSCs, the International Society of Cellular Therapy has
defined MSCs by the following three characteristics. First, they must be adherent to plastic
under standard tissue culture conditions. Second, they must express certain cell surface
markers such as cluster of differentiation (CD) CD 73, CD 90, and CD 105, and lack
expression of other markers including CD 45, CD 34, CD 14, or CD 11b, CD 79 alpha or
CD 19 and human leukocyte antigen HLA-DR surface molecules. Finally, MSCs must have
the capacity to differentiate (Niwa, 2013).

Although five stem cell sources are in current use, umbilical cord blood, amniotic fluid, bone
marrow, mobilised peripheral blood, and adipose tissue stem cells, yet clinical applications
were mainly limited to bone marrow and peripheral blood, which can be harvested easily
and safely. In contrast, the use of other MSC sources are limited due to complicated and
uneasy harvesting as well as unsafely expanding sufficient quantities (Burt et al., 2008).
1.4.1.3 Multi-lineage differentiation potential of bone marrow derived MSCs

Bone marrow derived MSCs (BM-MSCs) are multipotent stem cells. Studies demonstrated
that populations of BM-MSCs from human and other species have the capacity to develop
into terminally differentiated mesenchymal phenotypes both in vitro and in vivo, including
bone (Bruder et al., 1998; Kadiyala et al., 1997), cartilage (Kadiyala et al., 1997), tendon
(Awad et al., 1999; Young et al., 1998), muscle (Ferrari et al., 1998), adipose tissue (Wong,
2004) and hematopoietic-supporting stroma (Weiss and Sakai, 1984). This capacity to
differentiate into a diversity of connective tissue cell types has made them an interesting
cell source for clinical tissue regeneration strategies, especially for bone (Ma, 2013; Orciani
et al., 2017), cartilage (Lee and Wang, 2017) and tendon (Lui, 2015; Sigal et al., 2016;
Yang et al., 2013).

1.4.1.4 Tri-lineage differentiation of BM -MSCs

In order to stimulate adult MSCs to differentiate into different tissue types, specific
differentiation media must be used. For instance, osteogenic differentiation occurs when

MSCs are cultured in a monolayer with the presence of b-glycerol-phosphate, ascorbic acid-
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2-phosphate, dexamethasone and foetal bovine serum in the culture media. The assessment
of the osteogenic differentiation is obtained from the alteration in morphology, increasing
regulation of alkaline phosphatase activity, and the complexity of a mineralised extracellular
matrix (Toai et al., 2010).

Whereas, the ideal culture environment for the induction chondrogenesis of MSCs must
consists of a three-dimensional culture format, in the absence of bovine serum (serum-free
medium), with involvement of a member of the transforming growth factor-beta (TGF-b).
Hence, cells show a rapid morphological change and several cartilage-specific extracellular
matrix components begin to appear. This is accompanied by an accumulation of
glycosaminoglycan. TGF-B1, B2, and B3 have the ability to induce this chondrogenic
response (Barry et al., 2001). To induce adipogenic differentiation, MSCs should be seeded
in a monolayer with the presence of isobutylmethylxanthine (IBMX) to produce large lipid-
filled vacuoles. This process is induced by the nuclear receptor and transcription factor,
peroxisome proliferator-activated receptor-Gama (PPAR-Y), as well as fatty acids
synthetase and is suppressed by both interleukin-1 and tumour necrosis factor-alpha
(Sarugaser et al., 2005).

With a view to utilise the regenerative medicine in cartilage repair, understanding the
chondrogenesis inside the body is essential. Hence, it is known that during fracture healing
and microfracture treatment of cartilage defects, the site of the injuries is invaded by MSCs
from the bone marrow, synovial fluid and other surrounding soft tissues. These invaded cells
are proposed to proliferate extensively and differentiate along a cartilaginous or an
osteogenic lineage in response to local environmental cues such as growth factors and
cytokines (Fortier et al., 2011). MSCs may be able to directly sense their mechanical
environment within a regenerating tissue and differentiate based on the local magnitude of
shear strain, hydrostatic pressure, tensile strain, compressive strain and/or fluid flow they
experience. Physical, chemical and mechanical cues are known to regulate the mechanisms

of repairing following the injuries (Delaine-Smith and Reilly, 2012).
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1.4.1.5 STRO-4 positive bone marrow derived stem cells

Cells isolated with STRO-4, a monoclonal antibody (mADb), have reactivity against
commonly associated cell surface molecule markers like CD 29, CD 44, and CD 166. In
addition, STRO-4 selected cells are able to identify the beta isoform of heat shock protein-
90 (Hsp90p). It was reported that these STRO-4 positive MSCs (STRO-4" MSCs) exhibited
multilineage differentiation potential and were capable of forming a mineralized matrix,
lipid-filled adipocytes, and chondrocytes capable of forming a glycosaminoglycan-rich
matrix. (Gronthos et al., 2009).

STRO-4 was found to selectively isolate ovine and human marrow-derived progenitor cells
MPCs that exhibit high proliferative potential and multilineage differentiation capacity, the
antibodies to Hsp90p were used as an effective single marker that identifies a highly
conserved epitope expressed by MSCs from both ovine and human tissues (Gronthos et al.,

2009).
1.4.2 Scaffolds used for cartilage tissue engineering

Scaffolds fabricated from biomaterials were used to reduce the disadvantages related to cell-
based therapy, such as insufficient incorporation into host tissues, imprecise cell distribution,
and degeneration of healthy cartilage. A scaffold-based approach is based on cells
proliferating in a 3D environment. This approach has been developed to improve the repair
of cartilage lesions with autologous chondrocytes or in vitro differentiated MSCs (Hubbell,
1995; Yang et al., 2001).

Scaffolds to be used for musculoskeletal tissue engineering should have properties similar
to the native tissue. Scaffolds intended for musculoskeletal tissue engineering applications
should be biodegradable, biocompatible and bioresorbable. They should not elicit any
adverse host-immune reaction. Scaffolds should possess appropriate surface area and
architecture for cell adhesion and proliferation. Scaffolds should also be mechanically stable
to withstand the load, possess good handling properties allowing the scaffolds to be
customised in accordance to the defect size (Arzi et al., 2015). Use of polymeric materials /
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biomaterials is the most effective alternative. Scaffolds intended for musculoskeletal tissue
engineering applications should meet certain criteria such as: biodegradable, biocompatible
and bioresorbable. They should not elicit any adverse host-immune reaction. With a feature
of appropriate surface and architecture for cell adhesion and proliferation is an important
characteristic of the scaffold. The scaffold also should be mechanically stable to resist the
load. Also, possess good handling properties, that gives a possibility to be customised in
accordance to the defect size (Getgood et al., 2009).

Early scaffolds fabricated from simple synthetic materials like polyethylene meshes, carbon
implants or carbon-polylactic acid polymers were used for skeletal tissue regeneration
(Aragona et al., 1981). The attention is now shifting towards the use of natural polymers like
proteins and carbohydrates for the tissue engineering and a few of them are commercially
available (Babu et al., 2013; Sell et al., 2010).

Many materials have been used as a scaffold for cell delivery in cartilage regeneration. The

primary focus was on polymeric materials, in forms of hydrogels, sponges, and fibrous.

Figure 1. 3: Polymeric scaffold types.

The main function of the scaffold is providing a 3D environment that is required for the new
cartilaginous tissue. ldeal scaffolds for cartilage regeneration should have specific
characteristics like directed controlled degradation, they should encourage cell expansion,
differentiation, and ECM production. In addition, they should be permeable and enable the

exchanging of the nutrition and the waste products with the surrounding tissue. Furthermore,
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scaffolds should be capable to adhere and integrate into the surrounding native cartilage
tissue.

Various materials have been investigated for their suitability as a cartilage scaffold. The
following sections summarise the commonly used materials in cartilage tissue engineering.
1.4.2.1 Synthetic scaffolds

Poly-a-hydroxy esters polymers such as poly (lactic acid) (PLA) and poly (lactic-coglycolic
acid) (PLGA) are synthetic polymers used for cartilage tissue engineering scaffolds
(Woodruff and Hutmacher, 2010). They are biodegradable synthetic polymers which can be
fabricated into 3D matrices (Zhang et al., 2009) and have suitable surface structure for cell
attachment, proliferation, and differentiation (Hutmacher, 2006). Their structure,
degradation features, and mechanical properties can be adjusted (Nuernberger et al., 2011).
Despite that there is a shortage associated with using synthetic polymers in cartilage
engineering applications like lack signalling molecules for cell attachment and their
degradation products may cause an increase in host response including inflammation which
might lead to failure of the implant in vivo (Zhang et al., 2009).

1.4.2.2 Natural scaffolds

Several natural biomaterials have been used for cartilage repair and regeneration due to their
biocompatibility for cell attachment and differentiation (Hubbell, 1995). Hyaluronic acid
(Burdick and Prestwich, 2011), agarose (Rahfoth et al., 1998) and alginate (Fragonas et al.,
2000) and protein-based collagen (Nehrer et al., 1998) are examples.

Hyaluronic acid scaffolds have bioactive properties with the ability to unite with
chondrocytes. Hyaluronan based matrices enhance the production of collagen type Il and
GAG by the chondrocytes in vitro and in vivo. However, their mechanical properties cannot
satisfy the cartilage tissue (Solchaga et al., 2002). Hyaluronic acid was used in developing
an injectable in situ forming type Il collagen/hyaluronic acid hydrogel (Kontturi et al., 2014).
This hydrogel is able to maintain chondrocyte viability and characteristics, this potential

injectable scaffold for cartilage tissue engineering helped to overcome the shortage of using
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hyaluronan-based matrices (Solchaga et al., 2001). On the other hand, Yu and his colleagues
have fabricated an injectable hyaluronic acid/ polyethylene glycol hydrogel with excellent
mechanical properties for cartilage tissue engineering (Yu et al., 2013).

1.4.2.3 Protein-based collagen

One of the most popular natural biomaterials are collagens which represent essential protein
content in ECM of the articular cartilage and they play an important role in cell adhesion,
proliferation and differentiation. Therefore, it is regarded as one of the promising materials
for constructing cartilage tissue engineering scaffolds.

Collagen type | usually utilises integral or after proteolytic removal of the small particles
(like small nonhelical telopeptides), which reduces possible antigenicity. Native collagen is
presented in two formulas as swollen hydrogels or as sparse fibers in a lattice-like
organisation. The chondrocytes embedded in the hydrogel maintain their natural
morphology and secrete cartilage specific ECM (Yuan et al., 2014). Favourable hyaline
cartilage regeneration with good chondrocyte morphology was observed after 24 weeks
imbedded chondrocytes in the collagen-based hydrogel and injected it into the damaged
rabbit cartilage without a periosteal graft (Funayama et al., 2008).

Collagen type | and 11l is being commercially utilised for matrix associated chondrocytes
implantation. Scaffolds fabricated from collagen are cultured with chondrocytes ex vivo

followed by their implantation at the articular cartilage defect area (Bartlett et al., 2005).

1.5 Bioreactors provide mechanical stimulation for cartilage
repair

Bioreactor technology is pivotal for tissue engineering. Bioreactors are devices that provide
mechanical stimulus in vitro to provide a tissue growth environment mimicking in vivo
conditions. Bioreactors have the potential to improve the efficiency of the overall tissue
engineering concept (Hansmann et al., 2013). Till now, different bioreactor systems for
tissue-specific applications have been developed, some of them are already commercially

available (Cartmell et al., 2002; EI Haj and Cartmell, 2010; Fayol et al., 2013; Meinert et
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al., 2017; Reinwald et al., 2016; Reinwald and El Haj, 2018). However, these have not
resulted in clinically successful tissue-engineered implants. (Hansmann et al., 2013).

To achieve the goal of generating biological substitutes that recapitulate the morphological,
biochemical, as well as mechanical properties of native articular cartilage (Buckwalter and
Mankin, 1998a; Solheim et al., 2016), combination of cells and biomaterials, as well as
external stimulation through biological and/or mechanical factors is used (Atala et al., 2012).
This has inspired the design of various bioreactor systems (Schulz and Bader, 2007) which
aim to provide mechanical stimuli to support tissue maturation under a strictly controlled
and closely monitored loading conditions. The working principles of such systems involve,
for example, the application of hydrostatic pressure (Angele et al., 2003; Elder and
Athanasiou, 2009), compressive (Demarteau et al., 2003; Tran et al., 2011) or shear loading
(Jin et al., 2001; Waldman et al., 2003).

A commercially available oscillating magnetic bioreactor was used to mechanically
stimulate different receptors remotely after treatment with MNPs and this was enhanced after
mechano-stimulation using the magnetic array. (Henstock et al., 2014; Markides et al., 2018;
Rotherham and El Haj, 2015). This magnetic force bioreactor provided by MICA

Biosystems (Figure 1.4) consists of arrays of permanent magnets.

Figure 1. 4: Oscillating magnetic bioreactor (MICA Biosystem). (A) Bioreactor control system,
(B) the system inside the standard cell culture incubator 1) cell culture holder. 2) a moving magnetic
array situated beneath the culture plates delivering a vertically oscillating external magnetic field,
C) different types of magnetic array (24 and 6 well).
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The magnets can be remotely positioned to move the arrays toward and away from culture
plates in a vertical plane to impart magnetic field gradient, the system can be housed inside
a standard tissue culture incubator maintained at standard conditions. The apparatus is
controlled by software which regulates parameters such as the speed, frequency and number
of loops of the arrays.

The principle of the action of this system depends on the fact that the MNPs can be controlled
using the external magnetic field (Marcos-Campos et al.,, 2011) and stimulate
mechanotransduction process of the cells by targeting the mechanosensitive channel with

MNPs.

1.7 Mechanotransduction

Mechanotransduction is the process by which the physical force is converted into a
biological signal, this vital process occurs through so called mechano-sensitive proteins like
Integrins, ion channels and growth factor receptors. Mechanotransduction revolve when
applied forces induce conformational changes in these mechano-sensitive receptors. This
leads to changes in their activation state, subsequently signalling to downstream intracellular
signalling pathways (Farge, 2003; Ingber, 2006; Kiyotake et al., 2016). Various cell types
express mechano-sensitive receptors including cartilage cells. Activation of mechanosensors
leads to downstream, ultimately leading to transcription of mechano-sensitive genes and
changes in gene expression that alter cell proliferation, migration, differentiation and the
production of signalling molecules such as cytokines (Mammoto et al., 2012). The detection
of the mechanical forces by the cell will occur through mechanosensitive molecules. Many
molecules are involved in mechanotransduction like primary cilium, cadherins surface
receptor, integrin, ion channels and some other molecule (Ingber, 2006).

During mechanotransduction that mediated through stretched activated ion channels, there
is a mechanical disruption of the cell membrane which causes conformational changes in ion
channels and consequently controlling ion flow across the cell membrane by the opening

and closing of the ion channels. This results in ion instability across the cell which results
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in changes to cell activity (Ingber, 2006). Targeting specific mechano-sensitive ion channels
on the cell membrane of MSCs with functionalised, biocompatible, magnetic nanoparticles
(MNPs), ion channel can be controlled with an oscillating external magnetic field. The
movement of the particle creates a pico-newton force that is transferred to the ion channel to
which the MNPs have attached, spreading the mechanical stimulus via mechanotransduction
pathways inside the cells. Examples for Mechano-sensitive ion channels are Twik-related
potassium channel (TREK-1) and Transient receptor potential cation channel subfamily V

member 4 (TRPV4).

1.7.1 Twik-related potassium channel 1 (TREK-1)

TREK-1 is expressed in most tissues and is particularly presented in tissues of the nervous
system, lung, heart and smooth muscle (Aimond et al., 2000; Fink et al., 1996; Koh et al.,
2001; Medhurst et al., 2001). This ion channel regulates the resting membrane potential of
the cell (Fink et al., 1996; Lesage and Lazdunski, 2000; Patel and Honoreé, 2001). It is
sensitive to a number of stimuli like heat, lipids and pH. TREK-1 channels are also known
to be mechanoresponsive to the forces such as stretch leading to the opening and closing of
the channels. This results in movement of potassium ions across the cell membrane that

leads polarisation of the cell (Hughes et al., 2007; Patel et al., 1998).

1.7.2 Transient receptor potential cation channel subfamily V member 4

(TRPV4)

TRPV4 is the fourth member of the vanilloid subfamily in the transient receptor potential
(TRP) superfamily of ion channels. The TRPV4 gene, initially named "vanilloid-receptor
related osmotically activated channel” (VR-OAC) and TRPV4. It is a calcium permeable
cation channel that is detectable in both sensory and non-sensory cells. It is widely expressed
and located on the plasma membrane of numerous human and animal cell types, in addition
to some fungi. TRVP4 is expressed in different types of tissues including kidneys, lungs,
hearts, brains, endothelial cells and trigeminal sensory ganglia. The channel has several

different modes of activity or occurrence and is involved in a wide range of functions from
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osmoregulation to thermosensing. TRPV4 was originally identified as an osmotically
activated channel (Nilius et al., 2003). However, this channel can be stimulated by diverse
stimuli like hypo-osmotic swelling (O‘Neil and Heller, 2005), shear stress (Sidhaye et al.,

2008), non-noxious temperatures (Story, 2006) and acidity (Cao et al., 2018).
1.8 Nanomagnetic technology

Nanomagnetic technology is a novel tool for activating the cells physically. Magnetic
nanoparticle (MNPs) are three-dimensional Nano scaled magnetic particles made from
materials like nickel, cobalt and iron. Iron magnetic nanoparticle particles are safer for
biomedical purpose because it has been reported that cobalt and nickel are toxic to biological
Objects (Berry, 2005; Hofmann-Amtenbrink et al., 2010).

Researchers began to investigate whether a variation on the magnetic twisting technique
could be used to activate mechanosensitive ion channels (Barry et al., 2001; Barry and
Murphy, 2004; Glogauer and Ferrier, 1997; Glogauer et al., 1995; Pommerenke et al., 1996).
Nanomagnetic actuation was applied to numerous areas of biology and biomedical science
for example to study mechanical properties (Septiadi et al., 2018), mechanosensitive ion
channel signalling pathways (Hughes et al., 2005) targeted activation of specific ion
channels (Hughes et al., 2008) and the construction of ‘biochips’ and mechanical
conditioning of cells for regenerative medicine applications (Wang et al., 2008). Studies
have shown that manipulation of integrin attached to magnetic particles leads to changes in
intracellular calcium signalling within osteoblasts (Chen et al., 2016; Hughes et al., 2007,
Pommerenke et al., 1996; Scott et al., 2008). Thus, magnetic particles offer a tool for
applying controlled mechanical stimuli to osteoblasts and can be used to stimulate
intracellular calcium signalling over prolonged periods of time (Chen et al., 2016). The

mechanism of the mechanical stimuli using magnetic nanoparticles is showed in Figure 1.5.
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Figure 1. 5: Targeted ion-channel activation. Magnetic nanoparticles (100 nm-2.7 um) are
attached to an ion channel via an antibody (left), upon activation of a high-gradient magnetic field
source (right), the ion channel is forced open. B = magnetic field vector (Dobson, 2008).

It is not necessary for the particles to be magnetically blocked. Instead they may be
superparamagnetic. By applying a strong magnetic field with a high gradient, the particles
experience a translational force that can pull the particles and hence activate nearby
mechanosensitive ion channels (Pankhurst et al., 2003).

Adding to MRI (Magnetic resonance imaging), researchers have investigated MNPs for cell-
based therapy for other fields, like enhance transfection (Pickard et al., 2011), induce
hyperthermia (Kobayashi, 2011), force in vitro aggregation (Fayol et al., 2013), enable
regenerative therapies (El Haj et al., 2015) and activate cell receptor signalling on the cell
membrane (Henstock et al., 2014). The characteristics of small size and magnetic properties

of the MNPs , in addition to versatile surface coatings (Gupta and Gupta, 2005), lead to

enhance existing and future regenerative cell therapies.

1.9 in vivo animal models for orthopaedics

Animal model is a commonly used method for testing medical substances or tissue
engineering approach (Cibelli et al., 2013). At present, there is no animal model can give
representative comparison for all research questions for orthopaedic regeneration of humans.
In fact, each animal model was selected to treat a specific research question. For instance,
the investigations of bone biology and response to growth factor combinations could be

assessed within small animals such as mice or rats. Chondrogenesis has been extensively
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studied in murine models by subcutaneous (Amiel et al., 2001; Puelacher et al., 1994),
intramuscular (Haisch et al., 2000) and intraarticular implantations (Lammi et al., 2001;
Matsumoto et al., 2008; Oshima et al., 2005; Pagnotto et al., 2007). However, small animal
models like rodent and rabbit are related with natural spontaneous healing of cartilage not
seen in larger animals and humans (Dawson, 1925). Thin articular cartilage and the small
size of the articular joints are the main reasons for limited treatments. In addition, there are
difficulties to follow up post-operative in this animal models like bandaging, restricted
weight-bearing and physical therapy. Additionally, the movement pattern are much different
from that of humans, leading to differences in cartilage loading patterns (Cook et al., 2014).
Due to cost related issues, basic cartilage tissue engineering studies are undertaken in vitro
and the transition to in vivo animal models depended on the need. Generally, costs per animal
increase with animal size (Chu et al., 2010). Initially small animal models was used,
including mice, rats and rabbits (Chu et al., 2010; Cook et al., 2014). Especially Immune-
compromised mice which are useful in testing ectopically implanted xenogeneic cartilage-
like tissues derived from human cells. However, the microenvironment of ectopic sites
differs from joints. From other points and even though joints in rats and rabbits are
sufficiently large for surgical manipulation and these animals are commonly used to study
cartilage repair. But, the cartilage is thinner than that of humans, cartilage defects in these
animals may spontaneously heal, and joint biomechanics and loading differ from humans
(Cook et al., 2014).

All these disadvantages have led to necessity and motivate to placement large animal models
of cartilage repair.

Most utilized large animals in cartilage repair are swine, caprine, equine and ovine (Bornes
et al., 2014; Kuyinu et al., 2016). These large animals gives a pre-clinical stifle joint model
that have applicable and similar in size and anatomy to a human knee joint than a small

animal (Cook et al., 2014). In areview study Music and his colleagues did, they summarised

28



cartilage repair studies that used these four large animals between 1993 and November 2017,

(Figure 1.6).

m Sheep-

= Horse
0 Goat []
| | O Pig
|
10
; i “ [ I
PR — | (. | I

1993-1997 1998-2002 2002-2007F 2008-2012 2012-2017

Number of PubMed-/isted studies
ok
n

EX Chr:tndrcrc',rtcs
40 | = MSC
O other

el B ||H

Sheep Horse Goat

W
=}
1

Number of studies (1993-20
BH NN

ocwownon
l

Figure 1. 6: The large animals used in cartilage defect repair. A) number of publications that used
the indicated large animal model to study cartilage repair. B) Number of chondrocytes or MSC-
based cartilage repair studies reported from 1993- 2017(Music et al., 2018).

The two most common animal models were sheep and pig, with sheep being the most
commonly used large animal between 2013 and November 2017 (Music et al., 2018).
Although there are some limitations and disadvantages of using sheep as animal model for
orthopaedic studies, like high cost, ethical consideration and quadrupedal gait, this animal
model is the best representative option for better clinical translation to the human practice.
Sheep are docile and have similar large bone structure, biochemical, and mineral
composition of humans. In addition, the size and basic anatomy of the sheep skeleton are
generally comparable with the humans (Wilke et al., 1997). Hence, orthopaedic implants
including engineered cartilage tissue are commonly tested in sheep model (Egermann et al.,
2008; Hoemann et al., 2011; Music et al., 2018; Potes et al., 2008; Yoshiya and Dhawan,
2015). Numerous studies have performed utilised sheep in orthopaedic and cartilage
engineering. Examples of sheep trials that have been performed for cartilage repair and

MSCs studies are shown in Tables 1.2 and 1.3.
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Table 1. 2: Summarised the studies that investigated ovine MSCs, (N/A= not available).

References

(Rentsch et
al., 2010)

(Czernik et
al., 2013)

(Mccarty,
Gronthos, et
al., 2009)
(Lyahyai et
al., 2012)
(Jager et
al., 2006)

(Heidari et
al., 2013)

(Fadel et
al., 2011)

Kind of Study

Isolation and expansion oBM-
MSCs and their osteogenic
differentiation potential

Differentiation Potential and green
fluorescent protein (GFP) Labeling
0BM-MSCs

Characterisation and developmental
potential of oBBM-MSCs

Isolation oMSC from Peripheral
blood

Multipotent Mesenchymal
Progenitor Cells from Ovine Cord
Blood

oMSCs derived from Bone Marrow,
Liver, and Adipose Tissue

Protocols for obtainment and
isolation of two mesenchymal stem
cell sources in sheep

Bread of sheep
used

Merino sheep

Sarda breed

N/A

Rasa Aragonesa
breed
Moorschnucken
sheep

N/A

Santa Ines

Sex

N/A

Female

N/A

Neonata
| lamb

N/A

N/A

Age
(year)
N/A

67

1-4

1.5-6
After
natural
birth
30-

35day
foetus

Female

30

Sites of isolation

Iliac crest bone
marrow aspirates

Iliac crest bone
marrow aspirates

Iliac crest bone
marrow aspirates

Peripheral blood

Blood from the
umbilical cord

From bone
marrow liver and
adipos tissue
(foetus was
obtained from
the
slaughterhouse)

Umbilical cord
blood and
adipose tissue

The output of the study

The isolated oMSC are able to proliferate and maintain the
ability to differentiate into multiple mesenchymal cell types CS
as part of the artificial matrix could induce the osteogenic
differentiation of oMSC

oBM- MSCs exhibit morphological and transdifferentiation
potential parallel to hMSCs. plus, development of a sheep
preclinical model for MCS transplantation in an isogenic
context.

0MSCs were effectively harvested from bone marrow aspirates
and exhibit morphological, immunophenotypical and
multipotential in vitro and in vivo.

First attempted to isolate oMSC peripheral blood. these cells
can transdifferentiate into neuron-like cells and express PRNP.
First attempted to isolate cord blood-derived MSCs from sheep
and osteo-, chondro- and adipogenic differentiation. The
mesenchymal population of ovine cord blood should be the
target for future investigations.

The three sources of foetal sheep MSCs had the same
multilineage differentiation potential. Among the three sources
of MSCs the bone marrow and adipose tissue derived MSCs had
the highest and the lowest proliferative potential, respectively.
In all the three sources of MSCs, there was a negative
relationship between cell seeding density at culture initiation
and proliferative. The liver derived MSCs are good alternative
for bone marrow derived MSCs.

Umbilical blood collection and gather adipose tissue samples
from kidney area was very well succeeded was innocuous to the
foetus and pregnant sheep



Table 1. 3:Summarised the literatures that use sheep model in cartilage defect, repair and regenerative medicine, (N/A= not available).

References

(Al Fageh et al.,
2012)

(Guo et al., 2004)

(Hao et al., 2010)

(Kandel et al.,
2006)

(Burger et al.,
2007)

(Aagaard et al.,
2003)

Kind of Study

Cell therapy for
osteoarthritis by
chondrogenic-induced
0BM-MSCs

Repair of large articular
cartilage defects with
implants of autologous
mesenchymal stem cells
seeded into tricalcium

phosphate in a sheep model

Sheep articular cartilage
defects repair in vivo by
chitosan hydrogels

Repair of osteochondral
defects with biphasic
cartilage-calcium

polyphosphate constructs in

a sheep model

The purpose of this study

was to analyse cartilage
changes after traumatic
meniscal lesions

Assess the effect of
immediate and delayed

transplantation on articular

cartilage.

Bread of
sheep used
Siamese
long tail

sheep

N/A

N/A

N/A

blackhead
Merino
sheep
(Schwarzk
opf)
Icelandic
sheep

Sex

N/A

male
or
female

male
or
female,

N/A

female

female

Age

12 months

6-12 months

8-12
months

N/A

16-20
months

n/m

Sites of oMSC and/or
chondrocytes isolation
Iliac crest bone
marrow aspirates

Iliac crest bone
marrow aspirates

The articular cartilage
tissue was cut off from
the non-weight-
bearing areas to isolate
chondrocytes
Chondrocytes were
isolated form cartilage
harvested from
trochlear ridge

No cell therapy

No cell therapy

31

Site of defect

Surgically induced
osteoarthritis knee
joints

Non-weight bearing
area of the medial
femoral condyle

Non-weightbearing
area of the medial
femoral condyle

The defect was made
in distal aspect of the
trochlear groove of
the femur using a
specially designed

A radial tear in the
medial meniscus

Surgery on the
medial menisci in
both knees.

The output of the study

Intra-articular injection into OA knee joints of
sheep with autologous bone marrow stem
cells cultured in chondrogenic medium has
the possibility of retarding the progression of
OA

This is the first report of repairing large, full-
thickness articular cartilage or osteochondral
defects of the weight-bearing area on the
medial condyle of the femur by implants of
MSCs

Tissue-engineered cartilage via combining a
novel, natural scaffold technology with
autologous chondrocytes proved to have great
potential for regenerating damaged knee
cartilage in the animal model in vivo.

This study suggests that biphasic constructs
may be a suitable approach for osteochondral
defect repair as the implants were maintained
up to 9 months in sheep

Ovine knee serves as a good model for
cartilage changes in knee alterations such as
injuries of collateral and cruciate ligaments,
joint capsule and knee-involving tendons.

Immediate meniscal allograft transplantation
reduced, but did not prevent, articular
cartilage degeneration during short
observation periods, and that immediate
transplantation was superior to delayed
transplantation



To avoid rejection of heterologous or xenogeneic cells, autologous cells are used preferably,
but ovine MSCs (0MSCs) are unlike human MSCs (hMSCs). Ovine MSCs are not well
studied regarding isolation, expansion, and characterisation. For that reason, some studies
investigated growth characteristics, differentiation, and surface antigen expressions of
oMSCs (Adamzyk et al., 2013). As in humans, there are individual variations between
different donors in animals, but despite large donor-dependent variations, standard protocols
and media for hMSCs differentiation were established by Pittenger in 1999 (Pittenger et al.,
1999). In contrast, oMSCs differentiation and characterization protocols are still not

standardised.
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1.10 Thesis Aims and Objectives

The main hypothesis underpinning this work is studying the effect of dynamic conditioning
on the chondrogenic differentiation of oMSCs. This will be precedent by the characterisation
of oMSCs and native sheep cartilage. Firstly, the native sheep cartilage will be characterised
biochemically and mechanically for the comparison with the engineered cartilage to be
produced in this PhD study with studying the variation of these characteristics between
different donors.

In addition, another precedent study will be focusing on the study of oMSCs characteristics
to enrich the information about in vitro oMSCs differentiation and characterisation protocols
that are still not standardised because using sheep as a preclinical model for orthopaedics
research will need excessive and advanced in vitro studies. Furthermore, determining
variations in characterisation and chondrogenic differentiation may allow studying the
potential influence of donor variations on clinical outcomes in regenerative medicine and
tissue engineering for cartilage repair.

1.10.1 Aims

The aim of this thesis is to use the pioneering MICA technology to enhance the chondrogenic
differentiation of oMSCs to form cartilage and to explore the effect of mechanical
stimulation on the oMSCs by remotely activating mechano-sensitive cation channels on the
oMSCs membrane by directed mechanical stimuli.

In addition, this thesis aims to determine variations between oMSCs donors and native sheep
cartilage by characterisation and chondrogenic differentiation of the oMSCs. This allows to
study the potential influence of donor variations on clinical outcomes in regenerative

medicine and tissue engineering for cartilage repair.
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1.10.2. Objectives

The objectives of this thesis are

¢ |solation and biochemical as well as mechanical characterisation of oMSCs to determine
donor variability between 13 donors

e To study the donor variation of the oMSCs characterisation for tri-lineage differentiation
and CD markers expression.

e Isolation, biochemical and mechanical characterisation of native sheep cartilage to
determine donor variation.

e To study the effect of mechanical stimulation using MICA technology on the
chondrogenic potential of the isolated oMSCs.

e To compare static culture conditions with mechanical culture conditions by targeting the
TREK-1 mechano-sensitive potassium ion channel and investigate the donor variability in
this response.

e To compare TREK-1 and TRPV4 mechanosensitive channel activation using MICA
technology after targeting them with magnetic nanoparticles (MNPs) to study donor

variation and to compare dynamic and the static growth condition.
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CHAPTER 2

Materials and Methods
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2.1 Materials

Materials which have been used in this thesis were sourced from the manufacturer or their
distributors within the United Kingdom, except for those which were referred to in the text
(Table 2.1).

Table 2. 1: List of reagents and their manufacturers

Reagents and materials Companies and catalog numbers

3-Aminopropyltriethoxysilane (APTES) Sigma — Aldrich, UK, Cat# 440140-100ML

3-isobutyl-1methylxanthine (IBMX) Sigma — Aldrich, UK, Cat# 15879

Alamar blue INVITROGEN Cat# DAL 1100

Alcian Blue Sigma- Aldrich, UK. Cat# A3157-25G

Alexa Fluor ® 555 goat anti-rabbit — 19G ThermoFisher Scientific Cat# A21428

Alizarin Red S Sigma- Aldrich, UK. Cat# A5533-25G

Alpha minimum essential medium without | LONZA Cat# BE12-169F

I-glutamin (o MEM)

Ammonium acetate >98.0%, AnalaR NORMAPUR ® prod.no. 100134T

Anti-K2p2.1 (TREK 1) 0.2ml Alamon labs Cat# APC-047

Anti-Mouse IgG MicroBeads secondary Miltenyi Biotec 130-048-401

antibodies

Ascorbic Acid AnalaR®, BDH, UK Cat# 103033E

Beta —Glycerophosphate (BGP) (Sigma — Aldrich, UK, Cat# G5422)

Bovine serum albumin (BSA) Sigma- Aldrich, UK. Cat# A9418

calcium chloride Sigma- Aldrich, UK Cat# C-5080

CD marker Anti-bovine CD 29 KINGFISHER BIOTEC.INC. Cat#
WS0577B-100

CD marker Anti-bovine CD 44 KINGFISHER BIOTEC.INC. Cat#
WS0521B-100

CD marker Anti-bovine CD 45 R KINGFISHER BIOTEC.INC. Cat#
WS05284B-100

CD marker Mouse anti ovine CD31 BIO-RAD Cat# MCA1097GA

Cetylpyridinum chloride (CPC) Sigma- Aldrich, UK Cat# C0732-100G

Collagen type I rat tail Corning Cat# 354236 - 100 mg (3.55mg/ml)

DAPI Sigma — Aldrich, UK, Cat# D9542- 50 mg

Dexamethasone Sigma — Aldrich, UK, Cat# D2915

Dimethyl sulfoxide (DMSO) Sigma — Aldrich, UK, Cat# D2650

Dimethylmethylene blue (DMMB) Sigma — Aldrich, UK, Cat# 341088 _1G

Direct Red 80 (Sirius red) Sigma- Aldrich, UK. Cat# 365548-25G

DOTAP Sigma- Aldrich, UK. Cat# D6182

Douglas MEM high glucose (DMEM) Lonza Biowhittaker, UK Cat# BE12-614F

4.5mg/ml

Douglas MEM low glucose (DMEM) Lonza Biowhittaker, UK Cat# BE12-707F

(Amg/ml)
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DPX Mountant for Sigma — Aldrich, UK, Cat# 06522-100ML

Eosin Sigma — Aldrich, UK, Cat# HT110116-
500ML
Ethanol Fisher Scientific Code: E/0650/17

Ethylenediaminetetraacetic acid disodium | Sigma- Aldrich, UK. Cat# E5134
salt dihydrate (EDTA)

Fetal bovine serum (FBS) Biosera Cat# FB-1001G/500

Glycine Sigma — Aldrich, UK, Cat# G 8898-1kg

Goat pAb to Rb IgG 1mg/ml Secondary Abcam Cat# ab 97196
antibody

HCI Sigma — Aldrich, UK, Cat# 258148- 2.5L
Hematoxylin Gill No.3 Sigma — Aldrich, UK, Cat# GHS3-500ML
Heparin Sodium WORKHARDT, UK 5,000 1 U /ml
HEPES buffer Sigma — Aldrich, UK, Cat# H0887
Histological Clearing agent (Histo-Clear) | National diagnostics order no. HS-200
Histology slide mounting medium Sigma- Aldrich, UK. Cat# 06522-100ml
DPX mountant

Hydrogen peroxide H.O> Sigma — Aldrich, UK, Cat# H0887

ImMmPACT ™ DAB Peroxidase Substrate | VECTOR LABORATORIES Cat# SK-4105
Kit

ImmunoCruz™ rabbit ABCA staining SANTA CRUZ BIOTECHNOLOGY,
system INCsc-2018

Indomethacin Sigma — Aldrich, UK, Cat# 17378
Industrial methylated spirit 99% (IMS) GENTA MEDICAL Cat# GM707
Insulin Sigma-Aldrich, UK Cat# | 9728
Isopropanol (2-propanol) Fluka® Cat# 34965-2.5L

ITS (insulin, transferrin, sodium selenite. Sigma- Aldrich, UK. Cat# 13146-5ml
(Liquid Media Supplement)

L- Ascorbic acid Sigma- Aldrich, UK. Cat# A4544-25G
L-Glutamine Sigma-Aldrich, UK Cat# G7513
L-proline Sigma- Aldrich, UK. Cat# P5607
Methanol Fisher Scientific Code: M/3950/21
NaCl Sigma — Aldrich, UK, Cat# 5925-1Kg
Nanomag -silica Nanoparticles Micromod Partikel technologie GmbH Cat#
09-02-252
Neutral buffered formalin solution 10% Sigma- Aldrich, UK. Cat# HT501320-9 5L
N-hydroxysuccinimide (NHS) Sigma- Aldrich, UK. Cat# 130672-25 ¢
Non-essential Amino Acid Solution NEAA | Sigma- Aldrich, UK. Cat# M7145-100ml
Normal goat serum VECTOR LABORATORIES Cat# S-1000
OilRed O Sigma- Aldrich, UK. Cat# 00625-25G
Penicillin-Streptomycin P/S Sigma-Aldrich, UK. C Cat# at# P4333
Phosphate buffered saline (PBS) LONZA Cat# BE17.516F and /or
Sigma — Aldrich, UK. Cat# H3393
Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific: reagent A Product
No. 23227, reagent A Product No. 23224
Proteinase K Sigma — Aldrich, UK, Cat# P 2308
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Quant-iT™ PicoGreen™ dsDNA Assay
Kit

Thermo Fisher Scientific Cat# P11496

Rat anti mouse IgG1 microbeads

Miltenyi Biotec Cat# 130-047-101

Red blood cells lysing buffer

Sigma- Aldrich, UK. Cat# R7757

Rosiglitazone

Sigma-Aldrich, UK. Cat# R2408-10MG

Sodium bicarbonate

Sigma- Aldrich, UK. Cat# S5761-500g

Sodium chloride

Fisher Scientific Code: S/3120/53

Sodium hydroxide

Sigma- Aldrich, UK. Cat# S8045 -1KG

Sodium Pyruvate

Sigma- Aldrich, UK. Cat# S8636

STRO-4 hybridoma primary antibody

Kindly offered by Dr Markides,

These antibodies were prepared by
Australian team, and freezed in a 20puL
aliquots ready to make working
concentration solution by adding 980 pL of
PBS.

Transforming growth factor-betal (TGF-
p1)

Peprotech, UK. Cat# 100-21

Transforming growth factor-beta2 (TGF-

Peprotech, UK. Cat# 120-14E

p3)
Triton™ X-100 Sigma- Aldrich, UK. Cat# T8787
Trypan blue Biosera 0.5% sol. Cat# L 0990-100ml
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2.2 General Methods

All general methods like general cell culture, histological methods, mechanical and
biochemical analysis are explained in detail in this chapter and will be referred to by their
sections whenever they are mentioned in this thesis.

2.2.1 Bone marrow aspiration

Thirteen adult female English Mule sheep, non-pregnant, skeletally mature (age 2 - 4 years,
weight 64.5 - 89.5 kg) were used in this study. The sheep were housed at the Sutton
Bonnington Animal Facility at Nottingham University. All surgical procedures, including
anesthesia, were observed.

2.2.1.1 Animal preparation for surgery

Animals were prepared for surgery by firstly, starving the sheep for 24 hours pre-general
anesthesia. Also, by restricting access to water from the time that premedication was
administered.

2.2.1.2 Analgesia

Appropriately sized Fentanyl patches (Durogesic® Janssen-Cilag Ltd cat # NO2A B03) were
applied 12 to 24 hours prior to the surgery, to provide a total dose of 2 pg/kg/hr (Ahern et
al., 2009). All wool on the antebrachium area was carefully sheared circumferentially from
the elbow joint to the carpus joint, avoiding traumatizing the skin. Next, the lateral aspect
was scraped with chlorhexidine for 30 seconds, defatted with isopropyl alcohol wipes for a
further 30 seconds. Then, allowed to air dry for 2 minutes. A required piece of patch was
applied to the skin on the lateral aspect of the sheared area and was held in place for 30
seconds. The patch was then covered with a self-adhesive bandage and an adhesive tape was
applied over the entire area to secure the bandage to the skin. Care was taken to avoid heating
up the patch-skin interface to avoid variable fentanyl absorption. The patches were bandaged
over at all times to make sure that they were remaining in place and the animal could not

ingest them.
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2.2.1.3 Anaesthesia

Xylazine 2% in a dose of 0.1 mg /kg body weight was administered as premedication drug
by deep intramuscular injection. The animals were left in a quiet place and a calm
atmosphere for 10 to 15 minutes post-administration. Next, they were injected with
combination of Ketamine (2mg/kg body weight) and Midazolam (0.25-0.3 mg/kg body
weight) intravenously as induction anaesthetic agents. The animals were prepared for
maintenance general anesthesia, and were supplied with oxygen, and an intravenous catheter
was applied in the cephalic vein. After that, the larynx was sprayed with a lignocaine spray,
to facilitate the insertion of the endotracheal tube, which was formerly lubricated with local
anaesthetic gel. Anaesthesia was then, provided by low levels of isoflurane using appropriate
flow rates in oxygen. A stomach tube was placed once the animal was anaesthetised to
prevent inhalation of ingests and was removed at the end of the procedure.

2.2.1.4 Surgery

Bone marrow was surgically aspirated from the sternum bone of the animals. Surgery was
performed under general anaesthesia, as explained above. The surgical area was prepared by
shearing the wool from the sternum region and was then thoroughly cleaned with warm
soapy water followed by antiseptic swabs. The surgeon proceeded to puncture the sternum
using sterile Jamshidi needle. The needle was connected to 50-ml syringe which was coated
with 1% heparin sodium (5ml of heparin “5000 IU/ml” in 500 ml phosphate buffered saline).
The bone marrow was pumped vigorously to take out the aspirate. The aspirate was then

transferred to 50 ml falcon tubes containing collecting media (Table 2.2).
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Table 2. 2: Media composition. Media used for the bone marrow collection, oMSC
isolation, expansion and proliferation and as basic control media for all experiments in

this thesis.
Media types Compositions
10% FBS alpha minimum essential medium (aMEM) without L-

proliferation media
(basic media, B M)

glutamine supplemented with:10% fetal bovine serum
(FBS).1% L-glutamine. 1% Penicillin/streptomycin
(P/S)

(Penicillin - 50 I.U. /ml and Streptomycin- 50 ug/ ml).

20% FBS basic media
(B M)
Collecting media

Serum free media
(SFM)

The aspiration process was repeated 10 times for each donor, to fill a total of three to four
50 ml tubes depending on the aspirate volume. Tubes were kept on ice and transported back

to the cell culture laboratory at Keele University to proceed with the oMSCs isolation

process.

2.2.2 BM-0MSC:s isolation, expansion, differentiation and cell culture

Same composition of Basic media, except using 20%
FBS instead 10% FBS.

Same Basic media compositions supplemented with
1% heparin.

Same Basic media compositions but, without FBS.

2.2.2.1 Isolation and stro-4 selection by magnetic cell sorting (MACS)

All stocks and working solutions were previously prepared for the bone marrow-derived

ovine mesenchymal stem cells (B M-oMSC) isolation and the stro-4 selection process (Table

2.3).
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Table 2. 3: Materials and stocks’ compositions and preparations that used in BM-0MSCs

isolation and stro-4 selection process.

Materials and Compositions and preparation

solutions

Blocking Buffer 17 ml aMEM, 2 ml rat serum, 0.2 g BSA and 1 ml FBS
All contents were mixed together and filter steriled

MACS Buffer 1L PBS, 5 g BSA and 0.74448 g EDTA disodium salt (2 Mm).
All contents were mixed and dissolved overnight then filter
steriled.

STRO-4 antibody Kindly offered by Dr Markides. This antibody was prepared by
our Australian team collaborators, aliquoted into a 20 pL in 1.5
ml centrifuge tubes and were left to freeze at -20°C. This aliquot
was ready to make 1:50 working concentration solution by adding

980 uL of PBS.
1:5 MACS secondary 200 pL MACS rat anti mouse 1gG1 microbeads were added to
antibodies 800 uL MACS buffer

Fresh bone marrow was filtered with a cell strainer (100 pm, Falcon USA Cat. #352360) to
remove bone fragments and clots. The volume was topped up to 50 ml with a serum free
media (SFM) (Table 2.2) and then centrifuged at 220 g for 30 minutes (Heraeus Megafuge
8 centrifuge / Thermo Fisher Scientific) choosing soft deceleration. After centrifugation, the
supernatant was carefully removed leaving a small amount to avoid disturbing the cell
aggregate. Then, 3 ml of red blood cells lysing buffer were added for 3 minutes until red
blood cells (RBCs) were lysed and changed the colour. After that, up to 50 ml of ice-cold
PBS were added.

This step was repeated until all red blood cells were virtually lysed. The tubes were
centrifuged again at 220 g for 30 min at soft deceleration. Centrifugation was repeated until
a creamy white pellet of bone marrow-derived mononuclear cells (BM-MNCs) was formed.
The supernatant was removed. After that 3ml of sterile blocking buffer were added to
resuspend the pellet. About 100 pL of this cell suspension was directly seeded in a T25 cell
culture containing about 3 ml of 20% FBS basic media, labelled with the donor number,
unsorted cells and date and subsequently incubated in a standard condition (Section 2.2.2.2).
The remaining cell suspension was left in the refrigerator for 30 minutes for MACS STRO-

4 selection process. Thereafter, 25 ml of cold MACS buffer (Table 2.3) was added to the cell
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suspension, which was then centrifuged at 220 g for 5 minutes and the supernatant was
removed. Subsequently, 1 ml of STRO-4 hybridoma primary antibody working solution was
added and incubated at 4°C for 30 minutes. Then the tube was topped up with MACS buffer
to a final volume of 20 ml. This was followed by centrifugation and washing twice with 5
ml of MACS buffer. Subsequently, the cells were resuspended in 1 ml of 1:5 diluted
secondary antibodies in MACS buffer, mixed carefully and incubated at 4°C for 30 minutes.
Then the tube was topped up with 10 ml chilled MACS buffer then centrifuged and gently
washed three times with 5 ml chilled MACS buffer to remove excess antibody. Finally, cells
were resuspended in 3 ml MACS buffer preparing them for MACS separation steps.

The MACS separation was carried out as follows. Firstly, two sterile 20 ml tubes were
labelled with negative and positive. Then, a LS MACS cell separation column (LS MACS®
Cell Separation Columns Miltenyi Biotec Ltd.Cat # 130-042-401) was placed in a magnetic
manual cell separation (Figure 2.1), and the negative labelled tube was placed under it. Then,
3 ml of MACS buffer was added to the column. After the buffer had flown through the

column (wetting the column), the cell suspension was added for separation.

Figure 2. 1: MACS separation of STRO-4 positive BM-oMSCs. A) manual cell separator, B) LS
MACS Cell separation columns and plunger, C) LS MACS Cell separation columns placed in cell
separator and contain negative cells which flown through the LS column towards the ne negative

labelled tube, D) the positive cells pressed down firmly towards the positive labelled tube by the

plunger provided.
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Cells were then washed with 1 ml MACS buffer and added again to the column.
Subsequently, the column was washed three times to wash out all STRO-4 negative cells,
while STRO-4 positive cells remained attached to the magnetic column. Then, the column
was removed away from the magnetic holder and 5 ml of MACS buffer was added to the
column and the plunger was placed on top of the tube and pressed down to push the positive
cells out toward the positive tube. The tube was then washed twice with alpha MEM serum
free media. Both the positive and negative tubes were centrifuged at 1200 rpm for 5 minutes.
Lastly, cells were resuspended with known amount of 20 % FBS basic medium (Table 2.2),
counted and seeded into T25 monolayer cell culture flask (Corning® cell culture flasks
surface area 25 cm?, angled neck, Sigma — Aldrich, UK product # CLS431080), containing
3ml of 20 % FBS basic medium. Cells were incubated in a standard incubator, for 72 hours.
After 3 days, non-adherent cells were removed and fresh 20 % FBS proliferation basic media
was added. Upon reaching 80-90% confluence, cells were passaged in monolayer culture
using cell proliferation and storage protocols (Sections 2.2.2.2 - 2.2.2.5). The isolated BM-
oMSCs of all thirteen donors were used for the experiments performed in this PhD thesis.
Cells were used at passage 3 for all experiments unless otherwise stated.

2.2.2.2 Expansion of BM-0MSCs

BM-oMSCs were cultured and expanded under standard cell culture conditions with cells
receiving total media changes every 2-3 days and passaged when they reach 80 - 90 %
confluence. Standard incubation conditions were at 37° C with 5% CO: incubator, All
activities took place within a class 11 Biological Safety Cabinet under sterile conditions. The
composition of the proliferation media which was used in all experiments as control basic
media is mentioned in Table 2.2.

2.2.2.3 Cell passaging

Enzymatic sub-culture with 1x Trypsin /EDTA (Ethylenediaminetetraacetic acid) in
calcium and magnesium free PBS was used for cell passaging and cell banking when cells

reached about 80 - 90 % confluency. Trypsination was carried out by aspirating the media
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and washing the cell monolayer with PBS. Adherent cells were then incubated with pre-
warmed 1x trypsin/EDTA until cells began to round up and detach. Cells were encouraged
to detach from the culture surface through gentle tapping of the culture vessel. Next, an equal
volume of 10% FBS basic media was added to neutralize the trypsin activity. The resultant
cell suspension was transferred to centrifuge tubes and was centrifuged at 1200 rpm for 5
minutes. After that, the supernatant was aspirated carefully, and the cell pellet was re-
suspended in a small known quantity of basic media to produce a single cell suspension.
Cells were counted using a haemocytometer and cell density was determined as described in
section 2.2.3. Subsequently, cells were re-seeded in basic media in T175 flasks (Corning®
cell culture flasks surface area 175 cm?, angled neck, Sigma — Aldrich, UK product #
CLS431079) at a cell density at about 5X10° cells /flasks (60-100 cells /cm?).

2.2.2.4 Cell counting and trypan blue exclusion test of cell viability

After trypisination approximately 10 pL of the resultant single cell suspension were
transmitted to a hemocytometer (KOVA Glasstic ® Slide 10 HBI — 87157) and counted

under a light microscope. The number of cells per millilitre was calculated by equation 2.1.

Noofcell _ cells counted

No.of cells

X 10* Equation 2.1

ml ~ No of large square

The total cell number in the cell suspension was determined by multiplying the number (No.)

of cells/ ml by the total volume of media used to prepare the cell suspension, equation 2.2.

No ofcell

Total cell No = X Total volume (ml) Equation 2.2

When cell viability was determined using trypan blue, a small aliquot of 50 pL of the
suspension was mixed 1:1 with trypan blue, this 1:1 dilution was considered as a dilution
factor in the total cell account. Briefly, after trypsinisation, the cell pellet was resuspended

in a 3 ml basic media and a small aliquot of 50 pL of cell suspension was used and added to
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an equal amount of trypan blue (dilution factor =2). About 10 uL of this suspension were
used for cell counting using a haemocytometer. Trypan blue stains the dead cells dark blue
whereas living cells will remain unstained as their cell membrane is intact. Both live and
dead cells were counted under a light microscope as previously explained in section 2.2.3.

This process was repeated 4 times (4 large squares). Total cell number was calculated by the

equation 2.3.
No,ofcells _ _ Cellscounted o yiption factor X10* Equation 2.3
ml No.of large square

The above equation was used separately to count number of both dead and life cells. Lastly,

the viability percentage was estimated by the equation 2.4.

total dead cells

Viability(%) = [1 - ( )] X100 Equation 2.4

total cells

2.2.2.5. Cell storage and banking

According to good cell culture practice, regular banking of cells was carried out during
passaging. Pelleted cells were re-suspended in a small known volume of freezing medium,
consisting of 10% dimethyl sulfoxide (DMSO) in FBS. About 1 ml of the suspended cells
was transmitted to labelled freezing vials (about 1 X 10° cells / ml) and transferred to a
freezing container (NALGENE Cat#5100-0001) filled with isopropanol, to achieve a -1 °C/
minute rate of cooling and then placed directly in a -80 °C freezer overnight. After that, the
vials were transferred to liquid nitrogen storage until needed.

2.2.2.6 Preparation of basic media and differentiation media

Supplements required to prepare the adipogenic media (Ad M), osteogenic media (Os M)
chondrogenic media (Ch M) and other media used in this study were prepared as stock
solutions, aliquoted and frozen at -20°C. These stocks were ready to use in a calculated ratio
to prepare fresh media each time. The differentiation media supplements were mentioned in
each relevant section according to each experiment in this study.

2.2.2.7 Cells Seeding in monolayer 2D cell culture

Monolayer cell culture was used to differentiate potentials of the BM-0MSCs. The cells were

seeded at passage three (P3) in 24 well plates at a density of 5x10° cell/well. Cells were
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seeded in triplicate for each condition and each time point. The cells were cultured using
basic media until they reached 80-90% confluence. Then, cells were incubated with either
differentiation media (treated) or basic media (control). Media was changed every 2-3 days
during the experiment. Experimental plates were examined regularly under the light
microscope (OLYPUSU. CMAD3 Olympus Optical Co., Tokyo, Japan) to investigate the
first appearance of the differentiated cells, at specific time points, which will be mentioned
in each experiment. The 2D tissue cultures were fixed to their plates (fixation protocol
related to each lineage), as will be mentioned below and stored in PBS at 4° C until histology
was performed.

In case of adipogenesis and chondrogenesis, cells were fixed with by 10% neutral buffered
formalin for 15 minutes. Osteogenic differentiated cells were fixed with 95% methanol for
15-20 minutes.

2.2.2.8 Three-dimensional pellet cell culture for chondrogenesis of BM-0oMSCs

To compare the chondrogenic potential of the BM-0MSCs, 3D pellet cell culture was used,
as described by (Jackson et al., 2007). For this purpose, cells at P3 were trypsinised and
counted, the total cell suspension was divided into two equal parts and centrifuged with 1200
rpm for 5 minutes. After that, the trypsin/media supernatant was removed. One part of the
cells was resuspended with basic media (B M) (control group) and the other part was
resuspended with chondrogenic media (Ch M) (treated group) at a density of 5X10° cells/
ml. Then 1 ml of each cell suspension was transmitted to 1.5 ml centrifuge vials. Cell
suspensions were centrifuged at 300 g for 5 minutes to form a cell aggregate. The vials were
then incubated in a standard incubator overnight to form cell spheroids. Cell pellets at day 1
were collected and stored at -20°C for DMMB and PicoGreen analysis. Whereas, day 1
histology cell pellets were fixed using 10% neutral buffered formalin solution overnight and
then washed with PBS. Pellets were stored at 4°C until histology was performed. Cell pellets

for day 10 and day 20 were continued to receive media changes every 2-3 days with the
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appropriate medium type B M or Ch M and were frozen or fixed as described above for day
1 pellets at the appropriate time points.

2.2.2.9 Three-dimensional hydrogels for chondrogenesis of BM-0MSCs

Three dimensional (3D) hydrogels were prepared to study chondrogenesis of BM-oMSCs
under mechanical conditioning (N6th et al., 2007). Briefly, cells at P3 were trypsinised and
counted, then appropriate number of cells was labelled with activated nanoparticles (Section
2.5.2). Cells were resuspended in 20% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer in basic media to prepare HEPES-cell suspension containing about 2X10°
in each 100 pL. Meanwhile, about 200 pL of collagen | rat tail (stock concentration
3.55mg/ml) was added to each well of a non-treated flat bottom 48 well culture plate
(CytoOne cat# CC7672-7584). Thereafter, 100 pL of the HEPES-cell suspension was added
to each 200 pL collagen and mixed carefully with the tip of the pipette.

The 48 well plates were then incubated at 37°C in a cell culture incubator for 30 minutes to
allow the collagen to solidify at the bottom of the wells. Then 1 ml of B M or Ch M were
added. Plates were left overnight in the incubator. Lastly, day 1 gels were harvested after 24
hours and fixed for histology or frozen at -20°C for biochemical analysis. While the
remaining gels continued to receive a daily mechanical stimulation (Section 2.5.3) and a
total media change every 2-3 days until day 20.

2.2.2.10 Assessment of metabolic activity by Alamar blue assay

AlamarBlue® reagent was used to assess cell viability in two experiments. In oMSCs
isolation and characterisation, the test was performed on 2D cell culture the donor 13 oMSCs
passages P1, P2 and P3. While for hydrogel experiment, alamer blue was performed during
the experimental time at day 1, day10 and day 20 in 3D hydrogel cell culture.

In both cases, the assay was performed in same way as following: changing the media to
10% reagent in media (either Ch M or B M as 10% of the sample volume) followed by 3
hours incubation at 37°C. During this period, the blue resazurin (alamar blue reagent) is

reduced to resorufin, which is a red colourimetric indicator. After 3 hours, while working in
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the dark, about 100 puL (n=8) of the resultant colourimetric media from each well was
transferred to a 96 well plate. Acellular control samples (10% alamar blue in basic media)
was used as a blank. The absorbance was read by a plate reader then read the absorbance of
alamarBlue® at 570 nm, using 600 nm as a reference wavelength (normalized to the 600 nm

value). Plotted as a bar chart of the absorbance intensity in Excel.

2.3 Surface marker characterisation of BM-oMSCs by flow

cytometry

Cells at P3 and 80% confluence were subjected to flow cytometry to specify characteristic
clusters of differentiation (CD) surface epitopes using anti CD 29, CD 44, CD 45 and CD
31 antibodies. Therefore, cells were trypsinised, counted and resuspended to achieve a
concentration of about 5X10° cell/ml in ice-cold blocking buffer (Barker and Seedhom),
which was prepared by dissolving 0.732 g Ethylenediaminetetraacetic acid (EDTA) and 2.5
g bovine serum albumin (BSA) in 500 ml PBS. Then, the cell suspension was incubated at
4° C for 1 hour. Thereafter, 1 ml aliquots for the cell suspension containing approximately
5X10° cells were prepared and added to 1.5 ml Eppendorf tubes. The tubes were centrifuged
at 300 g in 4° C for 10 minutes. The supernatant was discarded. The final primary antibody
concentration was 1:1000 in 100 pL of cell suspension containing 5X108 cell/ml. The tubes
were incubated for 15 minutes at 4° C. After 15 minutes, the cells were washed with 1 ml
BB to remove excess antibodies, centrifuged at 300 g for 10 minutes and then the supernatant
were discarded. Next, Fluorescein isothiocyanate FITC conjugated secondary antibodies
were added to the cells in a final concentration of 1:100 followed by incubation in the dark
at 4°C for 15 minutes. Subsequently, cells were washed with 1 ml BB, centrifuged at 300 g
for 10 minutes and finally resuspend with 150 uL BB or PBS. In case of conjugated primary
antibodies FITC conjugated CD 31, IgG1 and 1gG2a. control isotypes.

The cell labelling with antibodies was minimised into three steps, after resuspended with

100 pL of cold BB, cells were mixed with 10 pL of relevant FITC conjugated primary
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antibodies, final concentration 1:10 dilution, and left in dark at 4°C for 10 minutes. Secondly,
cells were washed with 1 ml cold BB and centrifuged at 300 g for 10 minutes. Finally, cells
were resuspended with 150 pL BB or PBS.

For analysis, a flow cytometer (Cytomics FC 500, Beckman Coulter), with at least 50000
events counts was used. The acquired data were analysed using Flowing Software (version
2.5.1). 1IgG1 was the isotype control for CD 29, CD 44 and CD 45. While, 1gG2a was the
isotype control for CD 31, FL1 channel was used for analysis. Percentage positive events

were determined using gates to exclude 99% of the appropriate isotype control events.

2.4 Histology

2.4.1 Histochemical staining of oMSCs cultured in monolayer to assess
stem cell differentiation

2.4.1.1 Alcian blue staining to assess chondrogenesis

Detection of chondrogenic differentiation in the fixed monolayers was accomplished by
investigating the presence of glycosaminoglycans (GAG) by alcian blue stain. Therefore, 1g
of the dye was dissolved in 100 ml 3% glacial acetic acid to prepare a working solution of
1% (w/v) alcian blue. The staining solution was filtered using a 0.2um syringe filter (Sarstedt
83.1826.001) into a storage reagent bottle and stored at room temperature (RT). The solution
was filtered again, and the pH was adjusted to 2.5 before use each time.

To stain the cells, well plates were removed from the fridge, PBS was removed, and cells
were washed with dH.O before enough amount of dye was added to cover the cells
completely. Plates were incubated overnight at RT. Afterwards; the dye was removed, and
the monolayers were rinsed gently with water until the water became clear. After that, a
small amount of dH>O was added to the stained monolayers and cells were images were
captured immediately through light microscope (OLYMPUS, CKX41Tokyo Japan) and

camera (MicroPuplisher SN: Q29364, Canada) at 4x, 10x, and 20x magnification.
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2.4.1.2 Alizarin red S staining to assess osteogenesis

Detection of osteogenic differentiation in the fixed monolayers was accomplished by alizarin
red S staining of the mineralised calcium deposits. Alizarin red S aqueous solution 1% (w/v)
was prepared in dH2O and left overnight to dissolve completely. The solution was then
filtered with a 0.2 um syringe filter and the pH was adjusted to 4.0 using 0.1 M HCI.

To stain the samples, PBS was removed, and cells were washed with dH.O. Subsequently,
alizarin red S stain solution was added to fully cover the monolayer and left to incubate for
20 minutes at RT. After that, the dye was removed, and the monolayers were washed with
water gently to not remove the superficial mineral layer. Then, a small amount of dH20 was
added to the stained monolayers and samples were imaged under a light microscope.
Semi-quantitative analysis was performed to assess osteogenesis by eluting the alizarin red
stain using 5 ml of 10% Cetylpyridinum chloride (CPC) for each well. Samples were
incubated overnight at RT following which absorbance was read in a plate reader at 562 nm.
2.4.1.3 Oil Red O staining to assess adipogenesis

Adipogenesis of the monolayers was assessed by Oil Red O stain of intracellular lipid
droplets. A stock solution of concentrated dye was prepared first by dissolving of 0.35 g Qil
Red O powder in 100% isopropanol. The solution was mixed well and left at least overnight
before being used to ensure maximum saturation of the solution. Then, the stock solution
was filtered with a 0.2um syringe filter and kept in RT until use. A 60% (v/v) working
solution was prepared fresh immediately prior to staining by mixing 6 ml stock solution with
4 ml of doubled distilled water (ddH-0). The working solution was allowed to sit at RT 20
minutes followed by filtration.

Fixed cells culture was washed twice with distilled water after PBS was removed. Then, 500
uL of Oil Red O working solution were added to each well and left for 10 minutes at RT
Later the dye was removed, and cells were washed four times with ddH20. A small amount
of distilled water was left in each well for imaging. Images were captured directly by a light

microscope.
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Adipogenic differentiation was assessed semi- quantitatively by de-staining the Oil Red O
with 200uL of 100% isopropanol for each well. Samples were incubated for 10 minutes at
RT while plates were shaken gently. The absorbance of the eluted dye was measured by plate
reader at 492 nm using 100% isopropanol as control.

2.4.2 Histology and immunohistochemistry of native tissue and 3D samples

Formalin fixed native sheep cartilage tissue, 3D cell pellets and 3D hydrogel samples were
prepared for histology and immunohistochemistry by the following procedures.

2.4.2.1 3-Aminopropyltriethoxysilane (APTES) slides coating

In order to increase the adherence capacity of the slides’ surface and improve section
adhesion, 3-Aminopropyltriethoxysilane (APTES) was used for coating standard
microscope slides (SuperFrost® glass Microscope Slides AA0O0008032E), prior to using
them for histology and immunohistology. For this purpose, clean slides were arranged within
the slide holder and soaked in acetone for 2 minutes to remove any microscopic dirt. Slides
were then air dried by allowing the acetone to evaporate. Dry slides were then soaked in
freshly prepared 2% (v/v) APES in acetone for another 2 minutes and then washed twice
with dH2O for 2 minutes. After that, the slides were placed at 60 °C overnight before being
stored airtight until use.

2.4.2.2 Paraffin embedding of samples

Because of their small size, cell pellets were manually processed for histology in their
Eppendorf tubes. Therefore, storage PBS was removed and about 1 ml of 70% IMS was
added and left overnight. Then, pellets were dehydrated gradually by incubation for one hour
each at 70%, 90%, 100% and 100% isopropanol. Then, the samples were placed in the centre
of Tissue Embedding Chambers (MILES Scientific Tissue Embedding Centre) with labelled
plastic caskets. Then, freshly melted paraffin wax was added to fill the caskets completely.
Samples were left in melted wax at 60 °C overnight to allow the paraffin to embed the

samples throughout. Thereafter, the melted wax was replaced by fresh wax and samples were
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placed on a cooling plate to allow fast cooling of the samples. The resulting paraffin blocks
were stored at RT until samples were sectioned.

Native sheep cartilage and hydrogel samples were dehydrated, and wax embedded using an
atomized tissue processor (KD-TS6B Vacuum Tissue Processor). Briefly, samples were
loaded in labeled tissue cassette (Shandon™ Tissue-Processing/Embedding Cassettes 11 cat
# 1001060) and then placed in the tissue possessor basket. Samples were dehydrated
gradually in varying alcohol concentrations and incubated in melted wax at 60 °Cover night.
A day later, the samples were taken out from the basket. Each sample was placed in an
aluminum plate, which was subsequently filled with fresh paraffin. Samples were covered
with labelled cassette lids and then allowed to cool rapidly on a cooling plate. All blocks
were stored at RT until use.

2.4.2.3 Sample sectioning and de-paraffinisation

Prior to sectioning, paraffin blocks were trimmed to facilitate the sectioning process. Blocks
were then located in the rotary microtome and about 2-3 consecutive 7 um sections were
obtained using a microtome (Thermo Shandon Manual Microtome AS 325) and transmitted
carefully to a tissue float distilled water bath at 40 °C. Sections were then mounted on APTES
coated slides. Slides were left overnight at 60 °C to let them dry and firmly adhered to the
slides following which slides were stored until histology and immunohistochemistry staining
was performed. Shortly before sections were subjected to the desired stain, they were
deparaffinized in three changes of histological Histo-Clear and rehydrated by using
decreasing concentrations of industrial methylated spirit (IMS) (100% ,100%, 90%, 70%
and 50%) for 3 minutes each and, then two changes of dH2O for 5 minutes each. Slides were
then directly subjected to histology or immunohistochemistry stains.

2.4.3 Histological staining of the paraffin sections

2.4.3.1 Haematoxylin and Eosin staining

Haematoxylin and Eosin (H&E) stain was performed by immersing the slides in the
haematoxylin Gill No.3 dye for 5 minutes, followed by gentle washing with tap water. After
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that, the slides were immersed in an alcoholic Eosin dye for 30 second followed by gentle
washing with tap water. The sections were dehydrated after staining by dipping the stained
slides in different ascending IMS concentration, namely 70%, 90%, 100% and 100% for 3
minutes each, followed by two changes of Histo-Clear for 5 minutes each. Subsequently,
slides were mounted with DPX mounting medium and covered with coverslips. Finally,
slides were visualized using the EVOS microscope (AMG, Advanced Microscopy Group)
at 4 x, 10 x, 40 x, and 80 x magnification. Images were taken across the different areas of
the section.

2.4.3.2 Alcian blue staining

Deparaffinised and rehydrated sections were incubated overnight with 1% alcian blue (pH
2.5). The dye was prepared as explained in Section 2.4.1.1. Slides were kept in a wet
environment to prevent the dye from drying during the staining time. After that the dye was
washed off the slides with tap water, and the sections were subjected to the dehydration,
clearing, DPX mounting and imaged, as mentioned in Section 2.4.3.1.

2.4.3.3 Toluidine blue staining

Deparaffinised and rehydrated sections were incubated for 10 min with 1% toluidine blue
staining solution which was prepared by dissolving 1 g toluidine blue dye in 1% (w/v)
sodium borate. The solution was stirred until the dye was dissolved completely. The solution
was filtered prior to use. After staining, the slides were washed with dH2O several rinses
and rehydrated with two changes of 96% ethanol and absolute ethanol each for 1 minute.
Then slides were passed from absolute alcohol to the next steps of clearing and DPX
mounting as mentioned in Section 2.4.3.1.

2.4.3.4 Sirius red staining

To prepare the Sirius Red stain (direct red), 0.5 g of Sirius red powder was dissolved in 45
ml of distilled water. After that, 50 ml of absolute ethanol was added followed by 1.0 ml of
1% sodium hydroxide. The solution was mixed vigorously before 4.0 ml of 20% sodium

chloride was added. Then the solution was left to stand overnight before filtration. The
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staining protocol was briefly, the deparaffinised and rehydrated sections were stained with
sirius red stain for 1 hour and then washed with tap water. Next, slides were dehydrated,
cleared, DPX mounted and imaged, as mentioned in section 2.4.3.1.

2.4.3.5 Picro-sirius red staining

Picro-sirius red stain kit was used to stain paraffin sections after deparaffinisation and
rehydration. Therefore, adequate picro-sirius red solution was added to completely cover the
sections and incubated for 1 hour. The slides were then quickly rinsed in two changes of
0.5% acetic acid solution provided with the kit. Then, samples were rinsed with absolute
alcohol, and dehydrated with two changes of absolute alcohol for 2 minutes each. Slides
were then cleared, mounted and imaged as mentioned in section 2.4.3.1.

2.4.4 Immunohistochemistry staining of paraffin sections

2.4.4.1 Enzymatic antigen retrieval

Antigen retrieval is important to break the protein cross-link formed by formalin and thereby
uncovered hidden antigenic sites. Enzymatic antigen retrieval was used for this purpose.
Briefly, the deparaffinised and rehydrated sections were isolated with a hydrophobic pen
(Vector Laboratories InmEDGE™ Hydrophobic Barrier Pen Mfr # H-4000 — Item # OU-
93951-68) and placed in a flat position in a humidified chamber to prevent samples’ dryness.
Each sample was covered directly with a drop of freshly prepared 0.1% trypsin working
solution (Table 2.4) and the humidification chamber was transferred to 37 °C incubator for

15 minutes. Slides were then washed three times for 5 minutes each with PBS.

Table 2. 4: Trypsin working solution preparation for enzymatic antigen retrieval.

Materials and solutions = Compositions and preparation

solution 1 0.5%Trypsin stock Aml Trypsin/EDTA 10x in 4 ml dH20 mixed well,
solution aliquots and stored at -20 °C

solution2 | 1% calcium chloride 0.1 g in 10 ml dH20 mixed well and stored at 4 °C
stock solution

working 0.1%Trypsin 1 ml (stock solution 1) + 1 ml (stock solution 2)
solution + 8 ml dH20.
Mixed and adjust pH to 7.8 with 1IN NaOH
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2.4.4.2 Quench endogenous peroxidase activity

After enzymatic antigen retrieval, tissue section slides were incubated for 10 minutes in 3%
hydrogen peroxide H>O:> diluted in PBS to quench endogenous peroxidase activity. Then
samples were washed twice in PBS for 5 minutes each. After that, excess PBS was blotted
and blocking serum consisting of 1.5% normal goat serum was added to the sections.
Sections were incubated at RT for 1 hour to reduce non-specific staining. Thereafter, the
blocking serum was carefully blotted. Before using specific antibodies to detect antigens
by immunohistochemistry (IHC), all potential nonspecific binding sites in the tissue
sample must be blocked to prevent nonspecific antibody binding, this normal goat
serum is intended for use as a blocking solution when a second antibody of goat origin
is applied in an immunohistochemical staining procedure.

2.4.4.3 Primary antibody staining

According to the instruction of the ABC Kit, the tissue sections were labelled with the
primary antibodies to be examined (collagen Il, collagen X or aggrecan). In brief, after the
blocking step, the sections were incubated overnight at 4° C with the primary antibody at a
final concentration of 1.5 pg/ml in 1.5% blocking serum in a humidification chamber.
Subsequently, slides were washed twice with PBS. Then sections were incubated with
biotinylated secondary antibodies (final concentration: 1ug/ml diluted in 1.5% blocking
serum) for 30 minutes at RT. Sections were washed twice with PBS for 5 minutes each.
Then, the sections were incubated with few drops of AB enzyme reagent (avidin and
biotinylated horseradish peroxidase) for 30 minutes at RT, washed with three changes PBS
for 5 minutes each. After that, sections were incubated with 1-3 drops of peroxidase substrate
for 30 seconds t0o10 minutes (or until desired stain intensity developed). The staining was
checked by rinsing with dH>O and then, viewed under light microscope. If necessary
additional peroxidase substrate was added and samples were incubated for longer time.

Finally, sections were washed with dH20 for 5 minutes.
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Sections were optionally stained with counterstain, (Gill’s # 2 hematoxilin) for 5-10 second,
then slides were immediately washed with three changes dH.O and were dehydrated in 95

% ethanol and two changes of absolute ethanol for 10 seconds each.

2.5 Magnetic Nanoparticle preparation and mechanical
conditioning

2.5.1 Magnetic nanoparticles activation and antibody coating

Under sterile conditions, the nanoparticles were activated covalently coated with TREK1
and /or TRPV4 antibodies in order to prepare them to be used for labelling the BM-oMSCs.
Materials and solutions preparation for MNPs antibody coating were mentioned in Table

2.5.

Table 2. 5: Materials and stocks’ compositions and preparation essentials for nanoparticles’

antibody coating

Materials and Solutions

Nanoparticles suspension

2M NaHCO;

0.5 M NaHCOs3

0.1 M MES buffer
2-(4-morpholino) ethane
sulphonic acid buffer
0.5 M MES buffer

6.3 pH EDAC/NHS solution

Secondary antibody
goat pAb to Rb 1gG 1 mg/ml

Primary antibodies
TREK1 pAb
TRPV4 pAb
Glycine 25 mM

Compositions and Preparation

Nanomag -silica Stock, 250 nm diameter, COOH surface 10
mg/ml

Dissolve 3.36 g in 20 ml dH20

Dissolve 0.8401 g in 20 ml dH,0

Dissolve 0.390 g of MES salt in about 15 ml of dH.O then
adjust to pH 6.3 with 2M and 0.5 M NaHCOg, Sterile filtered
with (0.2 um syringe filter)

Dissolve 1.95 g of MES salt in about 15 ml of dH20O then adjust
to pH 6.3 with 2 M and 0.5 M NaHCOg, then complete to final
volume 20 ml, Sterile filtered with (0.2um syringe filter)
Weigh 12 mg of N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDAC) in a Stasted tissue
culture dish (TC Dish 60, Standard Order number: 83.3901),
then add 24 mg N-hydroxysuccinimide (NHS), the mixture was
dissolved in 2 ml of filter sterile 0.5 M MES-buffer, pH 6.3,
then Sterile filtered with (0.2um syringe filter). The pH must
be adjusted as long as concentration stays same.

Minimum 20 pg secondary antibody used for each 0.1 ml of 10
mg/ml nanoparticle suspension (1 mg/ ml stock was aliquots of
20 pL and freeze in -20 °C)

Minimum 12 pg pAb used for each 0.1 ml of 10 mg/ml
nanoparticle suspension (1mg/ml stock was aliquots of 12 pL
and freeze in -20 °C)

Dissolve 7.5067 mg in dH20 Sterile filtered with (0.2 pm
syringe filter) Use minimum 10 pL
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The activation of the MNPs by following procedure was carried out just before labelling the
cells with the antibody coated MNPs. The stock solution of the MNPs was vortex before use
and 0.1 ml was transmitted to a sterile 1.5 ml centrifuge tubes (= final concentration of 1 mg
of MNPs of 10 mg /ml) for each antibody. Then 20uL of EDAC/NHS solution was added
(the activation take place when the carboxyl group of the MNPs react with EDAC/NHS
solution to produce Amine group which enable the MNPs to be labelled with the biological
secondary antibody).

The tubes were incubated for 60 minutes at RT with continuous mixing. Then, the particles
were washed with 0.2 ml of 0.1 M MES buffer using a permanent magnet array and

resuspended with 0.1 ml of 0.1 M MES buffer (Figure 2.2).

Figure 2. 2: Washing steps of MNPs with MES in a permanent magnet array. A) 1.5 ml vials with
MNPs (1) the suspension inside the magnet array. B) Same vial with suspension after 2-3 minutes
(2) the MNPs were adhered to the vial’s wall according to the magnetic forces (3) the clear washing
fluid can easily discard by pipette.

For the antibody labelling of the NPs, 20 pL of 1mg/ml stock secondary antibody was added
to the activated MNPs, which were then incubated under continuous mixing for 3 hours at
RT or overnight at 4 °C. MNPs were then washed and resuspended with 0.1 ml of 0.1 M
MES buffer containing 12 pg primary antibody. MNPs were blocked with 10 pL of 25 mM
glycine buffer in PBS and incubated under continuous mixing for 30 minutes at RT. Lastly,
MNPs were washed with 0.1 ml of 0.1% BSA in PBS and resuspended with 1ml of 0.1%
BSA in PBS (1mg/ml activated antibody coated MNPs solution) and subsequently stored

sterile at 4 °C.

58



In order to test the coating efficiency of MNPs, samples of the antibodies coated MNPs
were tested for sizing, zeta potential and oscillating movement and data were compared with
uncoated MNPs.
2.5.1.1 MNPs sizing and zeta potential
The activated and coated MNPs were analysed for surface charge and size by dynamic light
scatting (DLS). DLS measurements were performed using a zetasizer (Malvern zetasizer
model 3000 HAS. Briefly, 50uL of particle stock solution was diluted in 3 ml of dH20. This
solution was used to fill the cuvette of the instrument. The cuvette was placed in the zetasizer
and scanned. After that, the same diluted solution was injected to the chamber Ad-hoc for
zeta potential measurement in the zetasizer.

The measurements were performed at RT. The data was analysed by excel and graphs were
plotted to compare the size and surface charge of the coated and uncoated MNPs.

2.5.1.2 Oscillating movement using alternate current susceptometer (ACS)

Alternate current susceptometer (ACS) was used to measure the oscillating movement of the

MNPs before and after labelling with the antibodies (TREK-1 and TRPV-4 antibodies.).
After that, 200l of MNPs sample (uncoated or coated MNPs suspension) was filled ina 1
ml Shell vial, (starburst septa, flat bottom SUPELCO catalogue number, 33321-U), firmly
closed with the lid then put inside the ACS and was scanned by pressing the scan bottom.
2.5.2.3 Fluorescent immunohistostaining for the detection of TREK1 and TRPV4
antibodies
Prior to using TREK1 and TRPV4 antibodies in MNPs antibody coating, the two antibodies
were tested for cross-reactivity with sheep BM-0MSC and native sheep chondrocytes. For
this purpose, BM-oMSC P3 and sheep chondrocytes (P1, isolated from fresh hyaline
articular cartilage from knee joint) were used. Sheep chondrocytes were kindly provided by
Miss Nicola Foster at the Guy Hilton research centre. Both cell types were cultured with B
M in a 24 well plate. When cells reached 70% confluence, the media was aspirated. Cells

were washed with PBS and fixed using 10% neutral buffered formalin for 20 minutes at RT.
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Subsequently, cells were washed with 1% (w/v) BSA in PBS to remove the formalin. Cells
were permeabilised and blocked by adding 0.5 ml of permeabilisation-blocking solution
(PBS containing 0.3% TitronX-100, 1% BSA and 10% normal goat serum) for 45 minutes
at RT. Afterwards, the monolayer was incubated overnight at 4° C with 300uL/well of
diluted primary antibodies (10 pg/ml in permeabilisation-blocking solution). A negative
control was prepared by incubating the cells with the permeabilisation-blocking solution in
the absence of a primary antibody. After that, the monolayer was washed three times with
1% BSA in PBS for 5 minutes each. Cells were further incubated with 300 pL /well of
diluted secondary antibody Alexa Fluor ® 555 goat anti-rabbit — IgG in a dark for 2 hours at
RT (dilution 1:400 in 1% BSA in PBS). Samples were then washed with PBS twice and
counter stained with DAPI for 2 minutes. To remove excess dye, samples were washed with
PBS twice and were immediately imaged using a confocal microscope (Confocal laser
scanning microscope (CLSM, Olympus Fluoview FV 1200 with Fluoview software (4.1

version).
2.5.2 Cell labelling with antibody-coated MNPs

BM-oMSC were labelled with the antibody-coated MNPs prior to seeding them in 3D
hydrogel (Section 2.2.2.9).

Shortly, after trypsination and cell counting, cells were resuspended at a cell density of 1x
108 cells/ml in serum-free medium (SFM) to avoid interaction between MNPs and FBS. The
cell suspension was aliquoted to 1 ml into 1.5 ml Eppendorf tubes. At the same time 4 pL of
1,2-Dioleoyloxy-3-(trimethylammonium) propane (DOTAP) was added to 100 pL MNPs.
The MNP was shaken carefully and incubated for 15 minutes at RT. Subsequently, 25 pL of
DOTAP- MNPs suspension was added to each 10° cells/ml and allowed to incubate at 37°
C in a cell culture incubator for 3 hours. The resultant MNPs labelled cell suspensions were
washed with PBS to remove unbound MNPs before resuspending cells in 20% HEPES-

buffer for incorporation into 3D hydrogels as previously explained in section 2.2.2.9.
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2.5.3 Magnetic stimulation of MNPs-labelled BM-oMSCs seeded hydrogels

Cell-seeded hydrogels were divided into two groups, magnetically stimulated group (treated)
and non-magnetically stimulated group (control). The MNPs labelled cells of the treated
groups were subjected to mechanical stimulation by a vertically oscillating magnetic force
bioreactor (MICA Biosystems). Magnetic field stimulation was performed for 1 hour a day
for 5 days per week over the course of 20 days.

The tissue culture plates of the treated group were placed on a holder over the permanent
magnetic arrays of the bioreactor, which was situated inside an incubator at 37°C and 5%
CO.. Meanwhile, the control group was kept in identical culture condition without being
subjected to a magnetic field.

Magnetically stimulated groups were exposed to a magnetic field of approximately 1.4 - 75
Millitesla (m T) (according to the distance of the array toward the tissue culture plate) from
a six well array of permanent magnetic (Neodymium Iron Boron (Nd FeB)) situated beneath

the culture plates at a 1 Hz frequency.

2.7 Compression test and Young’s Modulus

Native sheep cartilage and hydrogel samples were tested for mechanical properties by
compression test using Bose ElectroForce 3200 system. The mechanical tester was fitted
with 22N load cell. Load was applied at a rate of 0.0025mm/sec to a final displacement of
0.2 mm. The test was performed at RT. Prior to mechanical testing initial sample height and
diameter were measured using digital calliper (DRAPER® Digital calliper 0-150 mm, stock
no. 52427). The procedure for the mechanical testing is shown in Figure 2.3. Full details on
the testing machine have been previously given (Patel et al., 2008).

The samples were laid on the sample holder plate of the apparatus, which was connected to
the actuator of the testing machine. The collected data was analysed using Excel to plot
force-displacement curve, stress-strain curve and estimate Young’s modulus. Force-
displacement curve was plotted for each sample by firstly collecting data from the

mechanical tester. Then the load averages were calculated for each 0.0125 mm displacement
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(proximally 10 points from 0 - 0.5 mm), and finally, the force-displacement curve was

plotted.

Figure 2. 3: Mechanical Testing of samples. Samples area and height were measured using
digital calliper (A, B). The Bose machine actuator (C), the compression plate connected to the
load cell (1). A sample (3) was loaded on the sample holder base of the apparatus (2) and 22 N
maximum load was applied. The compression was performed by the compression plates in a
vertical direction towards the samples surface (the arrow). (D).

Stress and strain were calculated for each sample using equation 2.5 and 2.6 and graphs were
plotted. Young’s modulus was determined as the slope of the curve from the linear range

using equation 2.7.

stress (6) = % Equation 2.5
strain (€) = % Equation 2.6
ING i

E = ~ Equation 2.7

F = Force, Load [N]

LO = sample length before compression, [m]

A = sample area, [m?]

AL = length by which sample is displaced, [m]

E = Young’s modulus [ N/m? or Pa].

AO = 02 - 01 the differences between two stress values on the linear area of a stress strain
curve [N/m? or Pa].

AE = & - & the differences between two strains values on the linear area of a stress strain

curve [no unit].
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2.6 Assessment of biochemical composition of native cartilage

and 3D cultures

Samples allocated for biochemical assays in each experiment (native sheep cartilage, 3D cell
pellet and 3D hydrogel samples) were digested in a known volume of a proteinase K solution.
The digest solution was prepared by dissolving 50 pg/ml proteinase K in 100 mM
ammonium acetate. The digested samples were divided into aliquots according to the

required amount of each assay and frozen at -20 °C until use.
2.6.1 Quantification of DNA content using PicoGreen assay

Quant-iT PicoGreen double stranded DNA assay Kit was used to determine the DNA content
of the samples. The assay was performed following the manufacture’s protocol. Briefly,
dsDNA standards were prepared at concentrations of 20, 10, 5, 2.5 and 1.25 pg/mL in 100
mM ammonium acetate, 10 pL of standard and samples’ aliquots (the experimental and the
native sheep samples which were prepared according to (Section 1.6) in Duplicate were
diluted 1 in 10 in x1 TE buffer, provided by the kit and pipetted into a 96 well microplate.
Woking in the dark, PicoGreen working solution (1:200 diluted in x1 TE buffer) was
prepared immediately before use. To each sample and standard, 100 pL of the working
solution was added and incubated in the dark for two minutes before being
spectrophotometrically read using a Synergy 2 plate reader at excitation of 480 nm and
emission of 520 nm. Concentrations were determined using a calibration curve with linear
regression. The values obtained were subtracted from blank values (using 10 mM

ammonium acetate in TE buffer).

2.6.2 Quantification of sulphated Glycosaminoglycan (SGAG) by DMMB

assay

DMMB assay was carried out to quantify sulphated GAG (Farndale et al., 1986). Working

DMMB solution and Chondroitin 4 sulphate stock solution was prepared (Table 2.6).

63



Table 2. 6: Materials and stocks’ compositions and preparation for DMMB assay

Materials and Compositions and preparation
solutions

1 Solution 1 5ml 37% HCI in 500 dH,0 +1.16gNaCl + 1.5g Glycine
dissolvent

2 DMMB solution 16 g of DMMB is dissolved in solution 1, light sensitive

stored indarkatR T

3 Chondroitin 4 Standard solution of 500ug/ml in 200 mM ammonium acetate

sulphate aliquoted and freezed in -20 °C. This concentration was

diluted 1:10 to use it as a first concentration to make a fresh
serial dilution of 50, 25, 12.5, 6.25, 3.125, 1.6 and 0.78 pg/ml

50 pL of each sample and Chondroitin 4 sulphate standard serial dilution were transmitted
in duplicate to a 96 well microplate, plates were then transferred to a Synergy 2 plate reader.
An automated dispense unit was used to dispense 200 pL. of DMMB solution into each well
meanwhile the absorption was read at 530 nm. Each well was read individually to increase
reproducibility and decrease the potential for precipitation of the DMMB-GAG complex.
The data collected was then analysed by Excel to determine the concentration in pg/ml using
a calibration curve with linear regression. SGAG concentrations were calculated from the

standard curve in pg/ml and 100 mM ammonium acetate was subtracted as a blank.
2.6.3 Total protein assay

Pierce™ BCA Protein Assay Kit was used to determine the total protein amount in the
samples. Protein standards were prepared according to the manufacturer’s protocol using

BSA stock of 2 mg/ml by preparing serial dilutions A to | (Table 2.7).
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Table 2. 7: Preparation of diluted bovine serum albumin (BSA) standard.

. Dilution Final BSA concentration
Vial Vol(uL) BSA Vol (uL) (ug/mi)
A 0 300 of stock 2000
B 125 375 of stock 1500
C 325 325 of stock 1000
D 175 175 of vial B dilution 750
E 325 325 of vial C dilution 500
F 325 325 of vial E dilution 250
G 325 325 of vial F dilution 125
H 400 100 of vial G dilution 25
| 400 0 0 = blank

The working reagent (WR) was prepared by mixing 50 parts of BCA Reagent A with 1 part
of BCA Reagent B (50:1, Reagent A: B). Then, 25uL of each standard and samples were
pipetted in a 3 replicate into 96 well microplate. After that 200 pL of WR was added to each
well. Plates were mixed on a plate shaker for 30 seconds. Thereafter, plates were incubated
at 37°C for 30 minutes. Plates were then left to cool before the absorbance was measured at

562nm.
2.6.4 Total collagen assay

Chondrex Sirius Red Collagen Detection Kit was used to determine the total collagen
amount in each sample. The assay was performed following the manufacturer’s instructions.
Ultra-purified distilled water was used to prepare sufficient amounts of 0.05 M acetic acid
solution and standard solutions as serial dilutions of 500, 250, 125, 63, 31.5, 16, 8, and, 4
pg/ml. Following each, 50 pL of blank, diluted standard and the samples were added to 1.5
ml centrifuge tubes. Then, 250 pL of Sirius Red Solution was added to each tube. Tubes
were vortexed and incubated for 20 minutes at RT. Samples were then centrifuged at 10 000
rpm for 3 minutes and the supernatant was discarded carefully by pipette without disturbing
the pellet. Thereafter, 250 pL of washing solution was added to each tube. The tubes were
vortexed again and centrifuged at 10 000 rpm for 3 minutes before resuspending again in
washing solution. After another centrifugation the supernatant was discarded carefully and

250 pL of extraction buffer were added to each tube to dissolve the pellets completely.
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Finally, the samples were transferred to a 96 well plate and the optical density was read by
plate reader at 530 nm. The total collagen was estimated in the same ways of the biochemical

assays above.
2.8 Statistical analysis

Unless otherwise stated in the thesis, data was statistically analysed using IBM SPSS
statistics program version 24. One-way ANOVA with Tukey’s multiple comparisons test
was chosen to determine statistical significance between the experimental conditions. All
values quoted in the results are mean + standard deviation except Young’s modulus data
expressed as mean + standard error. The value for statistical significance was set to 0.05. P

values were denoted as *p<0.05, **p<0.01, ***p<0.001.
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CHAPTER 3

Native Sheep Cartilage Characterisation —

Investigating Donor Variability
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3.1 Introduction

Cartilage is considered avascular, aneural, and has limited capacity for self-repair
(Buckwalter, 1992) because Cartilage has sparse cellularity, inactive appearance, and
obscure characteristics (Buckwalter and Mankin, 1998b; Mikos et al., 2006; Redman et al.,
2005).However, researchers have defined not only the structural arrangement of the tissue
and the complexity of the polydisperse matrix components, but a surprisingly active set of
metabolic processes (Athanasiou et al., 2009).

The cartilage composition varies depending on location, age and injury or diseased state of
the individual (Cremer et al., 1998), but in general, the extracellular matrix (ECM) of the
articular cartilage has three main constituents, collagen, proteoglycans, and water. Articular
or hyaline cartilage forms the bearing surfaces of the movable joints of the body. Since it is
weight bearing it possesses toughness and resilience through which the tissue shows
exceptional mechanical and biological properties.

The ECM is suited to weight bear and for the maintenance of the bone surfaces due
exclusively to the unique interactions between the contents (collagen, water and
proteoglycan). Usually, chondrocytes make up less than 10% of the total volume of the
cartilage tissue and are not considered to contribute to the mechanical properties of the tissue
(Zhang et al., 2009). The ECM is composed of a tight collagen fibre network which detains
the highly hydrophilic gel of aggregated proteoglycan macromolecules. Collagen accounts
for approximately 50-60% of the cartilage dry weight, the remaining 40-50% is composed
of proteoglycans and cellular material. Intact healthy articular cartilage behaves as a linear
viscoelastic solid. This behaviour is due to the regular viscous drag of fluid through the tissue
in harmony with the specific properties of the extracellular matrix.

In addition to above, water perfusion across the cartilage surface in response to physiologic
loading is thought to play a significant role in the lubrication of joints. The importance of
articular cartilage as a bearing surface has led to extensive mechanical and biologic studies

of this tissue (Parsons, 2016).
68



Furthermore, collagen forms a characteristically oriented fibril network. Its function is to
determine the tensile strength of the tissue (Cremer et al., 1998) and it was demonstrated
that collagen type 1l alone has the potential to induce and maintain MSCs chondrogenesis
(Bosnakovski et al., 2006).

Several methods can be used to compute the tissue’s mechanical property (Fulcher et al.,
2009; Lawless et al., 2017). There are three kinds of commonly used mechanical testing
configurations: (a) unconfined compression which is a commonly used global mechanical
test configuration. It is an in vitro technique where cartilage sample discs are placed between
smooth plates in a compression test machine, (b) confined compression (confined
compression test can be used to estimate material parameters, such as the hydraulic
permeability using permeable piston and sink the samples in the fluid) and (c) indentation
when samples were indented using porous indenters that measure the mechanical property

of the different cartilage zone (Figure 3.1).

a Load b Load C Load
Pfarmeble -p Indenter —
piston
e [ cone — EETT
Cartilage | KO 4000
samples S Wm
Impermeable Confining Subchondral
plate chamber bone

Figure 3. 1:Commonly used mechanical testing configurations. (a) Unconfined compression
(UCC), (b) confined compression (CC) and indentation (c). (Knecht et al., 2006).

Bose ElectroForce 3200 system which is used in this thesis provide unconfined compression.
The mechanical properties of the articular cartilage are considered to be viscoelastic (Hayes
and Mockros, 1971; Parsons and Black, 1977) because of the function of aggrecan which
carry highly negatively charged carboxyl and sulphate groups. In physiological solution, the
negative charges are balanced by an influx of positive ions (Na* and Ca*?). This influx of
ions results in an osmotic balance between the proteoglycan and the surrounding synovial

fluid lead to formation of a proteoglycan gel that causes cartilage to swell in physiological
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saline solutions. This swelling is the reason for low water permeability of cartilage under
applied loads the resulting osmosis-based cartilage structure is poro-viscoelastic, which
enables the tissue to store and dissipate energy upon mechanical deformation (Eisenberg and
Grodzinsky, 1985; Mow et al., 1982). Typical force-displacement curve for an impact test

on articular cartilage is showed in Figure 3.2 (Burgin and Aspden, 2008).
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Figure 3. 2: Typical force-displacement curve for an impact test on articular cartilage. The areas
corresponding to the work done in compression, Wc, and in restitution, Wr, are shown hatched
(Burgin and Aspden, 2008).

Investigations have also shown that the mechanical properties of articular cartilage depend
on its biochemical composition (Armstrong and Mow, 1982; Ficklin et al., 2007).
Mechanical properties of the articular cartilage Young’s modulus in MPa for different
species is showed in Table 3. 1.

Table 3. 1: Young’s modulus of articular cartilage for different species™

References Species E [MPa]

(Jurvelin et al., 2003) Human 0.581

(Jurvelin et al., 1997) Bovine 0.754 (confined compression)
0.677(unconfined compression)

(Machado et al., 2017) Swine 0.3886

(Knecht, 2006) Equine 1.669

(Turner et al., 1997) Ovine 0.50

(Fermor et al., 2015) Ovine 1.31

(Peters et al., 2017) Canine 1.76

Note: * Young’s modulus in these different references were measured with different methods using different
mechanical testing configurations according to each reference. The value mentioned to compare our results
with the others’ results.
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3.2 Aims and objectives

3.2.1 Aims

The aim of this chapter is to study the biochemical and mechanical properties of native adult
sheep articular cartilage using post-mortem samples of femurs patella groove cartilage and

to study the variations between the different donors’ samples.
3.2.2 Objectives

The objectives for this chapter are:

To determine the mechanical properties of adult sheep articular cartilage by determining
the Young’s modulus.

To study the biochemical composition of the native cartilage samples by assessing SGAG,
total protein and total collagen content in relation to cell number.

To study the variations between different donors.

To study the cartilage structure using different histological stains and

immunohistochemistry.
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3.3 Methods

3.3.1 Cartilage samples collection

Native sheep cartilage samples were collected from six female sheep directly after
euthanasia. The sheep used in this study were non-pregnant English Mule sheep with a
skeletally mature age of 2 - 4 years and a weight between 64.5 - 89.5 kg. To allow for donor
comparison, the same breed, age group and gender were selected for all individuals. The
animals were kindly provided by our collaborator from the veterinary school-Sutton
Bonnington Animal Facility at Nottingham University according to the principles of
replacement, reduction and refinement (the 3Rs) and animal tissue sharing.

After euthanasia, the stifle joint was dissected, and the articular surfaces was exposed. Then,
using an 8 mm diameter biopsy punch (Integra™ Miltex™ REF 33-37 Cat # 12-460-412),
cartilage samples of approximately 8 mm diameter and 0.7 -1 mm thickness were collected
from the articular surface of the patellofemoral groove of each donor (n = 8-10). The samples
were collected from both right and left leg of each donors and kept in ice-cold PBS during
transport to the cell culture laboratory at Keele University to perform the tissue analysis as

mentioned in Figure 3.3.

* Mechanical test n=3-5
shortly after collection

" Cartilage
4 sliced b
& biopsy

punch

¥ Sulfated GAG
=== Total protein
== Total collagen

* Biochemical assays n=3
stored in freezer at -20°C

H&E, AB and PS

8 mm diameter * Histology and
cartilage samples immunohistochemistry n=3 ==p
. . .. ~ H H 0, H -1, c -
Dissected stifle joint n~=10 fixed |n. 10% formalin, Coll - 11, Coll - X
stored in PBS at 4°C and Aggrecan

(Euthanised animal)
6 sheep donors

Figure 3. 3: Methodology of chapter 3. This scheme summarises the steps carried out in chapter 3
for experiments on native sheep cartilage collection and characterisation.
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A fraction of the freshly collected samples was used for mechanical testing (minimum n=3).
Meanwhile, the remaining samples were divided into two parts. One of them was stored at -
21°C for biochemical analysis (n=3) and the other samples were fixed with 10% buffered
formalin overnight and then stored in PBS at 4° C until using them for histology and
immunohistochemistry (n=3).

3.3.2 Mechanical test and Young’s modulus

Samples were stored in cold PBS after collection. Compression tests were performed within
a few hours of collection. Sample diameter and height were measured using digital calliper
and subsequently placed on the platform of the Bose ElectroForce 3200. Tests were
performed as described in chapter 2, section 2.7.

Stress-strain curves were plotted, and the Young’s modulus was calculated. For all

calculations tissue homogeneity was assumed.
3.3.3 Biochemical assays

Sheep cartilage samples were prepared for the biochemical assays. In brief, the whole
thickness cartilage from both legs of each sheep donor (n=3) was weighted. The specimens
were digested with 1 ml of 50 pug/ml proteinase K in 100 mM ammonium acetate overnight
at 60°C. During this time, the vials were vortex twice. Then a suspension of 0.03 g/ml of
native sheep cartilage was prepared from each sample using the known weighted sample
stock solutions above. To avoid freeze-thawing cycles, portions of these final concentrations
were aliquoted and frozen at -21°C until use. Sample were analysed to quantify the content
of DNA, sulphated GAG, total collagen and total protein, using the specific assays as
described in sections 2.6.1-2.6.4, respectively.

3.3.4 Histological and immunohistological staining

Cartilage samples were prepared for histology and immunohistology as previously
mentioned in chapter 2, sections 2.4.2. Serial slide sections were used for histological and
immunohistological stains. Hematoxylin and Eosin (H&E), alcian blue (AB) and picrosirius

red (PS) were chosen for histological assessment of the native sheep cartilage (Sections
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2.4.3.1-2.4.3.5). Immunohistological assessment was performed using immune-peroxidase

antibody staining for collagen Il, collagen X and aggrecan staining (Section 2.4.4).
3.4 Statistical analysis

DNA content, SGAG content, total protein and total collagen content, and their normalisation
to the DNA content, were compared using one-way ANOVA with Tukey’s multiple
comparisons test to determine statistical significance between the six donors. Statistical
significance between the right and left leg of each sheep donor was measured using the
Student’s paired t-test (two-tailed). Analysis was performed using SPSS statistics program
version 24. All data are shown as mean * standard deviation (except Data obtained for
Young’s modulus were plotted as mean + standard error). The value for statistical

significance was set to 0.05. P values were denoted as *p<0.05, **p<0.01, ***p<0.001.

3.5 Results

3.5.1 Mechanical test and Young’s modulus calculation

To allow for displacement of 0.2 mm of the entire specimen thickness, loads ranging
between 5-20 N were applied. The load that was applied to the cartilage specimens did not
cause visual crack formation. Resulting load-displacement data obtained from the
mechanical tester were used to plot the Stress-Strain curves for each sample (Figure 3.4).
The compression test displayed graphs of stress-strain, which was identical to the graphs that

can be obtained from viscoelastic materials.
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Figure 3. 4: Stress-strain of native sheep cartilage. Stress-strain curves of native sheep cartilage of right and left legs of each sheep donor. Stress versus strain curves of
all donors displayed the viscoelastic properties of the cartilage samples. R= right, L= Left, s = sample number, n=3-5.
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Subsequently, Young’s modulus of the native sheep cartilage was computed. This was done
by evaluating the slope in stress relative to strain using equation 2.7 (Chapter 2, section 2.7).
Data are shown in Figure 3.5, A and B. Young's modulus of the cartilage for each donor
were ranged between 0.81 + 0.045 MPa (sheep 3 left leg) to 1.517 £ 0.196 MPa (sheep 6
right leg). Significant differences were observed when compare the right and left leg of each
sheep donors, for the sheep donor 1, 3, 5 and 6 (Figure 3.5, A). However, no significant
differences between the six sheep donors were observed (Figure 3.5, B). The measured sheep

cartilage Young's modulus from all samples of all donors was 1.257 MPa.
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Figure 3. 5: Young’s modulus of native sheep cartilage. Young’s modulus of the native sheep
cartilage was calculated for six sheep. Data are expressed as mean + standard error (n==3).
Significant differences were observed between left and right legs of sheep 1,3,5 and 6 (A). No
Significant differences were observed between the six sheep when gathering the values of the left and
right legs of each (B).
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3.5.2 Biochemical composition of native sheep cartilage

Lysates were prepared as described in Chapter 2, section 2.6 and used for the biochemical
assays.

3.5.2.1 DNA content

PicoGreen DNA assay was used to quantify the DNA content in the lysates. The overall
DNA content of the samples varied between 1.225 + 0.232 pg/ml (sheep 1 left leg) to 1.896
+ 0.077 pg/ml (sheep 5 left leg). The significant differences in DNA content were observed
for sheep 1 versus sheep 4 (p < 0.05), and 6 (p <0.01) only (Figure 3.6). The percentage of

DNA content in 1 g cartilage samples was about 0.136 %.

2.5
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Figure 3. 6: DNA content of native sheep cartilage. Total DNA content was determined using the
PicoGreen assay for all donors following digestion with proteinase K. Significant differences among
the six sheep were observed between sheep 1 in comparison to sheep 4 and 6. Data are expressed as
mean £ standard deviation, n=6, *p <0.05, **p < 0.01.
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3.5.2.2 Sulphated Glycosaminoglycan content

Total amount of SGAG was analysed by performing DMMB assay. Samples were analysed
in triplicate and the results are shown in Figure 3.7. The sGAG contents obtained from all
six sheep ranged between 137.722 + 10.794 pg/ml (sheep 3 right leg) to 163.500 * 4.061
pg/ml (sheep 5 left leg). In general, no significant differences were observed for the
comparison of all sheep donors. Whereas, significant differences in the sGAG content
between right and left legs were observed for sheep 1, 2, 3, 5 and 6. The percentage of SGAG

content in 1 g cartilage samples about 15.302 %.
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Figure 3. 7: Native sheep cartilage SGAG content. SGAG content was quantified using DMMB
assay. no significant differences among the six donors. Data are expressed as mean + standard
deviation, n=6.
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3.5.2.3 sGAG content normalised to DNA content

To determine the SGAG content in relation to cell number, the SGAG content was normalised
to the DNA content of the same samples. The results showed that the normalised sGAG to
DNA content (ug/ ng) ranged from 73.238 + 4.246 pg/pg (sheep 6 right leg) to 119.472 +
24.428 pg/ug (sheep 1 left leg). No significant differences between the six sheep were

observed (Figure 3.8).
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Figure 3. 8: sGAG normalised to DNA content. The SGAG / DNA content revealed no significant
differences between the six sheep donors. Data are expressed as mean + standard deviation, n=6.
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3.5.2.4 Total protein content

Pierce™ BCA protein assay kit was used for detecting total protein content of the sheep
cartilage samples. The total protein ranged from 483.778 £+ 66.212 pg/ml (sheep 3 right leg)
to 639.334 + 87.369 pg/ml (sheep 4 right leg). When comparing sheep donors with each
other, significant differences were observed for sheep 4 versus sheep 1, 3 and 5, P < 0.05,
p<0.01, p< 0.001 also in between sheep 5 and sheep 6 P < 0.05 were observed (Figure 3.9).

The percentage of the total protein content in 1 g cartilage samples was about 53.753 %.
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Figure 3. 9: Total protein content of native sheep cartilage. Total protein content was quantified
using BCA assay. The results display significant differences between sheep 4 and sheep 1, 3 and 5
as well as between sheep 5 and 6 were observed. Data are expressed as mean + standard deviation,
n=6, *P < 0.05, **p< 0.01, ***p< 0.001.
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3.5.2.5 Total protein content normalised to DNA content

Total protein content was normalised to DNA content of the same sample to determine the
total protein content in relation to cell number. Data are shown in Figure 3.10. The total
protein/ DNA ratio ranged between 276.317 + 25.004 ug/ ug (sheep 3, right leg) to 469.606
+ 109.728 pg/ ug (sheep 1 left leg). There were no significant differences between the six

sheep donors as well as between each sheep’s right and left legs.
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Figure 3. 10: Total protein normalised to DNA content. The results revealed no significant
differences for p < 0.05 among the six sheep donors as well as between sheep’s right and left legs.
Data are expressed as mean + standard deviation, n=6.
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3.5.2.6 Total collagen content

Chondrex Sirius Red collagen detection kit was used to assess the total collagen content of
the samples. The amount of total collagen varied between 69.443 + 8.039 pg/ml (sheep 1
right leg) to 143.778 + 12.293 pg/ml (sheep 2 left leg). Results showed significant
differences among the six sheep donors. Significant differences were observed between
sheep 1 compared to sheep 2, 4 and 5. Also sheep 2 versus sheep 3, 5 and 6. In addition to
sheep 4 versus sheep 3 and 6 (Figure 3.11). The percentage of total collagen content in 1 g

cartilage samples was about 7.716 %.
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Figure 3. 11: Native sheep cartilage total collagen content. A) Total collagen content was
quantified using sirius red quantitation assay. Significant differences were observed between sheep
1 and sheep 2, 4 and 6; between sheep 2 and sheep 3, 5 and 6. Also in sheep 4 versus 3 and 6. Data
are expressed as mean =+ standard deviation, n=6, *p <0.05, **p <0.01, ***p <0.001.
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3.5.2.7 Total collagen content normalized to DNA content

To assess the total amount of collagen in relation to cell number, total collagen was
normalised to DNA content. Statistical analysis revealed significant differences between the
donors. Collagen/DNA ratio comparison between sheep 2 revealed a significant difference

compared to sheep 1 and sheep 6 at P <0.05. and P < 0.01 respectively (Figure 3.12).
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Figure 3. 12: Total Collagen normalised to DNA content. The results revealed significant
differences when comparing sheep 2 with sheep 1 and sheep 6. Data are expressed as mean +
standard deviation, n=6, *p < 0.05 **p < 0.01.
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3.5.2.8 Total collagen content normalized to total protein content

To determine the amount of the collagen in comparison to total protein amount (png/pg), the
total collagen values were normalised to total protein values (Figure 3.13). The results
displayed differences between sheep 1 versus sheep 2, 4 and 5 (P <0.001) and sheep 2 (P <
0.05). Meanwhile, sheep 2 showed significant differences with sheep 3 (P <0.01) and sheep
6 (P <0.001). Sheep 4 showed differences with sheep 6 (P < 0.05). Finally, sheep 5 versus

sheep 6 (P <0.05).
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Figure 3. 13: Total collagen content normalised to total protein. The results displayed statistically
significant differences for the comparison of sheep 1 with sheep 2, 3, 4 and 5. Sheep 2 showed
significant differences with sheep 3 and 6, and sheep 4 was significantly different from sheep 6. Also
in between sheep3 with sheep 6. Data are expressed as mean + standard deviation, n=6, *p < 0.05,
**p <0.01, *** p <0.001.
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3.5.3 Histology and Immunohistochemistry

Three histological stains H&E, Alcian blue and Picrosirius red were carried out.
Immunohistology was performed to investigate collagen Il collagen X and aggrecan.
3.5.3.1 Haematoxylin and Eosin stain

H&E stain was performed as described (Chapter 2, section 2.4.3.1) to determine the
histological structure, cell morphology and main layers of the cartilage tissue (Figure 3.14).
The sections display the four layers of native cartilage, namely the superficial zone, the
middle zone, the deep zone and the calcified zone. The four cartilage zones were identified
by cell size, organization, and orientation as indicated in the images. The images also display
the morphology of the chondrocyte located in the different cartilage zones. Chondrocytes
in superficial zones are spindle in shape and accumulate a high density in the zone (a).
Meanwhile, the middle zone (b) and the deep zone (c) often appear interchangeably, and the
chondrocytes appear small and rounded with a blue nucleus allocated as a single cell or as a
chondrone composed of two or more chondrocytes surrounded by a capsule. The calcified
zone appears as the cellular portion of the calcified cartilage interdigitating with the
subchondral bone. Chondrocytes in this zone appear big and rounded with deep blue

coloured nucleus.
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Figure 3. 14: Haematoxylin and Eosin staining of native articular cartilage. Paraffin sections with a thickness of 7 um were prepared, stained with H&E stain and imaged
by bright field microscopy to illustrate native articular cartilage structure. Full depth cartilage sections show (a) superficial, (b) middle, (c) deep zoon and (d) calcified zone
and e subchondral bone (20 x magnification). Different shapes of chondrocytes according to their location are shown in the inserts (blue, black and red arrows) (40 x

magnifications). Scale bar = 150 um.
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3.5.3.2 Alcian blue staining

Alcian blue staining was performed as described (Chapter 2, section 2.4.3.2) to stain the
GAG content of the extra cellular matrix of the native sheep cartilage (Figure 3.15). The dye
stained the section with blue colour indicating the presence of the GAG in the extracellular
matrix (the interterritorial matrix). More intense stain was observed in the Perichondrium
(red arrow) and surrounding the chondrocytes and chodron (the black arrows) forming a

capsular matrix (territorial matrix).
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Figure 3. 15: Alcian blue staining of native articular cartilage. Paraffin sections with a thickness of 7 um were prepared, stained with alcian blue stain and imaged
by bright field microscopy to illustrate native articular cartilage GAG distribution (20x magnification). More intense stains were found in the basal perichondrium
(red arrow) and in the pericellular matrix (black arrows) (40x magnifications). Scale bar=150 pm.
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3.5.3.3 Picrosirius Red Stain

Picrosirius red staining was performed as described in chapter 2, section 2.4.3.4 to stain the
collagen in the extra cellular matrix. The dye stained the section with pinkish-red colour
indicating the presence of the collagen in the intercellular matrix (Figure 3.16). Sections
vividly showed variance in the dye intensity. The strongest stains were found for the sheep
6 left leg section. Higher collagen content was found in the basal perichondrium (the black
arrows) and the territorial matrix surrounding the chondrocytes (the blue arrows) as indicated

by the stronger stain intensity.
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Figure 3. 16: Picrosirius red staining of native sheep articular cartilage. Paraffin sections with a thickness of 7 um were prepared, stained with picrosirius red stain
and imaged by bright field microscopy to illustrate native articular cartilage collagen distribution. Sections showed variance in the dye intensity. The left leg section
for sheep 6 was stained most strongly (20x magnification). The strongest stains were found in the basal perichondrium (black arrows) and surrounding the
chondrocytes (blue arrow) (40 x magnifications). Scale bar = 150 um.
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3.5.4 Immunohistochemistry

Horseradish peroxidase (HRP) was used to immunohistochemically stain the native sheep
cartilage. Peroxide/DAB is the substrate chromogen for this enzyme. The antibody-antigen
interaction was visualised using chromogenic detection, in which an enzyme conjugated to
the antibody cleaves a substrate to produce a coloured precipitate at the location of the
protein. Three antibodies for collagen Il collagen X and aggrecan were used (Figures 3.17-
3.19).

3.5.4.1 Collagen type Il immunostaining

The results of the Collagen type Il immunostaining of the native sheep cartilage showed an
expression of the Collagen type Il in the samples. The strongest stain was observed for sheep

6 (right and left leg) (Figure 3.17).
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Figure 3. 17: Immuno-peroxidase antibody staining for collagen 11 of native sheep articular cartilage. Paraffin sections with a thickness of 7 um were prepared, stained
for collage Il and imaged by bright field microscopy to illustrate native articular cartilage collagen Il. Sections were positive to the antibody. The strongest stain was
observed for sheep 6 (right and left leg) (20 x and 40 x magnifications). Scale bar =150 um.
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3.5.4.2 Collagen type X immunostaining
The results of the collagen X immunostaining showed that there is collagen X expression in
the native articular cartilage. All sections were stained positively especially the superficial

layer. The strongest stains were observed for sheep 1 (Figure 3.18).
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Figure 3. 18: Immuno-peroxidase antibody staining for collagen X of native sheep articular cartilage. Paraffin sections with a thickness of 7 um were prepared, stained
for collage X and imaged by bright field microscopy to illustrate collagen X in the native articula cartilage. All sections were stained positively, and strongest stains were
observed for sheep 1 (left leg) Images were taken at 20 x and 40 x (inserts) magnifications. Scale bar =150 um.




3.5.4.3 Aggrecan immunostaining
The results of aggrecan immunostaining showed that there is aggrecan expression in the
native articular cartilage. All sections were stained positively. The strongest stains were

observed for sheep 6 (left) (Figure 3.19).
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Figure 3. 19: Immuno-peroxidase antibody staining for aggrecan of native sheep articular cartilage. Paraffin sections with a thickness of 7 um were prepared, stained
for aggrecan and imaged by bright field microscopy to illustrate aggrecan in the native articular cartilage. All sections were stained positive to the antibody. Strongest

stain was observed for sheep 6, left leg. Images were taken at 20x magnification and 40 x magnifications. Scale bar=150 ym.
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3.6 Discussion

Articular cartilage is a thin layer of specialized connective tissue with an exceptional
viscoelastic characteristic. Its major role is to provide a smooth, lubricated surface to
facilitate movement and spread of loads to the underlying subchondral bone (Mccredie,
2010). Articular cartilage is unique in its ability to resist repeated loads. Studying and
understanding the normal composition and natural structure in addition to the mechanical
properties of the native cartilage is essential prior to presenting any engineered cartilage and
making comparison between them.

In this chapter, mechanical properties and biochemical composition were studied including
sulphated GAG, total protein and total collagen of native cartilage obtained from animals
that have the same characteristics and specifications of the sheep used in the experiments
mentioned in later chapters of this thesis.

To study the mechanical properties of the articular cartilage various approaches have been
developed. Most of them depend on the stress-relaxation tests, unconfined compression
(UCC) and indentation which were performed by a mechanical testing rig such as the Bose
ElectroForce 3200 system (Machado et al., 2017).

When the cartilage samples were tested at the micrometre- centimetre scale, the articular
cartilage behaved as a non-structured and uniform material. This is widely used as the first
approximation which allowing measurement of the overall cartilage stiffness (Loparic et al.,
2010). However, most investigators have reported that this stiffness measurements are not
sensitive to even substantial changes in cartilage structure associated with aging or early-
stage osteoarthritis (Athanasiou et al., 2000; Duda et al., 2004).

Developed methods were modified to study the mechanical properties using well-defined
testing approaches, like confined compression (CC) (Mow et al., 1989; Mow et al., 1980)
and indentation (Loparic, 2012). In addition, articular cartilage exhibits both tension-

compression nonlinearity as well as time-dependent viscoelastic (creep and stress-
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relaxation) behaviours (Aagaard et al., 2003; Huang et al., 2003; Mow et al., 1980; Soltz
and Ateshian, 2000).

Technology has been developed which allows the use of regional or molecular analysis to
study the mechanical properties of the articular cartilage in the different zones, such as the
middle or deep zone of sectioned articular cartilage samples. In addition the mechanical
properties of the pericellular matrix (PCM) and extracellular matrix (ECM) can be studied
using In Situ via Atomic Force Microscopy (Darling et al., 2010).

Depending on the experimental loading conditions, the loading geometry employed by the
articular cartilage exhibited a wide range of values of Young’s modulus started from ~1 MPa
(Loparic, 2012). In this chapter, the computed Young’s modulus of the sheep cartilage study
of the modulus was about (1.257 MPa) while the Young’s modulus of the normal sheep
cartilage ranged between 0.39 to 1.10 MPa and 0.14 to 2.00 MPa for the most severe OA
grade (Williamson et al 2001). In another study the Young’s modulus of the normal sheep
cartilage was 1.3 MPa (Kleemann et al., 2007). This study is in line with these findings for
Young’s modulus of sheep cartilage.

Biochemical assays were used to determine the quantities, relative to wet weight, of the three
major constituents of cartilage: sulphated glycosaminoglycan (SGAG) by BMMB assays,
collagen by Chondrex sirius red collagen detection assay, total protein by BCA Protein
Assay in addition to DNA by PicoGreen assy. Technically on average, each gram of wet
cartilage contained 77.7% water, 7.7% collagen, 2.9% sGAG, and 24.9 million cells
(Homicz et al., 2003). The calculated components were 7.716 % collagen, 15.302 % sGAG
and the 0.211 % DNA.

Haematoxylin and eosin staining were used to determine the general structure of the cartilage
tissue, the cartilage zone and cell morphology. In addition, cartilage specific stains like
alcian blue staining for GAG and the picrosirius red for collagen were employed. The three
stains were equally suitable for the organisation of hyaline cartilage and reflect the normal

composition of the native sheep cartilage. The layers of articular cartilage are easiest to

98



identify in the histological section (Slomianka, 2009). The fibres are not visible on the slides,
but the dye intensity concentrated on where the fibrils were concentrating showing the
presence of the collagen fibres in specific places like basal perichondrium. For all the stains,
no clear differences were observed between the cartilage section of the three chosen donors.
However, donor 6 left leg histology had had the highest dye intensity and that may be due
to individual variation as there was no specific pathological lesion (Figures 3.14-3.16).

In the literature, type Il collagen is normally distributed throughout the cartilaginous zones
but is concentrated at higher levels within the superficial zone of cartilage and expressed
evenly at the mid and deep zones of cartilage (Wang et al., 2015). Our studies agree with
these findings as illustrated by the results obtained from the immunohistology of the native
sheep cartilage. A similar result was demonstrated for the aggrecan immunostaining. Both
collagen and aggrecan expression was highest in the donor 6 showing a correlation between
the extracellular matrix protein expression in individuals. Collagen X was expressed in the
native sheep cartilage in low intensity as demonstrated with the immunocytochemistry. The
Collagen X was localised to small regions spatially and located in the membrane. Type X
collagen is mainly expressed in hypertrophic chondrocytes in cartilage. The expression is
usually limited to the hypertrophic zone of the growth plate and in the calcified zone of
articular cartilage of long bones (Van Der Kraan and Van Den Berg, 2012). This explain the
low intensity of the collagen X expression which indicate the samples were collected from
adults but not aged animal donors and there is no clear hypertrophic indication in the
cartilage.

All these finding aid in make a vision about biochemical composition of the native cartilage
to compare with the output that will be produce through tissue engineering using MICA

technology.
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CHAPTER4

Isolation, expansion and characterisation of bone

marrow-derived ovine mesenchymal stem cells
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4.1 Introduction

Stem cells have been introduced as a possible cell source for orthopaedic tissue engineering.
Due to their unique biological properties, mesenchymal stem cells (MSCs) have generated a
great amount of interest (Kumar et al., 2015).

According to the International Society of Cellular Therapy (ISCT) MSCs of human or
different species) have three characteristics. First, they must be adherent to plastic under
standard tissue culture conditions. Second, MSCs must have the capacity to differentiate.
Third , they must express certain cell surface markers such as cluster of differentiation (CD)
CD73, CD90, and CD105 and lack expression of other markers including CD45, CD34,
CD14, CD11b, CD79 alpha CD19 and human leukocyte antigen (HLA-DR) surface
molecules (Niwa, 2013).

Although several stem cell sources are currently under investigation, such as umbilical cord
blood, amniotic fluid, bone marrow, mobilised peripheral blood, and adipose tissue stem
cells, clinical applications are mainly limited to bone marrow and peripheral blood derived
MSCs, which can be harvested easily and safely. While the sources, which are complicated
to harvest and propose challenges in terms of cell expansion (Burt et al., 2008).

There are some limitations associated with using sheep animal model for orthopaedic studies
such as high cost, ethical consideration and quadrupedal gait. However, sheep model are still
the best suited animal model for the clinical translation of novel orthopaedic therapies for
patients, because sheep are docile compare with other spices, and have similar bone and
cartilage structure, biochemical, and mineral composition to humans (Filardo et al., 2018;
Martini et al., 2001).

In addition to that, the size and basic anatomy of the sheep skeleton are generally comparable
with the human skeleton (Wilke et al., 1997). Hence, orthopaedic implants such as
engineered bone or cartilage tissues are commonly tested in sheep models (Filardo et al.,
2018; Music et al., 2018). Examples are numerous; testing some biomaterials in

orthopaedical research (Potes et al., 2008), segmental bone defect (Pearce et al., 2007),
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meniscus repair (Chevrier et al., 2009), shoulder surgery (Turner, 2007), osteoporosis
(Turner, 2002), osteopenia (Newman et al., 1995), tendon healing (Weiler et al., 2002).
Ovine MSCs (0oMSC), unlike human MSCs (hMSC), are not well studied regarding
isolation, expansion, and characterisation. Very few studies investigated the growth
characteristics, differentiation, and surface antigen expression of oMSC (Adamzyk et al.,
2013).

Same as humans, there are individual variations between different sheep donors. However,
despite large donor-dependent variations, standard protocols and media for hMSCs
differentiation were first established by Pittenger in 1999 (Pittenger et al., 1999). In contrast,

the oMSCs differentiation and characterisation protocols which are still lacking.
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4.2 Aims and Objectives

4.2.1 Aims
The aim of this chapter is to understand and control oMSCs behaviour by studying their
fate in vitro.

4.2.1 Objectives

The Objectives of this chapter are

To Isolate, select, expand and store oMSC, selection, expansion and cell storage of oMSCs.
To select and test media compositions that promote oMSCs differentiation.

Comparison of the trilineage differentiation potential of thirteen sheep donors' oMSCs.

Characterisation of oMSCs by expression to specific MSCs epitopes and comparison.
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4.3 Materials and Method

The summery of chapter four methodology is shown in Figure 4.1.
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4.3.1 BM-0MSCs Isolation

BM-oMSCs of thirteen donors were isolated from bone marrow aspirates and Stro-4
selected. The bone marrow aspirates have been surgically collected from the sternum bone
of the animal donors (Chapter 2, section 2.2.2.1). These BM-0MSCs were expanded and
stored according to general cell culture techniques described in chapter 2, section 2.2.2.2

Cells were used at passages 1-3 (P1-3) for the experiments described in this chapter.
4.3.2 Cell viability of the isolated BM-oMSCs

4.3.2.1 Trypan blue exclusion test of cell viability

The viability of the cells during passaging was determined by trypan blue staining. Hence,
cell viability was tested at passage 1, 2 and 3 for donor 13 only. Briefly, after trypisination
cells were resuspended in 3 ml basic media. An aliquot of 50 pL of cell suspension was
added to an equal amount of trypan blue (dilution factor =2). About 10 pL of this suspension
was used for cell counting using a hemocytometer. Trypan blue stains the dead cells dark
blue. Whereas living cells will remain unstained as their cell membrane is intact. Both live
and dead cells were counted under a light microscope as previously explained in chapter 2,
section 2.2.3. This process was repeated four times. The total number of both live and dead
cells was calculated by equation 2.4.

Data of live and dead cells was plotted using Excel and statistically analysed using SPSS.
4.3.2.2 Alamar blue assay

To determine metabolic activity of the oMSCs during each passage, alamarBlue® reagent
was used. Briefly, BM-oMSCs of donor 13 were seeded at passage 1, 2 and 3 at a
concentration of 2X10* cell/well in 24 well plates (n=5). Cells were cultured in basic media
overnight to allow attachment. Subsequently, the media was replaced with basic media
containing 10 % alamar blue. Cells were incubated for 3 hours at 37°C, as explain in Chapter
2, section 2.2.2.10. Data are shown as mean + standard deviation and statistically analysed

using SPSS.
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4.3.3 Tri-lineage differentiation of BM-0MSCs

oMSCs are characterised by their ability to undergo differentiation into adipocytes,
osteocytes and chondrocytes (tri-lineage differentiation capacity). In this case, various
differentiation protocols were investigated to encourage oMSCs differentiation. One donor
was used in this study to compare a standard protocol shown to be effective to differentiating
human MSCs (hMSCs) (Pittenger et al., 1999) and another protocol, which was found to be
applicable for oMSCs (kindly offered by Oreffo and his co-workers at the University of
Southampton). In order to set this experiment, oMSCs were seeded at P3 at a density of
5X10° cells /well. Cells were cultured using basic media in 24-well plates (n=3) as mentioned
in chapter 2, section 2.2.2.7, and incubated for 1-2 days until cells reached 80% confluency.
Then, the media was changed to differentiation media. The relevant differentiation media
specifying all differentiation components is described in the Table 4.1. Plates were fixed
using 10% buffered formalin at day 0, day 7, day 14 and day 21 to perform histological

staining.
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Table 4. 1: Compositions of differentiation media. The compositions of differentiation media
obtained from protocols for ovine MSCs, and human MSCs adipogenic, osteogenic and

chondrogenic differentiation.

Reagent

oMSCs protocol

hMSCs protocol

ADIPOGENESIS

Oreffo et al (not

(Pittenger et al., 1999)

published)
Dexamethasone 100 nM 0.5 uM
3-isobutyl-1methylxanthine 0.5 mM 0.5 mM
IBMX
Insulin 0 10 pg/ml
Indomethacin 0 100 uM
Rosiglitazone (PPAR-Y 1uM 0
agonists)
FBS 10% 10%
OSTEOGENESIS Oreffo et al (Jaiswal et al., 1997)
Dexamethasone 10 nM 0.1 uM
Ascorbic Acid 0.8 mM 50 uM
B —Glycerophosphate p-GP 10 mM 50 mM
FBS 10% 10%
CHONDROGENESIS Oreffo et al (Mckay, 2004)
Dexamethasone 10 uM 0.1 uM
Ascorbic Acid 50 uM 50 uM
TGF-B3 2 ng/ml 10 ng/mi
ITS 10 pl/ml 10 pl/ml
FBS 0 1% viv
L-proline 0 40 pg/ml
Sodium Pyruvate 0 10 pl/mi
Media for all recipes: alpha MEM without DMEM without L-
L-glutamine glutamine high glucose 4.5

mg/ml
L-glutamine for all recipes 1% 1%
P/S for all recipes 1% 1%

4.3.4 Effect of differentiation media composition on adipogenesis and

chondrogenesis

When applying either a standard hMSCs protocol or the recommended oMSCs protocol to

differentiate oMSCs, the two protocols resulting in osteogenesis. While, limited

adipogenesis and chondrogenesis were observed. Therefore, different protocols were tested

on oMSCs of two donors to determine the optimal media composition for adipogenesis and

chondrogenesis.
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4.3.4.1 Testing media composition for adipogenic differentiation

oMSCs from two different donors were seeded at a density of 2X10* cell/ well in 24 well
plates (n=3). Here, six different protocols, which previously were tried and tested for sheep
and various animal species were tested. The composition of this media is described in Table

4.2.

Table 4. 2: Compositions of different media used to induce adipogenic differentiation in various

protocols

(€ ) ®) (4) (®) (6)
Protocol | Sheep Human Sheep Rat MSCs Mouse Sheep
number | MSCs MSCs MSCs (Crawford et al., MSCs MSCs
Oreffo et (Pittenger | (Heidari | 2006) (Markides | (Rentsch
al (not etal., etal., Induction | Maintena | etal., etal.,
Component published) | 1999) 2013) nce 2013) 2010)
Dexamethasone | 0.1pu M 0.5 uM 01pM 1uM / 1uM 1uM
IBMX 0.5 mM 0.5mM / 0.5mM / 50 uM 0.5 mM
Insulin / 10 pg/ml / 10 pg/ml | 10 pg/ml | / 1.7 uM
indomethacin / 100 uM 50 pg/ml | 100 M |/ 100 uM 0.2 mM
ITS / / / / / 10 pl/ml /
Ascorbic acid / / 50 pg/ml | / / / /
Rosiglitazone 1uM / / / / / /
Non-essential 1% 1% 1% 1% 1% 1% 1%
amino acid
(NEAA)
FBS 1% 10% 10% 0 0 10% 10%
Bovine serum / / / 1% 1% / /
albumin BSA
I-glutamine 1% 1% 1% 1% 1% 1% 1%
P/S 1% 1% 1% 1% 1% 1% 1%
Media high-glucose DMEM for all recipes

After cells reached 80% confluence, cells were incubated with 1 ml of the relevant
adipogenic differentiation media (n=3) using basic media as control. The plates were
observed regularly under a light microscope to identify adipogenic alteration of the oMSCs
by accumulation of the lipid droplets in their cytoplasm. Plates were fixed with 10% buffered
formalin at day 0, day 7 and day 14 after adding differentiation medium.

4.3.4.2 Testing media composition for chondrogenic differentiation

In this experiment, the monolayer culture was replaced with pellet culture. Therefore, in 1.5

ml centrifuge tubes, cell pellets from two different donors (P3) were created as described in
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chapter2, section 2.2.2.8 (n = 6) and incubated at standard culture conditions. Five different

protocols were tested. The media compositions of these protocols are given in Table 4.3.

Table 4. 3: Chondrogenic differentiation media compositions. Compositions of different media used
to induce and promote chondrogenic differentiation in various protocols.

Protocol | (1) (2 (©) 4 )
number | Sheep Human Sheep MSCs | Rat MSCs Sheep MSCs
MSCs MSCs (Heidarietal., | (Crawford et | (Mrugala et al.,
Oreffo (Mckay, 2013) al., 2006) 2007)
Components 2004)
Dexamethasone | 10 uM 0.2 uM 0.1 uM 0.1 uM /
Ascorbic Acid | 50 uM 50 uM 50 pg/ml 50 pg/ml /
TGF-p3 2 ng/ml 10 ng/ml / 10 ng/ml 10 ng/ml
TGF-p1 / / 10 ng/mL / /
ITS 10 pl/ml 10 pl/ml 50 ul /mL 10 pl/ml /
L-Proline / 40 pg/ml / / /
Sodium / 10 pl/ml / / /
Pyruvate
FBS / 1% 10% / /
BSA / / / 1 mg/ml /
I-glutamin 1% 1% 1% 1% 1%
P/S 1% 1% 1% 1% 1%
Media high-glucose DMEM for all recipes

Cell pellets cultured in proliferation media were used as control. Media was changed every

three days over a period of 21 days. After that time the pellets were harvested, fixed and

prepared for histological staining (n=3). Chondrogenesis was evaluated histologically by

alcian blue for GAG staining. To compare the effect of cell number, pellets were also

prepared using 5X10° oMSC/pellet and tested using protocol 3 Table 4.3. At day 21 the

pellets were fixed, in this case two histological staining was performed to assess GAG and

collagen content of the pellets.
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4.3.5 Characterization and comparison of oMSC obtained from thirteen
sheep donors

4.3.5.1 Trilineage differentiation

4.3.5.1.1 Adipogenesis of oMSC monolayers

oMSCs of thirteen donors were seeded as monolayers in 24 well plates at a cell density of
2X10* cell/ well (n=3) as mentioned in chapter 2, section 2.2.2.7. Cells were cultured using
protocol 4, which resulted in the good adipogenic differentiation among the tested protocols
in chapter 2, section 4.3.4. Atday 1, day 7 and day 14 cells were fixed with 10% buffered
formalin to perform histological analysis. Adipogenesis was assessed semi-quantitatively by
de-staining the Oil Red O. Hence, 200 pL of 100% isopropanol were added to each well,
incubated for 10 minutes while gently shaking the plates at RT. The absorbance of the eluted
dye was measured at 492 nm.

4.3.5.1.2 Osteogenesis of oMSC monolayers

In this experiment, the human protocol for osteogenesis was used (Table 4.1), to compare
the responses of the oMSCs of thirteen different donors. Briefly, 2X10° cell/ well were
seeded in 6 well plates (n=3). Once cells had reached 90 to 100 % confluence, cells were
incubated with 4 ml of osteogenic media (Os M), while the control plate was incubated with
basic media (B M). Media were replaced once a week. The monolayer plates were fixed at
three time points, day 1, day 14 and day 21. Osteogenesis was evaluated histologically after
cells were fixed using 95% methanol for 20 minutes, and then stained with alizarin red stain
described in chapter 2, section 2.4.1.2. A semi-quantitative method was used to assess
osteogenesis by de-staining the alizarin red using 5 ml of 10% Cetylpyridinum chloride
(CPC) for each well. Samples were incubated overnight at RT. The absorbance of the eluted
dye was measured at 562 nm.

4.3.5.1.3 Chondrogenesis of oMSC in pellet culture

To compare the chondrogenic potential of the BM-oMSCs 3D oMSC pellets were prepared

as explained in chapter 2, section 2.2.2.8. In brief, protocol 3 (Heidari et al., 2013) was
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utilized with slight modification. Pellets were prepared using oMSC at to 5X10° cells per
pellet (n=6). Pellets were harvested and stored as explained previously (Chapter 2, section
2.2.2.8) at three-time points, day 0, day 14 and day 21 in specific. Chondrogenesis was
assessed by GAG quantification and histology.

4.3.5.2 Expression of cell surface markers by flow cytometry

The oMSCs of the thirteen donors were characterised by flow cytometry
immunophenotyping (Chapter 2, section 2.3). Therefore, cells at passage 3 were cultured
until 80% confluency and then were subjected to flow cytometry to specify CD markers anti
CD29, CD44, CD45 and CD31 antibodies as explained in chapter 2, section 2.3. CD29 and
CD44 were positive markers and CD45 and CD 31 were negative CD markers. The
percentage of cells that were considered positively stained was determined by gating the
stained population with a gate that excluded 99% of all isotype control events. Results were

plotted in Figure 4.17 and 4.18.

4.4 Statistical analysis

Values for both trypan blue, alamar blue, and also, the results for the trilineage differentiation
including adipogenic and osteogenic quantitation, the pellets SGAG content and SGAG/DNA
content were plotted as a bar chat. The data was expressed as a mean + standard division.
Data was compared using one-way ANOVA with Tukey’s multiple comparisons test to
determine statistical significance. Analysis was performed using SPSS statistics program
version 24. The value for statistical significance was set to 0.05. P values were denoted as

*p<0.05, **p<0.01, ***p<0.001.
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4.5 RESULTS

4.5.1 Isolation and expansion of BM-oMSCs

4.5.1.1 Morphology of BM-0oMSC

Colonies of fibroblast-like cells were observed attached to the tissue culture plastic at day 3-
4 after seeding. Cells exhibited characteristic spindle shape and polygonal morphology

(Figure 4.2).

Figure 4. 2: STRO-4 positive isolated B M-oMSC. Bright field micrographs of STRO-4 positive B
M-oMSCs in 2D cell culture at A) 10 % confluence on day 3, B) 50 % confluence on day 7 and C)
90 % confluence on day 9. Cells exhibited characteristic spindle shape and polygonal morphology,
scale bar = 300 um.

4.5.1.2 Trypan blue exclusion test of cell viability

Quantitation of the cell viability was performed by trypan blue staining of donor 13. The
number of live cells increased significantly over three passages (P < 0.001) from 0.628 *
0.098 10° cells in passage 1 to about 1.047 + 0.135 10° cells in passage 2 and 1.295 + 0.22
106 cells in passage 3. No significant changes in the number of dead cells were observed
across the three passages indicating cells vitality and activity during the early passages. The

values are expressed as total number of dead and life cells and the percentage of the viability.
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The viability (%) was calculated by Equation 2.4 and the results showed no significant

differences in the viability percentage between the three passages (Figure 4.3).

Viability (%)
* % %
| 1 P1 86.5%
1.6 % % %
. —_— P2 88.6%
t-] 1.4
3 & %k %k I P3 855%
b4 1.2
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Figure 4. 3: Cell viability using trypan blue. The numbers of live and dead cells and cell viability
(%) of oMSCs was obtained from donor 13 over three passages (P1, P2 and P3) The data are
expressed as mean + standard deviation, n=20, ***p < 0.001.

4.5.1.3 Metabolic activity assessed by alamar blue

Over three passages, donor 13 oMSCs were assessed for metabolic activity assessed by
alamar blue as described in section 4.3.2.2. Significant differences were observed at P <
0.001 in the metabolic activity of the cells as shown in Figure 4.4. The absorbance of
alamarBlue® at 570 nm, using 600 nm as a reference wavelength (normalised to the 600 nm
value) revealed increased from 0.32 + 0.012 (passage 1) to 0.33 £ 0.026 (passage 2) and 0.38

+ 0.003 (passage 3).
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Figure 4. 4: Metabolic activity of BM-oMSC of donor 13. The absorbance of the alamar blue was
read at 570 nm and normalised to a reference wavelength of 600 nm after 3 hours of incubation
with BM-oMSCs at passages P1, P2 and P3 (n==8, each). The results were normalised to an
acellular blank and data was expressed as mean * standard deviation, **p <0.01 ***p <0.001.

4.5.2 Tri-lineage differentiation capability of isolated BM -0oMSCs

Trilineage differentiation was carried out as described in section 4.3.3, on one donor’s BM-
0MSC to test the differentiation media. Variation in the differentiation capabilities of the
cells was observed. Oil Red O staining of the monolayers revealed that the sheep protocol
(Table 4.1) promoted adipogenesis initially at day 7, but the differentiation faded after that.
Whereas, the human adipogenic differentiation media did not result in a visible cellular
response although the monolayer cells seemed to be vacuolated and did not possess the
spindle shape of the undifferentiated cells (Figure 4.5 d).

Regarding osteogenic differentiation, both sheep and human protocols drove osteogenesis.
However, the human protocol resulted in stronger stain intensity when cells were observed
microscopically (Figure 4.5 g-1). Finally, no chondrogenesis was observed for either the

sheep and human protocol (Figure 4.5 m-r).
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Adipogenesis / Oil O Red Osteogenesis /Alizarin Red Chondrogenesis / Alcian blue

Day 14 I Day 14 Day 21 Day 21

Control

Sheep protocol

Human protocol

Figure 4. 5: ldentifying suitable media compositions for trilineage differentiation of BM-oMSCs. Bright field micrographs of oMSCs seeded as are shown. Media
compositions previously used for human and sheep MSc were to investigate their suitability for trilineage differentiation. Compared with basal media control (a,b), early
appearance of adipogenesis on day 7 was observed for the sheep protocol (c), but not on day 21( yellow arrows) (d). There is no clear adipogenesis for the human protocol for
both time points, although vacuolated cells (yellow arrows) were observed (e, f). Positive alizarin red stain was observed for osteogenic differentiation in both protocols for
each time points (i- I) compared with basal media (g,h) . Stronger stain was detected for the human protocol (k, I). There was no clear chondrogenic differentiation compared
with basal media (m,n), despite cells exhibiting chondrocyte features for both time points and protocols (red arrows), (o- r). (Magnification x 10, scale bar = 300 um).

115



4.5.3 Testing media compositions

4.5.3.1 Media composition for adipogenic differentiation

According to the results, all investigated media types drove adipogenesis. However, the
degree of differentiation varied. Protocol 3 (Heidari et al., 2013) showed the earliest
appearance of adipogenesis at day 4. Comparing the different protocols with each other, the
strongest differentiation was observed for protocol 3, followed by protocol 4 (Crawford et
al., 2006) and protocol 5 (Crawford et al., 2006; Markides et al., 2013). Whereas, each of

the protocols 1, 2, and 6 drove adipogenesis to a lesser degree over the 14 days (Figure 4.6).
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Donor 1

Donor 2

Figure 4. 6 : Adipogenic media selection. Bright field images of

.':,

Al Y R

olayer to compare six different
adipogenic differentiation protocols. Oil red O stains revealed that all protocols drove adipogenesis at varying degrees compared the control (0oMSC in B M). The best

stains were observed for protocol 3 indicating the good differentiation effect on BM-oMSC. Magnification x 10 magnifications, scale bar = 300 um.
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4.5.3.2 Media composition for chondrogenic differentiation in pellet culture

The results of this experiment confirmed that protocol 3 (Heidari et al., 2013) resulted in the
highest level of chondrogenic differentiation, indicated by alcian blue stain, compared to the
basic control and other protocols (Figure 4.7 A). Less chondrogenic differentiation was
observed for protocol 4 (Crawford et al., 2006) and protocol 2 (Mckay, 2004). Pellets were
stained weakly for alcian blue for protocol 5 (Mrugala et al., 2007) confirming low level of
chondrogenesis. Regarding protocol 1, pellets could not be obtained during culture which
indicated a low integrity of the pellets overall.

The pellets of protocol 3 grew faster and were more robust, especially during histological
staining. Hence, the experiment was repeated with one donor using protocol 3 and basic
media as control (n=3). Larger number of cells, namely 5x10°, were used to form the pellets,
which were stained with alcian blue and Sirius red (Figure 4.7 B).

Following these results, protocol 3 was used to carried out the following characterisation

experiments discussed in this chapter below.
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Figure 4. 7: Chondrogenic media selection. Bright field images of alcian blue-stained 7um paraffin sections of 3D
cell pellets are shown. A) Protocol 3 showed the best chondrogenesis, followed by protocol 4 and 2. Weakest alcian
blue stains were observed for protocol 5 as it showed low chondrogenesis. No pellet was obtained from protocol 1.
B) Positive alcian blue and Sirius red stain of BM-oMSC pellets prepared with increased cell number confirmed the
results obtained from (A). Magnification x10 and x20 magnification, scale bar = 300 pm.
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4.5.4 Characterisation of BM-oMSC of thirteen different sheep donors-a

donor variability study

4.5.4.1 Trilineage differentiation potential of BM-oMSC in monolayers

4.5.4.1.1 Adipogenesis differentiation

Oil Red O Stained monolayers oMSCs revealed that the thirteen donors were differentiated
towards adipocytes in the different levels at day 10 and day 17 compared to the control
groups, which were cultured in B M (Figure 4.8). Microscopic observation revealed
different degree of Oil Red O stain indicating variations in adipogenesis. Hense donors were
divided into high performing donor (strong Oil Red O stain), medium performing donor
(intermediate Oil Red O stain) and low performing donor (weak Oil Red O stain).

This result was confirmed semi-quantitatively by spectrophotometric absorbance at 492 nm
of the eluted dye (Figure 4.9). In general, all donors showed significant differences across
the duration of the experiment compared to day 1 except donor 6, which revealed a decrease
in Oil Red O stain. Significant differences were observed for most absorbance readings
when comparing adipogenic medium (Heidari et al.) and (B M) at the same time points for
each donor. However, when comparing all thirteen donors with each other, noticeable
differences were observed among all donors regarding final time points (dayl7). These
results confirmed that each donor was significantly different from some of the other donors,
in particular donor 13 which gives the highest degree of the adipogenesis according to
absorbance readings of the eluted dye (absorbance of 0.356 = 0.015). Donor 13 was
significant different from all other donors at P < 0.001. While, the lowest degree of the
adipogenesis was observed for donor 6 (absorbance of 0.115 + 0.022). Figure specific
symbols were given to compare the results as the following: (+) is used to compare the
significant differences between the treated (Ad M) and control (BM) group of the same time
points within the same donor, (*) is used to compare the significance between the three time
points for the treated group (Ad M) within each donor, and (1-13) were used to compare the

adipogenesis between the thirteen donors at day 17 of the treated group.
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Donor 1 | Donor 3

Figure 4. 8: Oil Red O stain of BM-0MSCs in monolayer Brlght field images oMSCs of thirteen donors at passage 3 were taken on day 10 and day 17. Oil Red O stained
monolayers revealed different degrees of adipogenesis ranging from low (donors 5, 6, 9 and 12), moderate (donors 2, 3, 4, 7 and 10) and high (donors 1, 8, 11 and 13)
responses to the differentiation media x10 magnification, scale bar = 300 pm.
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Figure 4. 9: Quantitative measurement of the oMSCs’ adipogenic differentiation. Absorbance at 492 nm of the eluted Oil Red O stained monolayers revealed that the
treated group (table 4.2) induced adipogenesis during the experimental time. Donors revealed significant differences at day 10 and day 17 compared to day 1(except donor
6 and donor 9) Significant differences among individual donors were observed, which represent the variances in the ability of each donor to produce adipocytes in response
to Ad M across the experimental time. (***) significant differences between the treated and control (B M) for each time point within donor (***) significant difference
between the three time points of the treated group for each donor at p <0.001, and (1-13) significant differences in the comparison of each donor’s adipogenesis performance
at day 17 Ad M. Each number represent the donor number in comparison to the other donors az p < 0.001.
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4.5.4.1.2 Osteogenesis comparison in 2D cell culture

The comparison between the thirteen donors’ oMSCs performance to differentiate into
osteoblasts was assessed by alizarin red stain of the calcium deposition in the monolayers
(Figure 4.10, Figure 4.11). As expected, the histology revealed variances in the performance
among the donors regarding the different amounts of calcium that was deposited by the
differentiated cells at both time points day 14 and day 21 compared to day 1. The variances
ranged from low (donors 3 and 8) to moderate (donors 2,4,6,9, 11, 12 and 13) and high
(donors 1, 5, 7, 10 and 12) responses to the differentiation media (Figure 4.10).

This result was confirmed semi-quantitatively by spectrophotometric analysis of the eluted
dye at 562 nm absorbance (Figure 4.11). For each donor, significant differences in
osteogenesis were observed for day 10 and day 21 compared to day 1 (P <0.001). The results
showed difference between the treated groups (Os M) compared to the control group (B M)
for each time point and each donor. The comparison of the osteogenic performance of all
thirteen donors at the day 21 revealed, that donor 8, donor 3 and donor 13 (absorbance 1.192
+0.138, 1.508 £ 0.608, and 1.992 + 0.290 respectively) were low performance donors. While
donors 9, 6, 11, 2, 4 and 12 were moderate performers (absorbance 2.232 + 0.169, 2.238 +
0.167, 2.294 + 0.439, 2.316 + 0.644, 2.465 £+ 0.493 and 2.579 + 0.195 respectively). Lastly,
donors 5, 1, 10, and 7 were considered as high osteogenic performers as illustrated by the
highest absorbance readings (absorbance 3.067 + 0.086, 3.099 + 0.785, 3.160 *+ 0.277 and
3.161 £ 0.260 respectively). All absorbance data are shown in Figure 4.11, which showed
significant differences between each the treated and the control group of the same time points
and between the three time points for the same donor. In addition, significant differences
were observed for the overall osteogenesis between the thirteen donors comparing the
absorbance readings on day 21 for the treated group. To allow easier comparison and
understanding of the graph only non-significant differences are displayed as n.s. significant
differences were not displayed. For the comparison of the treated versus the control group

at each time point for each donor; and the comparison between of the treated group on day
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1, day 14 and day 21 for each donor P < 0.001 was assumed to be significantly different. (1-
13) numbers were used to illustrate the significant differences between each treated (donor’s

osteogenesis donors’ variance at the day 21 Os M).
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Day 21 Day 14

Day 14

Day 21

Figure 4. 10: Alizarin Red S stain of BM- oMSCs. Bright field images of oMSCs of thirteen donors at P3 in monolayers at day 14 and day 21 were taken. alizarin
Red S stain revealed different degrees of osteogenesis ranging from low (donors 3 and 8) to moderate (donors 2,4,6,9, 11, 12 and 13) and high (donors 1,5,7 and
10, 12) responses to the differentiation media. Images were taken at x10 magnification, scale bar = 300 pum.
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Figure 4. 11: Quantitative measurement of the oMSCs’ osteogenic differentiation. The absorbance of the eluted alizarin Red S dye was measured at 562 nm. Data of the
thirteen donors revealed that the treated group (Os M) induced osteogenesis during the experimental time. All donors showed significance differences at day 14 and day 21
compared to day 1Treated groups (Os M) were significantly different from control groups (B M) at the same time point for eac’ donor(p <0.001). Non-significant differences
(n.s.) for all comparisons are shown, which mean all other comparisons were significant at p <0.001. Each number represent the donor number in comparison to the other
donors at p <0.001.
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4.5.4.1.3 Chondrogenesis comparison in 3D pellet culture

The comparison between the thirteen donors’ oMSCs performance responding to the
chondrogenic media was assessed by histological staining and GAG quantification.
Histology revealed chondrogenic differentiation for oMSCs of all thirteen donors treated
group (Ch M) compared to the control group (BM) (Figure 4.12). However, differences can
be observed among the donors. The strongest alcian blue and toluidine blue stains were
observed for donors 1, 2, 4, and 12. While for the picrosirius red stain the best donors were
donors 7 and 13. Using two stains for SGAG alcian and toluidine in this experiment to make
a decision which one better to use and can give better histological assessment for SGAG for
Chondrogenesis was also assessed quantitatively by assessed the SGAG content in the pellets
using DMMB assay. The SGAG content was normalised to the DNA content of the same
samples in order to determine the SGAG content in relation to cell number (Figures 4.13-
4.15).

Firstly, the DNA was assessed by Quant-iT PicoGreen double stranded DNA assay (Figure
4.16). The results showed a decrease in the DNA amounts of all pellets across the
experimental time for both the treated Ch M and the control group B M at day 10 and day
21 compared to day 1. A significant decrease in the DNA content was observed for donor
13 with a drop from 1.149 + 0.150 pg/ml at day 1 to 0.325 + 0.025 pg/ml (B M, day 10) or
0.419 £ 0.0824 pg/ml (Ch M, day 10) and 0.1286 + 0.0164 pg/ml (B M, day 21) or 0.269 *
0.031 pg/ml (Ch M, day 21) (P <0.001). In contrast, donors 6 and 12 which show decreases
(but not significant) in the DNA amounts across the three time points. Regarding donor 6
which dropped from 1.634 + 0.117 pg/ml at day 1 to 0.6144+ 0.455 pg/ml for B M or 1.549
+ 0.106 pg/ml for Ch M of day 10; and 0.509 £ 0.0522 pg/ml for B M or 1.281 + 0.0726
pg/ml for Ch M of day 21. Whereas, donor 12 dropped from 1.645 + 0.0474 pg/ml at day 1
t0 1.099 + 0.033 pg/ml for B M or 1.108 + 0.0522 pg/ml for Ch M of day 10; and 0.632 +

0.023 pg/ml for B M or 1.349+ 0.0428 pg/ml for Ch M of day 21.
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Alcian blue

Toluidine blue

picrosirius red

Figure 4. 12: Histological stains of BM-0MSCs pellets. Histological stains of B M-oMSC pellets for the comparison of chondrogenesis between donors. Three different
histological stains were performed on 7um thick sections of paraffin embedded 3D cell pellets (5x105 cells pelleted in Ch M or B M on day 21). The stains showed variances
in the production of GAG (alcian blue and toluidine blue) and collagen (picrosirius red) reflecting the degree of the donors’ performance in response to the chondrogenic
media. Donors 1, 2, 4 and 12 were considered as high performers in terms of GAG production, while the remaining donors which showed a lower degree of chondrogenesis.
Regarding to collagen production donors 7 and 13 performed best. Images were taken at 20 x magnification, scale bar = 200 um.
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Figure 4. 13: DNA content of oMSC pellets. Total DNA content was determined using the PicoGreen assay for all cell pellets following digestion with proteinase K.
Generally, the results showed a decrease in the DNA amount of the pellets for both treated (Ch M) and control (B M) over 21 days compared to their day 1. The decreases
varied from non-significant (donors 5, 6 and 11) or significant in all other donors. (***) significant differences between the treated (Ch M) and control (B M) for each time
point for donors, (***) significant difference between the three time points of the treated group for each donor at p < 0.001. (1-13) significant differences in the comparison
of each donor’s pellets (DNA content was compared at the day 21 Ch M of each donor with the other donors at the same time point). Each number represent the donor
number in comparison to the other donors at p <0.001. Data are expressed as mean * standard deviation, n=3 at p <0.001.
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The DMMB assay (Figure 4.14) showed increases in the amounts of sulphated sGAG that
were produced by the cell pellets across the time points for all donors. Results are shown in
Table 4.4 as mean * standard deviation. Variances in the degrees of SGAG production across
all donors were observed. The amount of the SGAG that was produced gradually increased
for donors 1, 2, 3, 5, 10 and 12 from day 1 to day 21. Meanwhile, donors 7, 9, 11, and 13
showed increases in SGAG production at day 10, but the SGAG content dropped until day
21. Whilst, donor 8 did not show any changes in the SGAG production across the time point

compared with day 1.
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Figure 4. 14: GAG contents of oMSCs pellets. Total GAG contents were determined using the DMMB assay for all cell pellets following digestion with proteinase K. The
results showed significantly increase in the GAG contents at day 10 and day 21 compared with their day 1 of the treated group (Ch M) in most donor. Donors 8, 11, and 13
revealed no significant differences between day 10 and 21 compared with day 1. While the control group did not show increases in the GAG amounts over 21 days. (***)

= significant differences between the treated (Ch M) and control (B M) for each time point and donor, (***) = significant difference between the three time points of the
treated group for each donor at p <0.001. (1-13) = significant differences in the comparison of each donor on day 21 Ch M with the other donors at the same time point.
Each number represent the donor number in comparison to the other donors. Data are expressed as mean + standard deviation, n=3 at p <0.001.
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Table 4. 4: sGAG production before normalization. The table shows the mean + standard deviation for
all donors cultured in basic medium (B M) and chondrogenic medium (Ch M) on all time points.

SGAG
production

[md]

Donor 1

Donor 2

Donor 3

Donor 4

Donor 5

Donor 6

Donor 7

Donor 8

Donor 9

Donor 10

Donor 11

Donor 12

Donor 13

Day 1

5.364 +
0.798

6.908 +
1.015

7.023 +
0.435
5.522 +
0.435

6.828 +
0.570

7.592 +
0.955

5.011 +
0.507

8.221
1.573

6.500 +
1.706

4.328 +
0.442

7.352 +
1.674

9.545 +
0.799

2.900 +
0.667

Day 10
BM

5.250 +
0.928

5.016 +
0.751

6.886
+1.136
6.432 +
0.682

4437 +
0.387

3.945 +
0.796

7.466 *
1.466

5.110 +
0.499

4,989 +
1.287

4.641 +
0.424

8.602 +
0.568

10.068 +
1.634

3.622 +
0.756

Day 10
ChM

9.057
0.568

10.556 +
0.152

9.386 +
0.682

14.406 *
0.584

12531 +
1.180

13.41 £1.822

11.500 *
11.50

5.684 +
1.350

11.064 +
0.359

5.000 *
0.344

9.795 +
1.098

12.613 +
2.286

6.0667 +
1.565

Day 21
BM

3.773
0.776

1.619 +
0.491

8.705 =
0.435
8.363 +
0.371

5.078 +
0.500

1.986 +
0.708

5.819
0.131

6.058 +
0.526

6.318 +
0.980

5.937
0.727

7.295 +
1.159

8.705
0.776

1511 +
0.213

4 gradually increase { incrase by day 10 but decrease by day 21
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Day 21
Ch M

10.080 +
0.817

12.540 +
1.202

13.318 +
0.690
13.591 +
1.364

13.391 +
.368

13.075
0.433

7.693
0.6786

5.537
1.581

8.307
0.486

9.781
0.536

7.636
0.681

18.682 +
1.316

3.344 +
0.287

The
variance
with the
time

t

\

@ no noticeable changes



To investigate the SGAG in relation to cell number, SGAG contents were normalised to DNA
(Figure 4.15). The data was explained in Table 4.5 and same trends were observed as
previously described for (Table 4.4). The highest SGAG/DNA was obtained for donor 4,
whereas donor 12 showed the lower performance. The remaining donors have maintained
their sGAG levels after normalisation. The ability of the donors’ oMSCs to produce sGAG
was varied across the donors. In general, the amount of sGAG per cell increased
progressively until day 21 for all donors. Some donors seemed to produce more sGAG.
However, this data was due to a higher number of cells, instead of stronger chondrogenic
differentiation. This was observed for donors 6 and 12, which exhibited the highest amounts
of SGAG before normalization. Post-normalisation for some donors that were cultured in Ch
M were no longer significantly different to B M pellet cultures such as donor 8, donor 12
and donor 13. Normalised SGAG/DNA contents are shown in Table 4.5 as mean + standard

deviations.
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Figure 4. 15: sGAG normalised to DNA content. Cell pellets GAG content was normalised to DNA. Significant increases were observed at day 10 and day 21 compared to
day 1 of the treated group (Ch M) in most donors. Donor 8 revealed no significant differences between day 10 and 21 compared with day 1. (***) = significant differences
between the treated (Ch M) and control (B M) for each time point and donor, (***) = significant difference between the three time points of the treated group for each donor
at p <0.001. (1-13) = significant differences in the comparison of each donor at day 21 for Ch M with all other donors at the same time point. Each number represent the
donor number in comparison to the other donors. Data as standard deviation, n=3 at p <0.001.
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Table 4. 5: SGAG contents normalized to DNA contents. Table shows mean + standard deviation post-

normalisation.

The
zgﬁnczi[;;'iac\)n Day 1 Day 10 Day 10 Day 21 Day 21 va}riance
[0/ ] BM Ch M BM ChM Wlth the
time
Donor 1 2993 + 3148 + 7769 + 7565 + 14204 = 4
0.454 0.559 0.492 1.724 1.210

Donor 2 4870 + 5855 + 985 + 3.893 + 14678 = 4
0.894 1.049 0.171 0.559 1.142

Donor 3 4949 + 6546 + 13.616 + 14197 =+ 18.093 + A
0.346 1.028 1.091 0.826 1.585

Donor 4 3393 + 5834 + 15165 + 12168 + 24239 + 4
0.411 0.537 1.621 1.486 1.437
4458 + 5727 + 9465 + 7.047 + 14390 =

Donor 5
0.558 0.571 1.436 1.031 0.780
4662 + 6469 + 8658 + 3971 + 10231 <

Donor 6
0.850 1.527 0.990 1.609 0.696

Donor 7 3287 + 6653 + 8304 + 7444 + 10136 + 4
0.318 1.324 0.710 1.069 0.732

Donor 8 4427 + 8680 + 6.240 =+ 9824 + 9551 °
0.651 2.425 1.785 4.703 2.627

Donor 9 3942 + 3448 + 13829 + 6.384 + 14244 « N
1.097 1.103 2.743 0.905 0.854

Donor 10 3.67 + 5448 + 9.003 + 10992 =+ 17.079 =+ N
0.687 0.391 1.284 2.436 1.173

Donor 11 3449 + 4121 + 50146 + 6475 <+ 9606 + 4
0.888 0.406 0.451 1.488 0.848

Donor 12 5793 + 9196 + 11408 =+ 13770 + 13.853 + A
0.323 1.711 2.169 0.972 0.948

Donor 13 2511 + 1109 + 14570 + 11755 + 12527 + '
0.365 1.936 2.720 0.996 1.469

= gradually increase ¥ = incrase by day 10 but decrease by day 21 @ = no noticible changes

The summary for the donor variation of the chondrogenesis in the pellet 3D culture, the

values of the normalised SGAG to DNA content of the day 21 treated group (Ch M) only

was plotted for the all thirteen donors. The graph displayed the variance among the donors

in chondrogenesis. The variances between each donor and the others were significant at

different levels P <0.001, P <0.01 P <0.05 (Figure 4.16).
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Figure 4. 16: Variation for normalised SGAG content to assess donor variation. SGAG normalised to DNA content for the day 21 treated group (Ch M) only for the all
thirteen donors. The graph displayed the variance among the donors in chondrogenesis. Each number represent the donor number in comparison to the other donors. Data
are expressed as mean * standard deviation, n= 3 at p < 0.001.
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4.5.4.2 Surface epitope expression

Flow cytometry of oMSCs against a panel of four markers was used to identify oMSCs
(Figure 4.17). The results showed most donors were positive for both CD 29 and CD 44,
however, differences were observed in the level of expression. CD 29 for example, was more
strongly expressed in some donors such as donor 2 (99.93%), donor 4 (96.14%), donor 6
(91.54%) and donor 10 (93.57%). While other donors demonstrated lower expression with
less than 50% such as donor 3 (32.28%), donor 8 (35.86%), donor 9 (41.78%) and donor 11
(22.11%). Whereas the remaining donors showed mediocre positive expression such as
donor 1 (65.29%), donor 5 (77.45%), donor 7 (72.04%), donor 12 (51.24%) and donor 13
(68.64%). Regarding CD 44, higher positive expressions were observed compared to CD
29. Most donors were strongly positive for CD 44 such as donor 2 (99.73%), donor 4
(90.73%), donor 5 (96.89%), donor 6 (99.60%), donor 7 (96.721), donor 10 (94.43%) and
donor 13 (97.70%). While remaining donors showed a mediocre positive expression like
donor 3 (89.48%), donor 9 (89.44%), donor 11 (79.21%), or low positive expression like
donor 1 (56.61%), donor 12 (53.89%) and donor 8 (48.96%).

In addition, all donors were negative for both CD 45 and CD 31 (Figure 18), which is
expected and is used to identify MSCs. For CD 45, most donors showed an expression
between 0.32% - 4.63% (less than 10%), except donor 5 (17.76%) and donor 7 (13.41%).
While for CD 31, donors expressed the CD marker at levels below 10%, except donor 11
(18.33%). results were shown in Table 4.6, using the recommended scale (Boxall and Jones,
2012) which gave symbols indicating the marker expression level as following —: no

expression; +—: <5% expression; +: 5 =50% expression, ++: 50—100% expression.

Table 4. 6 : Number of donors out of 13 have expressed at each level

CD Q) (+-) (+) (++)
no <5% 5-50% 50-100%
expression expression expression expression
CD 29 / / 4 9
CD44 / / 1 12
CD 45 11 2 / /
CD31 3 7 3 /
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Donor 1 Donor 2 Donor 3 Donor 4 Donor 5 Donor 6 Donor 7

D7 1gG1.LMO
D 7CD29.LMD)

72.04%

DS IgG1.LMg
D 5CD29.LMO)

77.45%

D 1CD29.LMD)

65.29%

FLL Log FLilog FLL Log FL1 Log FL1 Log fL1 Log FLl Log

Donor 8 Donor 9 Donor 10 Donor 11 Donor 12 Donor 13

CD 29

D 9 1gG1.LMD)
0 9CD29.LMO|

41.78%

D8 19G1.LMO)
D 8 CD29.LMD

35.86%

D 11 [gG1.LMD|
D 11CD29 LMD}

22.11%

D10 IgG1.LMDY

FL1 Log FL1 Log FL1 Log FL1 Log FL1 Log FL1 Log

Donor 1 Donor 2 Donor 3 Donor 4 Donor 5 Donor 6 Donor 7
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Figure 4. 17 Immunophenotyping of oMSCs for CD 29 and CD 44. Immunophenotyping of oMSCs.
Immunophenotyping of oMSCs for CD 29 and CD 44. oMSCs of all donors were cultured to P3 and 80%
confluency in B M. Their expression of CD 29 and CD 44 was assessed to identify their MSCs
characteristics. (A) Overlay histograms of each antibody marker, (B) percentage positive cells compared
to staining with the 1gG1 isotype control. Donors were positive for CD 29 and CD 44. Variations in the
expression levels for both CD markers were obtained and ranged between 22.11% - 99.93% for CD 29 and
between 48.96 -99.73% for CD 44. The unfilled region is isotype control 1gG1, red and blue regions are
CD 29 and CD 44 antibody markers, respectively.

138



Donor 1 Donor 2 Donor 3 Donor 4 Donor5 Donor 6 Donor 7
D2 IgG1.LMD 05 IgG1.LMg D6 IgGlLMD 07 1gG1.LMg
D 1CD45.LMD) D 2 CD45.LMD D 3 CD45.LMD)| D 4 CD45.LMD D 5 CD45.LML| [ D6CD4s.LMD D 7 CD45.LMTY
0.93% 4.63% 2.14% 0.84% 17.76% 0.32% 13.41%
Tp]
<
Q FL1 Log FL1 Log FL1 Log FL1 Log FL1 Log FL1 Log FLL Log
)
Donor 8 Donor 9 Donor 10 Donor 11 Donor 12 Donor 13
D8 IgGL.LMO} D 9 1gG1.LMD)| D10 IgG1LM D 11 1gG1.LMD) | D 12 IgG1 LMD D13 IgGl.Lmol
ﬁ D 8 CD45.LMD| D 9 CD45.LMD)| ; D 11 CD45.LMD) D 12 Cp4s.LMD D 13 CD45.LMD)
0.81% 1.64% 1.96% 1.82% 1.77% 1.73%
b M
FLL Log fL1 Log FL1 Log FL1Log FLL Log FL1 Log
Donor 1 Donor 2 Donor 3 Donor 4 Donor 5 Donor 6 Donor 7
|_D2 IgGza.MD |_D 3 1962a.M0y D4 1gG2a.LMD) D6 Ig62za.Lhg)
D 2 CD31.LMD D 3CD31 LMD) D4 CD31.LMD) D §COILLM D 6 CO3L.LMG] D 7CD3LLM
0.89% 5.43% 5.68% 3.76% 9.58% 3.55%
-
)]
‘ N |
Q FL1 Log FL1 Log FL1 Log FL1 Log FL1 Log FL1 Log FL1 Log
o
Donor 8 Donor 9 Donor 10 Donor 11 Donor 12 Donor 13
0|8 CO I9G2a.LMD| D 8 19G2a.LMD| D 10 IgG2a.LMd] D 11 [gG2a LM D12 IgG2almd D 13 1gG2a.LMD)
D8 CD31.LMOf D3 CD3ING D 10 CD31.LML) 0 11 CO3LIMI D 12 CO31.LMD| | D 13 CD31.LMD)
0.32% 5.62% 7.16% 18.339 0.94% 8.15%
N L 1L b N
B FL1Log FL1 Log FL1 Log FLL Log FL1 Log FL1 Log
120
" 100
e
c
[T
>
w
60
S
£
7]
[e]
a
* I [
1 2 3 4 5 6 7 8 9 10 1 12 13
(D45 0.93 4.63 214 0.89 17.76 0.32 1341 0.81 1.64 196 1.82 L 1713
w (D31 287 0.89 543 5.68 3.7 9.58 355 0.32 5.62 7.16 1833 0.94 8.15
mCDAsS w(D31

Figure 4. 18: Immunophenotyping of oMSCs for CD 45 and CD 31. oMSCs of all donors were cultured
to P3 and 80% confluency B M. The expression of CD 45 and CD 31 was assessed to identify their MSCs
characteristics. (A) Overlay histograms of each antibody marker, (B) positive cells (%) compared to staining
with the IgG1 or IgG2o. isotype control. As expected, most donors were negative for both CD markers and
showed variability in their expression levels, which ranged between 0.32% - 13.41% for CD 45 and between
0.32 - 18.33% for CD 31. Unfilled regions are isotype control IgGlor IgG2a, purple and green regions are
CD 45 and CD 31 antibody markers, respectively.
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4.6 Discussion

In recent years, MSCs have emerged as appealing therapeutic agents in the development of
skeletal stem cell-based therapies and have demonstrated remarkable clinical potential. A
limitation with using MSCs in clinical scenarios is the availability and expansion of these
cells to therapeutic numbers. Typically, less than 0.001% of the bone marrows™ cell
population are characterised as MSCs. Therefore, efforts to enrich the proportion of MSCs
are under development.

oMSCs were first isolated from bone marrow in 1994 by Jessop and colleagues. They
emphasised that the cells exhibited a fibroblastic morphology and could be induced into
adipogenic and osteogenic phenotypes in vitro (Jessop et al., 1994). Ever since, oMSCs have
been successfully isolated from different sources like; cord blood (Kunisaki et al., 2007)
adipose tissue (Fadel et al., 2011), peripheral blood (Lyahyai et al., 2012), liver (Heidari et
al., 2013), amniotic fluid (Colosimo et al., 2013), dental pulp (Mrozik et al., 2010), synovial
membrane (Godoy et al., 2014), dermis (Cui et al., 2014), hair follicles (Koobatian et al.,
2015), and endometrium (Letouzey et al., 2015).

There are multiple sites for harvesting the bone marrow from sheep. In the majority of sheep
studies, the iliac bone is preferred site for harvesting of bone marrow (Adamzyk et al., 2013;
Mccarty, Gronthos, et al., 2009; Rentsch et al., 2010). However, for this study, the bone
marrow aspirate was successfully collected from the sternum bone and adequate quantities
of bone marrow was collected (Delling et al., 2012).

Human MSCs can be similarly obtained by taking aspirates of bone marrow from the iliac
crest of healthy volunteers (Risbud et al., 2006). In children, the anteromedial face of the
tibia is preferred. In all studies above, ovine MSCs exhibit morphological,
immunophenotypical and multipotential characteristics similar to those observed in human
MSC invitro and in vivo. (Mccarty, Grothos, et al., 2009). These results were also confirmed

by Rentsch and colleagues (Rentsch et al., 2010).
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oMSCs demonstrate a similar morphology to other species of MSCs (Heidari et al., 2013).
In this study, we observed that the isolated oMSCs attached to the cell culture plastic after 3
days of incubation under standard cell culture condition. The cells exhibited fibroblast-like
morphology with a spindle or triangular-shaped cell bodies, large and ellipse nuclei and
growing and growing outward in a "swirling fibroblast-like™ pattern. Similar observations
were made previously (Heidari et al., 2013). Since the oMSC are smaller than the hMSC
(Adamzyk et al., 2013), more ovine cells could proliferate on the same culture area.
STRO-1 is a well-regarded cell surface antigen used in the characterisation of human MSCs
populations (Lv et al., 2014). Oreffo and colleagues have shown by selecting with STRO-1,
it is possible to enrich the MSC population during cell isolation (Williams et al., 2013).
Zannettino et al have developed and characterised an analogous ovine marker, STRO-4,
demonstrating efficient enriCh Ment of oMSCs and for this reason implemented in the
current study (Gronthos et al., 2009). This study confirmed that when selecting the MSCs
with the STRO-4 antibodies, the isolated cells exhibited multilineage differentiation
potential and were capable of forming a mineralised matrix, lipid-filled adipocytes, and
chondrocytes capable of forming a glycosaminoglycan-rich matrix.

It was shown that prolonged passaging until passage five of oMSCs did not cause changes
in the cell viability, cell morphology and cell characteristics typical for MSC. This was also
shown by other researchers (Kalaszczynska et al., 2013; Lyahyai et al., 2012). No significant
changes were observed for the cell viability obtained from Trypan blue test. However,
significant differences were observed when assessing the cell metabolic activity using
Alamar blue. This could be due to the nature of the different assays as Trypan blue depends
on the number of live/dead cells which increased significantly and gradually without
affecting the viability percentage. Whereas, Alamar blue indicates the cell metabolism by
using the reducing capacity/ability of living cells to quantitatively measure the proliferation.
When cells are alive, they maintain a reducing environment within the cytosol of the cell. In

this study, the oMSCs remained healthy and viable and the viability increased significantly
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over the three passages. The isolated cells were characterised for the three-lineage
differentiation after selection of the differentiation media elements. All donors showed
positive differentiation compared to the basal media which contains the essential element for
proliferation and expansion. For both adipogenesis and osteogenesis, clear donor’s variances
was proved through the histology and semiquantitative methods. For chondrogenesis the
thirteen donors also showed variances between donors according to the histology and sGAG
contents of the pellets. Although each donor population of oMSCs differentiated, there was
no clear profile in highly responsive donors between the three lineages. For example, a donor
that was highly responsive during chondrogenic differentiation (donor 4), was not
necessarily as responsive to osteogenic (donor 1 was the best) or adipogenic differentiation
(donor 13 was the best).

The differentiation towards a chondrogenic lineage was monitored using the increase in
glycosaminoglycans within the surrounding matrix. It was clear that the DNA content of the
pellet decreased with time in Ch M treated group compared with the BM group. However,
normalisation of the SGAG to DNA can effectively show that SGAG synthesis increased
over the culture period in the chondrogenic media as one would expect. Cell aggregates
grown in the basal media did not form cohesive pellets which were fragile and would break
up easily whereas cell number has also fallen in the chondrogenic media. Whilst SGAG
remained high possibly due to its incorporation in a stable ECM, the number of cells actually
contributing to the sGAG may be underestimated whilst SGAG per cell becomes
overestimated. Normalisation of the SGAG to DNA can effectively show whether the sSGAG
synthesis increases on a per cell basis and is a reliable measure when both are increasing or
DNA is stable (Dale, 2016).

CD markers have been used to characterise stem cell populations with clear guidelines now
in place for establishing genotype and phenotype of bone marrow derived mesenchymal
stem cells (Boxall and Jones 2015) However, in our studies we cannot definitely conclude

that MSCs resident in different tissues are the same or even very similar. For instance
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adipose-derived MSCs express CD 34. (Quirici et al., 2009). Whereas, BM-MSCs do not,
W8-B2/MSCA-1 is expressed by BM MSCs but not placenta-derived MSCs (Battula et al.,
2007). In our study, we have tested expression to the epitope of the BM-oMSCs for CD 29
and CD 44 and CD 45 and CD 31. Choosing these antibodies was due to several reasons, the
main reason was the viability of these antibodies with the cross reaction to sheep cells. In
addition, we try to choose some of epitopes that are normally expressed positively (CD 29
And CD 44) and others that normally do not exist on the MSCs or are expressed negatively
(CD 45 and CD 31). In a review article, markers for characterisation of Bone Marrow
Multipotential Stromal Cells were reviewed from literatures of different animal studies to
characterise the MSCs. In this review article wide range of antibodies (antihuman antibodies
and some species-specific antibodies) were used in this paper which gave symbols indicating
the marker expression level as following —: no expression; +—: <5% expression; +: 5 —50%
expression, ++: 50—100% expression (Boxall and Jones, 2012). The results of the CD marker
experession of this study confirm this norm for the majority of the donors when the BM-
MSCs were positively expressed for CD 29 (4 of 13 donors were +, and 9 of the 13 donors
were ++ ) and CD 44 (1 of 13 donors were +, and 11 of the 13 donors were ++ ) while
negatively expressed for CD 45 (11 of 13 donors were -, and 2 of the 13 donors were +-)
and CD 31(3 of 13 donors were -, 7 of the 13 donors were +- and 3 of 13 donor were +).

For the source-dependent and donor-dependent differences of MSC properties. Although
bone marrow and adipose tissue are the main sources of the MSCs (Pittenger et al., 1999;
Zuk et al., 2002). Many of the perinatal sources, including amniotic membrane and umbilical
cord have preference over adult sources due to availability, lack of donor site morbidity,
young age of cells, high quantity of cells in the tissue , or high proliferation capacity
(llancheran et al., 2009) In vitro studies comparing MSCs from different sources which
mainly illuminated minimal criteria of MSC concluded that MSCs from different sources
are similar (Baksh et al., 2007; Barlow et al., 2008; Kern et al., 2006). It is suggested that a

better understanding of functional properties indicating the potential impact on future
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clinical applications may be achieved by molecular profiling of MSCs [22] (Wegmeyer et

al., 2013).

In summary, we have investigated in detail the variability of MSCs derived from sheep and
conclude. Sheep are well accepted as pre-clinical models for orthopaedic tissue engineering
studies (Mcgovern et al., 2018). Animal models for orthopaedic tissue engineering and
modelling disease (Mcgovern et al., 2018). Testing of new purified and expanded MSC
based products in large animal models will allow for a thorough pre-clinical evaluation of

novel products prior to clinical trials in humans (Bieback et al., 2010).
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CHAPTER 5

Chondrogenic Differentiation of oMSC in 3D

Hydrogels Under Mechanical Conditioning
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5.1 Introduction

Cell based therapy for cartilage repair techniques, either directly injected autologous
chondrocytes into the cartilage defect or as engineered cartilaginous grafts using tissue
engineering technology, rely on the ex vivo expansion of chondrocytes obtained from small
biopsies (Hunziker et al., 2015). However, there are some disadvantages because the matrix-
forming capacity of expanded chondrocytes is associated with de-differentiation processes
(Von Der Mark et al., 1977; Watt, 1988). In addition, obtaining tissue biopsies from patients
can further cause cartilage damage and degeneration (Matricali et al., 2010; Moyad, 2011).
Thus, there is interest in alternative cell sources for cartilage regeneration (Oldershaw, 2012)
Among the cell sources that have the ability to regenerate cartilage, MSCs are the most
favourable because of their multilineage differentiation, immunosuppressive and
immunomodulatory capacity as well as cell interaction and growth factor secretion (Zhao et
al., 2016). Despite all of the above, there is a shortage of reports on the clinical application
of MSCs for cartilage regeneration (Kuroda et al., 2007). This may be due to the fact that
MSCs differentiate of into hypertrophic fibrocartilage, which has inferior properties to native
hyaline cartilage (Zhao et al., 2016). In addition, there is no standard protocol for the culture
of MSCs allowing reproducible and optimal chondrogenic differentiation (Somoza et al.,
2014). Studies were directed to control the MSCs behaviour during differentiation towards
the chondrogenesis (Spakova et al., 2018).

Recently, a novel remote bio-magnetic activation technique called Magnetic lon Channel
Activation (MICA) has been demonstrated for the control of MSCs behaviour in a preclinical
ovine animal study for bone defect repair (Markides et al., 2018). In this chapter, the effect
of this technique to promote chondrogenesis of oMSCs after targeting the ion channel
(TREK-1) with MNPs and determine if we can culture and differentiate BM-oMSC in

chondrogenic growth factor supplemented media. Therefore, cellular three-dimensional
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collagen hydrogels were analysed following the same protocols that were used to

characterise native sheep cartilage (Chapter 3).

5.2 Aim and objectives

5.2.1 Aim

The aim of this chapter is to investigate the effect of mechanical stimulation using MICA
technology on chondrogenic differentiation of the oMSCs by targeting mechanosensitive

channel TREK-1 using MNPs.

5.2.2 Objectives

The objectives of this chapter are:

Comparison of static versus dynamic culture conditions in basic and chondrogenic medium
To assess the variation between five donor BM-o0MSCs to produce cartilaginous matrix in
response to chondrogenic media with and without mechanical stimulation.

To assess the mechanical properties of the engineered cartilage by determining the young’s
modulus.

To assess the biochemical composition of the engineered cartilage by determining the sgag,
total collagen total protein content relative to total cell number.

To study the matrix composition of the engineered cartilage through histological stains such
as h and e, alcian blue and picrosirius as well as immunohistochemistry for collagen ii
collagen x and aggrecan.

To assess repeatability and reproducibility of the experimental procedures.
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5.3 Materials and Method

The summery of chapter five methodology is shown in Figure 5.1.

Chondrogenesis of oMSCs in 3D hydrogel
Under Mechanical Conditioning
(5 donors)

1 Immunocytochemistry to test the (Trek-1 antibody) cross reactivity with sheep cells
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—_— ———-
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Figure 5. 1: Methodology for chapter 5. This schematic summarises the experimental steps
carried out in chapter 5 for experiment one and two.
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5.3.1. Cross-reactivity of TREK-1 antibody with ovine MSC

The primary TREK-1 antibody was known to react with humans, mouse and rat. Hence, the
antibody was tested for ovine cell reactivity by fluorescent immunocytochemistry as
described in chapter 2, section 2.5.1 using unlabelled oMSCs as negative control and sheep

chondrocytes as positive control.
5.3.2 Magnetic nanoparticles activation and antibody coating

MNPs were coated with antibody as described in chapter 2, section 2.5.1. A stock solution
of 10 mg/ml Nanomag suspension was coated with TREK-1 antibody. A final concentration
of 1 mg/ml of the antibody- coated MNPs was prepared in 1% BSA. This working solution
was stored at 4 °C until use.

5.3.2.1 Cell labelling with TREK-1 coated MNPs

Three-dimensional hydrogels were prepared from collagen type | to study chondrogenesis
of BM-oMSC. Five donors’ oMSCs were labelled with the antibody-coated MNPs as
mentioned in chapter 2, section 2.5.2. These oMSCs were seeded in collagen gels at a cell
density of 2X10° cell /gel (Chapter 2, section 2.2.2.9). Table 5.1 shows the experimental

layout for this study.

Table 5. 1: Experimental set up for experiment 1 and 2 for all five donors.

Plates La_lbelled I\/!echan!cal
with MNPs | stimulation
Day 1 Static Dynamic
EXP1 | BMonly BM BM No No
ChM ChM yes Yes
EXP2 | BMonly BM BM yes No
ChM ChM yes Yes

A slight modification was performed between experiment 1 and 2. In case of experiment 1,
the treated group was labelled with the MNPs only, while the control group was left without
labelling and mechanical stimulation. Whereas, in experiment 2 all cells were labelled with
MNPs for both treated and control group, only the treated group were subjected to

mechanical stimulation.
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After 24 hours, the gels were imaged using a bright field microscope (EVOS microscope) to
assess cell distribution inside the hydrogels. Day 1 gel samples were harvested after 24 hours
and fixed for histology or frozen at -20 °C for biochemical analysis (n = 3). While the
remaining gels continued to receive a total media change with either B M or Ch M every 2-
3 days until day 20. In addition, after 24 hours the treated group received magnetic
stimulation for one hour daily 5 days /week for 20 days, while the control groups were left

without stimulation chapter 2, section 2.5.3.

5.4 Statistical analysis

Data for Young’s modulus were collected for the both experiments 1 and 2 to compute and
specify Young’s modulus for the engineered cartilage for each donor. Then, trypan blue,
DNA content and GAG, total protein, total collagen content and their normalisation to the
DNA content were compared using one-way ANOVA with Tukey’s multiple comparisons
test to determine statistical significance between each condition. Differences were
considered significant for P < 0.05 P <0.01 P < 0.001. Analysis was performed using IBM
SPSS statistics program version 24. All values quoted in the results are mean + standard

deviation except for young’s modulus the data were plotted as mean+ standard error.
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5.5 Results

5.5.1 Trypan blue exclusion test of cell viability

Cell viability of oMSC was assessed by Trypan blue staining during culture at passage 1 to
P1-P3. The viability of the oMSCs were calculated using equation 2.4. Results showed
increases in the total cell number obtained from each passage, but the dead / live cells ratio.
In general, the viability (%) increased from P1 to P2, but then a significant decrease in was
observed between the three passages for the five donors. For donor 5, significant difference
in cell viability were observed between p2 and p1 and P3 (P < 0.01). For donor 6 there were
significant differences between P3 and p2 (P < 0.05) and p2 (P < 0.01). For donor 13
significant difference was found between pl and p2 (P < 0.05). There were no differences

between the passages for both donor 2 and 8 (Figure 5.2).
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Figure 5. 2: oMSCs cell viability. Trypan blue was used to assess oMSC viability during passages
pl, p2 and p3. Significant differences were observed for three of the five donors, *p < 0.05, ** p
<0.01.
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5.5.2 Alamar blue assay

Cell metabolic activity was assessed by alamar blue. The results showed similarity in the
cell viability for each experimental group (Figure 5.3). In general, cell metabolic activities
were increased significantly for day 10 and day 20 compared to day 1 (P <0.001) (significant
not showed). In between day 10 and day 20 in all donors there are no significantly deference
in cell viability in B M and Ch M under static or dynamic culture conditions. In the other
hand the results showed that the Ch M gels have high cell metabolic activities compare to B
M for day 10 and day 20 in both dynamic and static group P < 0.001. There were no
significant differences when comparing the three donors for all conditions in each donor

with the parallel conditions of the two other donors the data not showed.
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Figure 5. 3: Cell metabolic activity assessed by alamar blue assay. Generally, significant increases
on day 10 and day 20 compared to day 1 (p < 0.001) for all condition (significance not shown). No
significant differences between day 10 and day 20. Significant differences between B M vs. Ch M in
both of static and dynamic condition were observed * p < 0.001.

152



5.5.3 Immunocytochemistry to detect TREK-1 antibodies cross reactivity

with ovine cells

The immunocytochemistry of both sheep chondrocytes and oMSCs of two experimental
donors revealed TREK-1 expression indicating the presence of cross reactivity with sheep

cells (Figure 5.4).

TREK-1 DAP1 Merge

chondrocytes Negative control

Donor 13

Figure 5. 4: Immunostaining of TREK -1 expression in ovine cells. Fluorescent micrographs

of sheep chondrocytes (P2) and isolated oMSCs (P3) showed positive TREK -1 expression (red)
compared to the control. Cell nuclei were counter stained with DAPI (blue). Images were taken
using a confocal microscope (CLSM) at 60 x magnification. Scale bars = 50 um.

5.5.4 Characterisation of the antibody-coated MNPs

5.5.4.1 MNPs sizing and zeta potential

MNPs size distributions are shown for uncoated MNPs, and TREK-1-coated MNPs (batch
1 and batch 2) (Figure 5.5 A). For uncoated MNPs the particle sizes ranged from around 242
nm to 279 nm (peak at 260 nm). When MNPs were coated with antibodies their size
distribution changed. An even broader size distribution was observed for TREK-1-coated
(batch 1) MNPs ranging from 174.3 nm to around 955 nm with a peak 344 - 408 nm. Overall,

coating MNPs with antibodies resulted in an increase in MNPs diameter. For TREK-1-
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coated (batch 2) MNPs, the diameters ranged from below 229 nm to around 4575 nm. Peak
was observed at around 912 nm and 1148 nm. While the surface charge of the MNPs (Figure
5.5 B). become more positive from about -31 to -21 mV (uncoated MNPs) to about -26 to

+20 mV (batch 1) and about -26 to +20 mV (batch 2) coated MNPs.
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Figure 5. 5: Size and zeta potential of MNPs. Uncoated and TREK-1coated MNPs (batch 1 and 2)
were characterised for (A) size and (B) zeta potential by DLS measurements using Malvern zetasizer.
Results illustrate increased size of the MNPs after labelling with the antibodies. Changes in surface
charge observed from negative (uncoated) to positive (coated).
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5.5.4.2 MNPs oscillating movement

Magnetic nanoparticles possess the advantage that they can be characterized magnetically
in addition to conventional NP characterization techniques to obtain more information
regarding the MNPs. The uncoated and the two batches (batch 1 and batch 2) of TREK-1
coated MNPs were characterised for oscillating movement using alternate current
susceptometer (ACS) as described in chapter 2, section 2.5.1.2. Results show that there
was slight alteration in the chi’’ curve for the two batches of TREK-1 coated MNPs from

the un-coated. The two batches exhibit a curve almost similar to each other (Figure 5.6).
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Figure 5. 6: Oscillating movement of MNPs. The uncoated and the two batches (batch 1 and batch
2) of TREK-1 coated MNPs were characterised for oscillating movement using alternate current
susceptometer (ACS). The graph illustrates slight alteration in the chi’’ curve for the two batches of
TREK-1 coated MNPs from the un-coated. The two batches exhibit identical curve in form almost

similar to each other.
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5.5.5 Compression test and Young’s Modulus

For both Experiments one and two, Compression tests were performed for the gels cultured
dynamically and statically in Ch M at day 20. A displacement of 0.2 mm of the entire
specimen thickness was applied resulting in loads ranging between 5-20 N. Stress-strain
graphs were plotted and Young’s modulus was calculated as described in chapter 2, section
2.8. Although, the stress values of the gel samples required for inducing the deformity or
the displacement, were varied from low which need about stress 2000-3000 N/m2 in some
samples to high reached 4000 N/m2, that range is lower than that of the cartilage samples,
which range between 4000-5000 N/m2 and reach 6000 for some samples chapter 3, section
3.5.1. The dynamic group is generally higher than the static group for all donors in both

experiments except donor 2 of the experiment 1 (Figure 5.7) and (Figure 5.8).
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cultured dynamically and statically in Ch M at day 20. The graph follows similar trends to native
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Young’s modulus of each sample that was subjected to the compression test was calculated
using equation 2.7 (Chapter 2, section 2.7). Data were expressed as mean + standard error
(n =3) (Figure 5.9). The results showed that Young’s modulus was ranged between 0.789 +
0.183 MPa to 2 + 0.83 MPa. Significant differences were observed between the static and
dynamic group for donor 5 which revealed a significant difference between the static and
dynamic group (P <0.001) and donor 8 which revealed a significant difference between the
static and dynamic group (P < 0.05). In addition, significant differences (P < 0.05) were
observed when comparing donors with each other, donor 5 was different from each donor 2
donor 13 (static group) and donor 5 with donor 6 (dynamic group). While there were no

significant differences between other donors.
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Figure 5. 9: Young’s Modulus, Experiment 1. Young’s Modulus of each donor was calculated for
Ch M cultured gels, day 20. Significant differences between the static and dynamic group were
observed for donor 5 and donor 8 only. For donor variation, the comparison between the donors
showed that there were differences of the static group between donor 5 and each donor 2 and 13 and
between donor 5 and 6 dynamic group. Data are expressed as mean + standard error (n = 3) *p <
0.05, **p <0.01.
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For experiment 2, the computed Young’s modulus was ranged between 1.089 + 0.183 MPa
in donor 2 (static) group to 2.12 + 0.160 in donor 8 (dynamic) group. Significant differences
between the static and dynamic group were observed for all donors (P < 0.05). In addition,
when comparing donors with each other, significant differences were observed between
donor 8 and each of donor 2, 5 (static), and between donor 8 and 13 dynamic (P < 0.05)

(Figure 5.10).
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Figure 5. 10:Young’s Modulus, Experiment 2. Young’s Modulus of each donor was calculated for
Ch M cultured gels, day 20. A significant difference between the static and dynamic group were
observed for all donors. For the donor variation, significant differences between donor 8 and each
of donor 2 and 5 (static) and between donor 8 and donor 13 (dynamic). Data are expressed as mean
+ standard error (n = 3) *p <0.05, ¥**p <0.01
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The values of the estimated Young's modulus of native sheep cartilage and the engineered
cartilage of both the static and dynamic conditions were compared using one-way ANOVA
with Tukey’s multiple comparisons test to determine statistical significance between each
condition. Differences were significant between the dynamic group with each of the static
group (P < 0.001) and the native sheep cartilage (P < 0.01). Whereas, there were no
significant differences between the estimated Young's modulus between the static group and

the native sheep cartilage. The data were plotted as a mean + standard error (Figure 5.11).
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Figure 5. 11: Young’s Modulus comparison between the native sheep cartilage and both conditions
engineered cartilage static and dynamic. The calculated Young’s Modulus for Ch M cultured gels, day
20 of each donor of the both experiment 1 and 2 was calculated and compared with the calculated
native sheep cartilage from (chapter 3). The differences were significant between the dynamic group
and each of the static group and the native sheep cartilage. there were no significant differences
between the static group and the native sheep cartilage. The data were plotted as a mean * standard
error (Figure 5.12). For each static and dynamic engineered cartage (n = 5), for native sheep cartilage
(n = 6), **p <0.01, ***p <0.001.
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5.5.6 Biochemical analysis of the gels

5.5.6.1 DNA content of the gels
PicoGreen assay was used to quantify the DNA content in the gel lysates at day 1, day 10
and day 20 for both experiment 1 and 2 (Figure 5.12), the graph showed, there were
significant increases in the DNA contents for the BM gels across the experimental time at
day 10 and day 20 compared to day 1. Whereas no significant differences between day 10
and day 20. For the Ch M gels there are no significant differences between the time point.
However, the DNA content showed slightly decreases across the time. Comparing BM with
Ch M values, there were significant differences between B M and Ch M for both day 10 and
day 20 for both static and dynamic groups (P < 0.001). in addition, there was significant

differences (P < 0.05) between the static and dynamic group for the Ch M at day 20.
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Figure 5. 12: DNA content for experiment 1 and 2. DNA content of the gel samples was determined
using the PicoGreen assay following digestion with proteinase K. The graph showed that DNA
content increased significantly at day 10 and day 20 compared to day 1 for all BM gels (significant
is not showed. There were significant differences between B M and Ch M for both day 10 and day
20 for both static and dynamic groups). There were significant differences between the static and
dynamic group for the Ch M at day 20. Data are expressed as mean + standard deviation (n = 30).
*p <0.05, ***p <0.001.
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PicoGreen assay in details, for experiment 1 (Figure 5.13) results showed that the DNA
content was significantly increased (P <0.001, P <0.01 or P <0.05) for all B M gels for all
donors at day 10 and day 20 compared with day 1 B M. When comparing the day 10 and
day 20 of the B M cultured gels there were significant differences in B M dynamic between
day 10 and day 20 but not for B M static for all five donors. Meanwhile for Ch M gels, the
DNA content was decreased gradually for day 10 and day 20, with some exception in donor
2 and 5 Ch M dynamic which showed initial increases at day 10 then, increases at day 20.
Also, donor 6 Ch M static and donor 13 Ch M dynamic which showed the opposite when
increased at day 10 and decline in day 20.

For the experiment 2 (Figure 5.14), DNA content significantly increased at day 10 and day
20 for B M gels static and dynamic for all donors. For Ch M cultured gels, the DNA content
was clearly varied compared to experiment 1, as the DNA content is significantly increased
at day 10 but decrease at day 20 these decreases were not significant for donor 5 and 13 Ch

M static day 20 and for day 8 Ch M dynamic day 20.
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Figure 5. 13: DNA content for experiment 1. DNA content of the gel samples was determined using the PicoGreen assay following digestion with proteinase K. The graph
showed that DNA content increased significantly for all donors at day 10 and day 20 compared to day 1 for all BM gels. For Ch M gels, the DNA content was decreased
gradually for day 10 and day 20 in most donors with some exceptions in donor 2 and 5 (Ch M dynamic) which showed initial increases at day 10 then, increases at day 20.
And also, donor 6 (Ch M static) and donor 13 (Ch M dynamic) which showed the opposite when increased at day 10 and fill in day 20. Data are expressed as mean +

standard deviation (n = 3). *p <0.05, **p <0.01, ***p <0.001.

164



Experiment 2
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Figure 5. 14: DNA content for experiment 2. DNA content for experiment 2 samples was assessed by Pico green assay. the graph showed that the DNA content increased
significantly for all donors ta day 10 and day 20 compared to day 1 for all BM gels For ChM gels were decreased at day 10, and in some ChM gel was significant, but for
day 20, the values was full down to its day 1 level. Data are expressed as mean + standard deviation (n = 3). *p <0.05, **p <0.01, ***p <0.001.

165



5.5.6.2 sSGAG content of the gels

The sGAG content was assessed by DMMB assay for both experiment 1 and 2, as described
in chapter 2, section 2.6.2. The results for both experiment 1 and 2 (Figure 5.15) showed
significant increases (at p <0.001.) at day 10 and 20 for static and dynamic compared to day
1. No significant differences were observed between B M and Ch M nor between the both

conditions static and dynamic.
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Figure 5. 15: The sGAG content was assessed by DMMB assay. Graphs showed significant increase
at day 10 and 20 for static and dynamic compared to day 1. No Significant differences were observed
in B M and Ch M in both conditions at day 20 and day 10. Data are expressed as mean * standard
deviation (n = 30). ***p <0.001.
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The results for experiment 1 (Figure 5.16) showed significant increases in the SGAG content
at day 10 and 20 compared to day 1, for both static and dynamic groups (P < 0.001). In
addition, significant increases at day 20 compared to day 10 were observed for all samples
except for donor 2 and 5 B M dynamic and donor 6 B M, Ch M static.

Donor 6 revealed the lowest values for all conditions compared to the other donors. Whereas,
the highest sGAG content was found for donor 5 Ch M dynamic gels. The comparison
between static and dynamic groups showed no significant differences between the static and
dynamic for each donor. Comparing between donors’ performance revealed significant
differences between donor 5 Ch M dynamic group and each donor 2, 8 and 13 Ch M dynamic
group (P <0.05) and donor 6 Ch M dynamic group (P < 0.001).

For experiment 2 (Figure 5.17), significant increases in the GAG content was observed at
day 10 and 20 compared to day 1 for both static and dynamic groups (P <0.001). Significant
increases at day 20 compared to day 10 was found with some exceptions. The comparison
between static and dynamic cultured showed significant differences between the static and
dynamic groups for donor 2 (P < 0.05) and donor 6 (P <0.001). The donor comparison for
experiment 2 revealed significant differences between donor 6 Ch M dynamic and each

donor 5 and 13 Ch M dynamic (P < 0.05).
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Figure 5. 16: GAG content for experiment 1. The GAG content was assessed by DMMB assay. Graphs showed a significant increase at day 10 and 20 for static and
dynamic compared to day 1 (significance not shown). Significant increases at day 20 compared to day 10 were observed for all samples except for donor 6 (B M and Ch
M static) and donor 13 (B M, static). Donor 6 revealed the lowest values for all conditions compared with the other donors, Whereas, the best performing donor is donor
5 (ChM dynamic), which is significantly increased compared to donor 2,6,8 and 13(ChM dynamic) No significant differences were observed between the static and
dynamic group of each donor for (Ch M). Data is expressed as mean + standard deviation (n = 3). *p <0.05, **p <0.01, ***p <0.001.
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Figure 5. 17: sGAG content for experiment 2. The GAG content was assessed by DMMB assay Graphs showed significant increase at day 10 and 20 for static and
dynamic compared to day 1(significance not shown). There were significant increases in some conditions in day 20 compare to day 10. In contrast to experiment 1 donor
6 (Ch M dynamic) is the best donor’s performance which is significantly differed from donor 5 and donor 13 (Ch M dynamic). For comparing the static and dynamic
group of each donor there were significant differences between static and dynamic of each donor 2 and 6. Data are expressed as mean * standard deviation (n = 3). *p
<0.05, **p <0.01, ***p <0.001.
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5.5.6.3 sGAG content normalised to DNA content

To determine the SGAG content in relation to cell number, the SGAG content was normalised
to the DNA content of the same samples. The results for both experiment 1 and 2 (Figure
5.18) showed significant increases (at p < 0.001) of the normalised SGAG for the Ch M in
both condition static and dynamic at day 10 and day 20 compared to day 1. There were
significant differences (at p <0.001) between the Ch M and B M for each static and dynamic

at day 10 as well as day 20.
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Figure 5. 18: sGAG content normalised to DNA content. The graph showed significant increases
at day 10 and day 20 compared to day 1 for all BM and Ch M (static and dynamic) (the significance
not showed). No Significant differences were observed between dynamic and static for Ch M. Data
are expressed as mean + standard deviation (n = 30). ***p <0.001.
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For experiment 1, (Figure 5.19). The results showed that the normalised values were
significantly increased across the experimental time, (P < 0.05, P < 0.01 P <0.001) for all
donors at most conditions, except for B M static for donor 2, 6 and 13, as well as B M
dynamic group of donors 13. In general, the Ch M gels values were higher than the B M
gels. The highest value was observed for donor 5 Ch M dynamic. While the lowest value
was found for donor 6 Ch M dynamic. No significant differences were seen between static
and dynamic gels for each donor. For comparing donors’ performance, significant
differences between the donor 5 Ch M dynamic and donor 6 Ch M dynamic (P < 0.05).

A similar trend was observed for experiment 2, (Figure 5.20). The results showed that the
normalised values were significantly increased over 20 days (P < 0.05, P <0.01 P <0.001)
for all donors and most conditions except for most of B M gel of the both (static and
dynamic). Comparing the static and dynamic group within each donor, donor 2 was the only
donor that showed significant difference between the static and dynamic group.

There were no any differences among the donors according to the donors’ performance

viability.
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Figure 5. 19: sGAG content normalised to DNA content for experiment 1. Normalised sGAG was increased across the experimental time (p < 0.001) for all donors at
most conditions (significance not shown), except for BM static group (donor 2, 6 and 13) and BM dynamic (donor 13). There were no significant differences between the
static and dynamic group for each donor. Donor comparison revealed significant difference between the donor 5 (ChM dynamic) and the donor 6 (ChM dynamic). Data
are expressed as mean * standard deviation (n = 3). *p <0.05, **p < 0.01, ***p < 0.001.
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Figure 5. 20: sGAG content normalized to DNA content for experiment 2. Experiment 2 follows same trends as experiment 1. Normalised sGAG at day 20 was
significantly higher than at day 10 and day 1 for all ChM gels (significance not shown). While for the BM gels across time points ranged non-significant to significant
(p <0.05). Comparing the static and dynamic groups for each donor, significant differences were observed for donor 2. There were no any differences among the donors
according to the donors’ performance. Data are expressed as mean + standard deviation (n = 3). *p <0.05, **p <0.01, ***p <0.001.
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5.5.6.4 Total protein content

The total protein content in the gel samples was assessed using BCA Protein Assay. The
results for both experiment 1 and 2 (Figure 5.21) showed significant increases (at p <0.001)
of the total protein for the Ch M in both condition static and dynamic at day 10 and day 20
compared to day 1. While for B M the results were varied. There were significant differences
(at p <0.001) between the Ch M and B M for each static and dynamic at day 10 as well as
day 20. There is a significant difference at (p < 0.05) comparing the static and the dynamic

group of the Ch M at day 20.
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Figure 5. 21: Total protein content. The total protein content in the gel samples was assessed using
BCA Protein Assay, the results showed significant differences in total protein content in day 1
compared to day 10 and day 20 (not shown). In between B M and Ch M in static and dynamic groups
the significant differences were found in day 10 and day 20. Between the static and dynamic group
there is a significant difference for the Ch M at day 20. Data are expressed as mean + standard
deviation (n = 30). *p <0.05, ***p <0.001.
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For experiment 1 (Figure 5.22), the results showed the protein content of the gels was
significantly increased at day 10 but decreased either between non-significantly to
significantly at day 20. The protein content values dropped in most conditions except donor
13 Ch M static and dynamic. The highest values were observed for donor 2 Ch M dynamic.
While the lowest value was in donor 13 Ch M dynamic. For comparing between static and
dynamic group, significant differences between the static and dynamic groups were found
for donor 2 only. No significant differences were observed when comparing the five donors’

performance in experiment 1.

For experiment 2 (Figure 5.23) the increases in the total were progressive and significant at
day 10 and day 20 comparing to day 1 (P < 0.001). For comparing static with dynamic
groups, significant differences were observed for donor 2 and donor 8. For donor’s
comparison, significant differences between the donor 5 Ch M dynamic and donor 6 Ch M

dynamic (P < 0.05) and donor 13 Ch M dynamic (P <0.001).
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Figure 5. 22: Total protein content for experiment 1. The total protein content in the gel samples was assessed using BCA Protein Assay, the results showed increasing in
total protein content in day 10 samples and stopped at the level or slightly drop at day 20. Significant differences between the static and dynamic groups were found for
donor 2 only. There were no differences for the experiment 1 when comparing between donors’ performance among the five donors. Data are expressed as mean + standard
deviation (n = 3). *p <0.05, **p <0.01, ***p <0.001.
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Figure 5. 23: Total protein content for experiment 2. The total protein content in the gel samples was assessed using BCA Protein Assay, the results showed increasing in
total protein content in day 10 and day 20 compare to day 1, the progressive increasing between day 10 and day 20 was significant for all (Ch M gels) . Significant
differences between the static and dynamic groups were found for donor 2 only. For donor’s comparison significant differences between the donor 5 (Ch M dynamic) and
donor 6 and donor 13 (Ch M dynamic). Data are expressed as mean + standard deviation (n = 3). *p <0.05, **p <0.01, ***p <0.001.
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5.5.6.5 Total protein content normalised to DNA content

The total protein content was normalised to the DNA content of the same samples to
determine the total protein content in relation to cell number (Figure 5.24). The results
showed that the normalised values were decrease (but not significantly) for the B M whereas
significantly increased for Ch M across the experimental times. There were significant
differences (at p < 0.001) between the Ch M and B M for each static and dynamic at day 10
as well as day 20. No significant differences were observed for the Ch M between static and

dynamic group at day 20.
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Figure 5. 24: Total protein content normalised to DNA content. The results showed that the
normalised protein/ DNA significantly increased for C hM samples at day 10 and day 20 compare
to the day 1. Comparing B M and Ch M, significant differences were observed in day 10 and day 20
in both conditions. There is no significant difference between the Ch M static and dynamic at day
20. Data are expressed as mean + standard deviation (n = 30). ***p <0.001.
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For experiment 1 (Figure 5.25). the normalised protein/ DNA content was significantly
increase for Ch M samples at day 10 and day 20 (P < 0.001) compare to day 1. However,
there is no differences between day 10 and day 20. For comparing static and dynamic gels,
significant difference was only observed for donor 2. No statistically significant differences
were found when comparing the five donors performance at day 20 Ch M.

For experiment 2 (Figure 5.26) normalised protein/ DNA were significantly and
progressively increased for Ch M samples at day 10 and day 20, day 20 is significantly higher
than day 10 for all donors’ Ch M dynamic group (P < 0.001), but not significant for Ch M
static except donor 13. The comparison between static and dynamic gels showed significant
difference for donor 2 only. Comparing among the donors, significant differences were

found between donors 2 Ch M dynamic and each of donor 5 and 8 Ch M dynamic (P <0.01).

179



Experiment 1

%k %k %k

l+| e

— 7000 e —

% h

S 6000 ook :

(oY) — * ok M * k% %
= 3 [ ™ . K KB
— 5000 *

[

<

< 4000

(o]
= 3000

2

)

o 2000 T PR FUERS FSEE RSl B AN FEE EEa [ 1 {

Q.

- 1000

©

e

L2 0

Bm ¢chm BM ¢CchMm BM ¢ChM BM ChM BM ¢CchM BM ChM BM ChM BM ChM BM ChM BM ChM
Static Dynamic Static Dynamic Static Dynamic Static Dynamic Static Dynamic
Donor 2 Donor 5 Donor 6 Donor 8 Donor 13
dl mdl0 =md20
Figure 5. 25: Total protein content normalised to DNA content for experiment 1. The results showed that the normalised protein/ DNA for experiment 1 was

significantly increased for ChM samples at day 10 and day 20 compare to the day 1. No significant differences between day 10 and day 20. For comparing static and

dynamic gels,

significant difference for the donor 2 was observed. There were no differences comparing between donors’ performance among the 5 donors. Data are

expressed as mean + standard deviation (n = 3). *p <0.05, ¥**p <0.01, ***p <0.001.
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Figure 5. 26: Total protein content normalised to DNA content for experiment 2. The results showed that the normalised protein/ DNA content for experiment 2 were
significantly and progressively increased for ChM samples at day 10 and day 20 compared to day 1. Day 20 is significantly higher than day 10 for all donors’ (ChM
dynamic), but not significant for ChM static except for donor 13. For comparing static and dynamic gels, significant difference for donor 2was observed. The comparison

of individual donors with each other revealed significant differences (for ChM dynamic) between donor 2 and each of donor 5 and donor 8. Data are expressed as mean +
standard deviation (n = 3). *p <0.05, **p <0.01, ***p <0.001.
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5.5.6 .6 Total collagen content

The total collagen content of the oMSCs -seeded gels was assessed using Chondrex Sirius
Red Collagen detection Kit (chapter 2, section 2.6.4). The data for experiment 1 and 2
(Figure 5. 27) showed significant increases in total collagen content for ChM (P < 0.01)
across the experimental time. However, there were none -significant drop in the values at
day 20 compare to day 10 in Ch M of both static and dynamic group. p < 0.0001. there were
significant differences between Ch M and B M of both static and dynamic condition at day
10 as well as day 20 (p < 0.001). There is no significant differences between static and

dynamic for Ch M at day 20.
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Figure 5. 27: Total collagen content. The total collagen content of the oMSCs -seeded gels was
assessed using Chondrex Sirius Red Collagen detection Kit, the collagen content significantly
increased for B M and Ch M at day 10 and day 20 compared to day 1 (significance not shown).
Comparing B M and Ch M in static with dynamic gels, significant differences were observed in day
10 and day 20. There were no significant differences between the static and dynamic group for the
Ch M at day 10. Data are expressed as mean * standard deviation (n = 30). ***p <0.001.
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For experiment 1 (Figure 5.28). the collagen content was significantly increase for Ch M
samples at day 10 and day 20 (P <0.001). For comparing between static with dynamic gels,
significant differences were observed for donor 2 (P < 0.01). There were no significant
differences for the experiment 1 when comparing the five donors’ performance with each
other.

For the experiment 2(Figure 5.29), the results show significant differences between the day
1, day 10 and day 20 However, most gels dropped at day 20 but not significantly compare
to day 10). Comparing static with dynamic gels, significant differences for donor 2, 5, 6 and
8 were found. There were no differences when comparing the five donors’ performance with

each other.
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Figure 5. 28:Total collagen content for experiment 1. The total collagen content of the oMSCs -seeded gels was assessed using Chondrex Sirius Red Collagen detection
Kit. The results showed that the collagen content was significantly increase for Ch M samples at day 10 and day 20 compared to day 1. For comparing between static
with dynamic gels, significant differences were observed for donor 2 (p < 0.01). There were no significant differences for the experiment 1 when comparing the five
donors’ performance with each other. Data are expressed as mean + standard deviation (n = 3). *p <0.05, **p <0.01, ***p <0.001.
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Figure 5. 29:Total collagen content for experiment 2. The total collagen content of the oMSCs -seeded gels was assessed using Chondrex Sirius Red Collagen detection
Kit. The results showed significant differences between the day 1, and each day 10 and day 20. However, most gels dropped at day 20 but not significantly compare to day
10. Comparing static with dynamic gels, significant differences for donor 2, 5,6 and 8 were found. There were no differences when comparing the five donors’ performance
with each other. Data are expressed as mean + standard deviation (n = 3). *p <0.05, **p <0.01, ***p <0.001.
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5.5.6.7 Total collagen content normalised to DNA content

Total collagen content was normalised to the DNA content of the same samples to determine
the total collagen content in relation to cell number. The data for both experiment 1 and 2
were showed in figure 5.30. The results showed no significant differences for the B M gels
across the experiment time. Whereas for Ch M gels there were significant differences (p <
0.001) at day 10 and day 20 compare with day 1. However, there were drop in the normalised
collagen for the Ch M static group. There were significant differences between B M and Ch
M for both static and dynamic group day 10 day 20. Comparing between the static versus
dynamic for Ch M there were significant differences between day 10 (p < 0.05) as well as
day 20 (p <0.001).
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Figure 5. 30: Total collagen content normalised to DNA content. The normalised collagen/ DNA
content significantly increased at day 10 and 20 compared to day 1 for Ch M but not for B M in
static and dynamic (significance not shown). There were significant differences between B M and
Ch M at both static and dynamic group day 10 day 20. Comparing between the static versus dynamic
for Ch M there were significant differences between day 10 as well as day 20. Data are expressed as
mean * standard deviation (n = 30). *p <0.05, ***p <0.001.
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For experiment 1 (Figures 5.31) the normalised collagen/ DNA content was significant
different between day 1, day 10 and 20 (P < 0.001). Comparing static with dynamic gels
showed significant differences for donor 2 and 6 (P < 0.001) and donor 5 (P < 0.01).
Significant differences were also observed when comparing donors with each other, for
donor 2 and each of donor 5, 6, 8 and 13 (P <0.001).

For the experiment 2 (Figure 5.32) the results showed significant differences between day 1,
day 10 and day 20, for all Ch M static and dynamic gels. For comparing static with dynamic
gels, significant differences were observed for donor 2, 5, and 6, (P <0.001, P <0.01, and P
<0.05) respectively. Regarding the donors’ performance variation of the experiment 2, there
were significant differences between donor 2 Ch M dynamic and each of donor 5, 6, 8 and

13 Ch M dynamic (P < 0.001).
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Figure 5. 31: Total collagen content normalised to DNA content for experiment 1. The normalised collagen/ DNA content was significantly increases, at day 10 and
20 compare to day 1 (significance not shown). Comparing static with dynamic gels, showed significant differences for donor 2, 6 donor 5. Significant differences were
also observed when comparing donors with each other for donor 2 and each of donor 5, 6, 8 and 13. Data are expressed as mean =+ standard deviation (n = 3). *p <
0.05, **p <0.01, ***p <0.001.
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Figure 5. 32: Total collagen content normalised to DNA content for experiment 2. The normalised collagen/ DNA content was significantly increased, at day 10 and
20 compare to day 1 (significance not shown). For comparing static with dynamic gels, significant differences were observed for donor 2, 5, and 6. Regarding the
donors’ performance variation, there were significant differences between donor 2 (Ch M dynamic) and each of donor 5, 6, 8 and 13 (Ch M dynamic). Data are expressed
as mean + standard deviation (n = 3). *p <0.05, **p <0.01, ***p <0.001.
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5.5.6.8 Total collagen content normalised to total protein content

Total collagen content was normalised to the total protein content of the same samples to
determine the total collagen content in relation to the total protein in the samples. The data
for both experiment 1 and 2 were showed in figure 5.33. The results showed no significant
differences for the B M gels across the experiment time. Whereas for Ch M gels there were
significant increases (p < 0.001) at day 10 compare with day 1. However, there were drop in
the collagen/ protein ratio for the Ch M static and dynamic group at day 20. There were
significant differences between B M and Ch M for static group at day 10 and day 20. But for
dynamic group there was significant difference only for day 10. Comparing between the

static versus dynamic for Ch M there was no significant difference at day 10 and day 20.
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Figure 5. 33: Total collagen content normalised to total protein content. The normalised total
collagen/ total protein content significantly increased at day 10 but decrease for day 20 compared
to day There were significant differences between B M and Ch M for static group at day 10 and day
20. But for dynamic group there was significant difference only for day 10. Comparing between the
static versus dynamic for Ch M there was no significant difference at day 10 or day 20. Data are
expressed as mean + standard deviation (n = 30). *» < 0.05, **p <0.01, ***p <0.001.

190



Total collagen content normalised to total protein content for experiment 1 (Figure 5.34), the
normalised total collagen/ total protein content was significantly increased, at day 10 and 20
compare to dayl except donor 6 day 20 BM. Comparing static with dynamic gels, showed
significant differences for donor 2 only (at p < 0.001). Significant differences were also

observed when comparing donors with each other for donor 2 and 13 (at p < 0.001).

Total collagen content normalised to total protein content for experiment 2 (Figure 5.35),
the normalised collagen/ total protein content was significantly increased, at day 10 but not
for day 20 compare to day 1. For comparing static with dynamic gels, significant differences
were observed for donor 6. Regarding the donors’ performance variation, there were
significant differences between donor 5 (Ch M dynamic) and each of donor 8 and 13 (Ch M

dynamic).
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Figure 5. 34: Total collagen content normalised to total protein content for experiment 1. The normalised total collagen/ total protein content was significantly increased,
at day 10 and 20 compare to dayl except donor 6 day 20 BM. Comparing static with dynamic gels, showed significant differences for donor 2 only. Significant differences
were also observed when comparing donors with each other for donor 2 and 13. Data are expressed as mean + standard deviation (n = 3). *p <0.05, **p <0.01, ***p <
0.001.
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Figure 5. 35: Total collagen content normalised to total protein content for experiment 2. The normalised collagen/ total protein content was significantly increased, at
day 10 but not for day 20 compare to day 1. For comparing static with dynamic gels, significant differences were observed for donor 6. Regarding the donors’ performance
variation, there were significant differences between donor 5 (Ch M dynamic) and each of donor 8 and 13 (Ch M dynamic). Data are expressed as mean + standard deviation
(n=3). *p<0.05 **p<0.01, ***p <0.001.
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5.5.8 Histology and immunohistology

5.5.8.1 Staining of native sheep cartilage and acellular gels

In order to compare the histological and immunohistology stains of the 3D collagen gels, a
positive (native sheep cartilage) and negative control (acellular gel) were prepared and
stained using same histological and immunohistological staining that used for experimental

gel (Figures 5.36 and 5.37).

Alcian blue

H&E Picro

!

Acellular gel

Native sheep cartilage

Figure 5. 36: Negative and positive control for histology. Bright field micrographs of the
histological stains H&E, Picrosirius and Alcian blue of 7 um paraffin sections of an acellular gel
and native sheep cartilage were taken at x20 magnification, scale bar = 150um.

Collagen Il Collagen X Aggrecan

Acellular gel

Native sheep cartilage

Figure 5. 37: Negative and positive control for immunohistology. Bright field micrographs of
immunohistology stains for collagen-type Il, collagen type-X and aggrecan of 7 um paraffin
sections of an acellular gel and native sheep cartilage were taken at x20 magnification, scale bar
= 150um.
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5.5.8.2 Hematoxylin and eosin staining (H & E)

The bright field micrographs of H and E staining for both experiment 1 (Figure 5.38) and
experiment 2 (Figure 5.39) on day 20 revealed differences between B M and Ch M treated
gels. The B M gels showed minimal staining of the extracellular matrix compared to Ch M
in either the dynamically or statically cultured group for the both experiments. No clear
differences were observed for Ch M treated gels cultured under dynamic and static
conditions for experiment 1, except for donor 5, for which the Ch M gels were stained more
intense.

In general, for experiment 2 less H & E stain intensity for all experimental conditions was
observed compared to experiment 1. In contrary to experiment 1, where Ch M and B M
treated gels were stained similarly intense for dynamic and static conditions, stronger stains

were observed for the Ch M dynamic treated groups in experiment 2.
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Figure 5. 38: H &E staining for experiment 1. Bright field micrographs of 7 um paraffin sections of oMSCs seeded gels were taken for day 1 and day 20. Gels were
cultured under dynamic and static conditions and treated with either chondrogenic (Ch M) or basic (BM) media. Images were taken at 10x magnification. Scale bar =
300 pm.
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Figure 5. 39: H &E staining for experiment 2. Bright field micrographs of 7 um paraffin sections of oMSCs seeded gels were taken for dayl and day 20. Gels were cultured
under dynamic and static conditions and treated with either chondrogenic (Ch M) or basic (BM) media. Images were taken at 10x magnification. Scale bar =300 pm.
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5.5.8.3 Picrosirius Red staining for the assessment of total collagen in collagen gels
Similar observation to H&E staining were made for Picrosirius Red staining (Figure 5.40).
For both experiment 1 and 2, there are clear differences between the Ch M treated and the B
M gels for both static and dynamic culture conditions were observed. Ch M treated gels
exhibited a highly intense red colour, which indicates the presence of higher collagen
content.

Variances in stain intensity between the 2, 5, 6, 8 and 13 were observed for the comparison
of all B M treated gels with all Ch M treated gels for both experiment 1 and 2. For experiment
1, the strongest stain was observed for donor 2 (dynamic, Ch M) and donor 8 (static, Ch M)
compared to the other donors. While donor 13 showed the lowest stain intensity for both Ch
M and B M indicating lower collagen concentrations compared to the other donors. For B
M some donors show higher intensity of the Picrosirius Red staining in dynamic group
compared to other donors, for example donor 5 and donor 8 (experiment 1) and donor 6 and
donor 8 (experiment 2).

Similar observations were made for experiment 2 (Figure 5.41). Strongest stains were

observed for donors 2, 5 and 6 (Ch M dynamic and static) compared to donor 8 and 13
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Figure 5. 40: Picrosirius Red staining for experiment 1. Bright field micrographs of 7 um paraffin sections of o0MSCs seeded gels were taken for day 1 and day 20. Gels
were cultured under dynamic and static conditions and treated with either chondrogenic (Ch M) or basic (BM) media, images were taken at 10x magnification. Scale

bar = 300 pum.
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Figure 5. 41: Picrosirius Red staining for experiment 2. Bright field micrographs of 7 um paraffin sections of oMSCs seeded gels were taken for day 1 and day 20.

Gels were cultured under dynamic and static conditions and treated with either chondrogenic (Ch M) or basic (BM) media, images were taken at 10x magnification.
Scale bar =300 pm.
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5.5.8.4 Alcian Blue staining for the assessment of GAG in collagen gels

There were noticeable differences between B M and Ch M treated gels for both static and
dynamic culture conditions. Donor 2, 5, and 6 showed the strongest Alcian blue stains for
experiment 1 (Ch M static and dynamic). Whereas, donor 8 and 13 exhibited the lowest
stain intensity (Figure 5.42). The intensity of the Alcian blue stain directly correlates with
the amount of GAG produced in the gels. Stronger stains represent higher GAG
concentrations.

For experiment 2 (Ch M dynamic and static) gels for donors 5 and 6 were stained strongest
followed by donor 2 and 8. Donor 13 exhibited the lowest GAG production (Figure 5.43).
For all donors in both experiments all B M gels showed only weak Alcian blue stain and no
clear differences between the gels for all donors in both static and dynamic condition were

observed.
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Figure 5. 43: Alcian blue staining for experiment 2. Bright field micrographs of 7 um paraffin sections of oMSCs seeded gels were taken for dayl and day 20. Gels
were cultured under dynamic and static conditions and treated with either chondrogenic (Ch M) or basic (BM) media, images were taken at 10x magnification. Scale

bar = 300 pm.
203



5.5.8.5 Collage type-11 immunostaining

An enzymatic method using horseradish peroxidase (HRP) was used to carry out
immunohistochemical staining of paraffin sections of the gels. The results revealed that Type
Il collagen expression markedly higher in both experiments for the Ch M gels than the B M
gels for all conditions. However, experiment 1 was in general better than experiment 2.

For experiment 1 (Figure 5.44), he gels showed that collagen type-11 expression for the both
static and dynamic conditions compare with day 1. But in different degrees some differences
could be notice between the Ch M treated of the static and dynamic group especially for
donor 5 and donor 13 (Ch M dynamic) which have higher dye intensity than (Ch M static)
For experiment 2 (Figure 5.45)., collagen type-11 expression was less than experiment 1, and
the Ch M groups were almost higher than B M groups for both static and dynamic condition.
Experiment 2 showed less variances between donors for (Ch M static) of the five donors
whereas for (Ch M dynamic) the results showed that donors 5, 8 and 13 (Ch M dynamic) is

higher than donors 2 and 6 of the same condition.
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Experiment 1
Donor 2 Donor 5 Donor 6 Donor 8 Donor 13

Figure 5. 44: Collagen type-11 expression immunostaining for experiment 1. Bright field micrographs of collagen type-I1 staining of 7 um sections, paraffin section of

0MSCs seeded gel samples at dayl and day 20. Gels were cultured under dynamic and static conditions and treated with either chondrogenic (Ch M) or basic (B M)
media, images were taken at 10x magnification. scale bar = 300 pum.
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Figure 5. 45: Collagen type-11 immunostaining for experiment 2. Bright field micrographs of collagen type-11 immunostaining of 7 um sections, paraffin section
of oMSCs seeded gel samples at day 1 and day 20. Gels were cultured under dynamic and static conditions and treated with either chondrogenic (Ch M) or basic
(BM) media, images were taken at 10x magnification. scale bar = 300 pum.
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5.5.8.6 Collagen type-X immunostaining
All gels for experiment 1 and 2 did not show collagen type-X expression when stained using
horseradish peroxidase (HRP) immunostaining, compared to the negative control (not

labelled with the collagen type-X antibodies) (Figures 5.46 and 5.47).
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Figure 5. 46: Collagen type-X immunostaining for experiment 1. Bright field micrographs of collagen type-X immunostaining of 7 um paraffin sections, paraffin
embedded of oMSCs seeded gel samples at dayl and day 20. Gels were cultured under dynamic and static conditions and treated with either chondrogenic (Ch M) or

basic (BM) media, images were taken at 10x magnification. Scale bar = 300 pm.
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Experiment 2
Donor 2 Donor 5 Donor 6 Donor 8 Donor 13

Figure 5. 47: Collagen X immunostaining for experiment 2. Bright field micrographs of Collagen X immunostaining of 7 pum paraffin sections, of oMSCs seeded gel
samples at day 1 and day 20 in two conditions dynamic and static, 20. Gels were cultured under dynamic and static conditions and treated with either chondrogenic
(Ch M) or basic (BM) media, images were taken at 10x magnification. Scale bar = 300 um.
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5.5.8.7 Aggrecan immunostaining

Aggrecan staining for experiment 1 (Figure 5.48) revealed positive stain for the (Ch M)
treated gels compare with day 1, In this experiment donors showed almost similar intensity
for Ch M treated gels both static and dynamic condition. The interesting observation of the
B M treated gels of the dynamic condition regarding to donor 2 and 5 was expressed
aggrecan more than other donors of the same condition, in particular the edges of the gels.
Experiment 2 (Figure 5.49) is also revealed a positive stain for the (Ch M) treated gels
compare with day 1donors 2 and 5 (Ch M dynamic) and donor 5 (Ch M static) showed the

best expression to the aggrecan.
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Figure 5. 48: Aggrecan immunostaining for experiment 1. Bright field micrographs of aggrecan immunostaining of 7 um paraffin sections, of oMSCs seeded gel
samples at dayl and day 20 in two conditions dynamic and static. Gels were cultured under dynamic and static conditions and treated with either chondrogenic

(Ch M) or basic (BM) media, images were taken at 10x magnification. Scale bar = 300 pum.
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Figure 5. 49: Aggrecan immunostaining for experiment 2. Bright field micrographs of aggrecan immunostaining of 7 um paraffin sections, of oMSCs seeded gel samples

at dayl and day 20 in two conditions dynamic and static. Gels were cultured under dynamic and static conditions and treated with either chondrogenic (Ch M) or basic
media (BM), images were taken at 10x magnification. Scale bar = 300 pum.

212



5.6 Discussion

Several methods have been used to support chondrogenesis of BM-MSCs for articular
cartilage and fibrocartilage tissue engineering with distinct advantages and disadvantages to
each method (Lo Monaco et al., 2018). However, there are tremendous challenges for
developing an optimal engineered cartilage. It is believed that tissue engineering of articular
cartilage will overcome the present restrictions of surgical treatment by introducing efficient
regeneration in the defect region (Park and Cho, 2010).

Magnetic Nanoparticles have many applications in various fields of science, technology and
medicine see (Pankhurst et al., 2003) for a detailed review. MNPs can be functionalised with
biomolecules such as peptides and antibodies and used to target, stimulate and subsequently
activate specific mechano-sensitive cell receptors and signalling pathways. Remote
activation is achieved by applying an oscillating external magnetic field to cause a
translational torque in the MNPs which is then transduced to the target mechanosensitive
protein (Hughes et al., 2005). In previous studies, remote mechano-activation of the ion
channel, TREK-1 has been shown to remotely deliver directed mechanical stimuli to
promote osteogenesis (Cartmell et al., 2002; Hughes et al., 2007; Hughes et al., 2008). In
this study, we have tested this technology for promoting chondrogenesis of 0BM-MSCs to
differentiate into chondrocytes with the aid of chondrogenic media in a 3D hydrogel cell
culture.

The efficiency of the coating of the magnetic nanoparticles with antibodies was first assessed
by examining changes in magnetic nanoparticle characteristics. The antibody coating
process resulted in an increase in particle size relative to uncoated particles. This increase in
size could be attributed to the protein layer around the coated MNPs. In addition, the relative
increase in MNPs surface charge might also be attributed to the presence of protein on the
particle surface. Previous work has also shown that particle coating with antibodies alters

particle surface charge in a similar manner (Hu et al., 2014).
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The oMSCs of the donors that have been chosen for this study were tested for the cell
viability by Trypan blue staining during culture at passage 1 to 3. In general, the viability
(%) increased from P1 to P2. Although, the differences between the three passages were
significant for 3 of 5 donors, all donors kept their viability and the ability to proliferates until
passage 3. These results agreed with the studies of (Adamzyk et al., 2013). The growth curve
and doubling time were determined by counting the cell numbers after each passage, for 1—
5 passages where the proliferation decreased after passage 3.

Cell metabolic activity using alamar blue assay was showed significantly increased across
the experimental time at day 10 and day 20 compare to day 0. the results have also showed
consistency in the cell activity for each experimental group in general. However, when
return to the PicoGreen assay results there is a significant decrease in cell number of the Ch
M gels compare with B M (Figures 5.15.and 5.16), that means the oMSCs cells which have
differentiated into chondrocytes (in the Ch M) have kept their metabolic activity or increased
and being active more than the un differentiated in the B M gels. in converting the blue
resazurin (alamar blue reagent) is reduced to resorufin, which is a red colourimetric indicator
(Bonnier et al., 2015). And that is may due to the highly active new chondrocytes in the Ch
M gel and the low activity of the over confluent of the undifferentiated oMSCs in B M gels.
There were no significant differences when comparing the five donors for all conditions in
each donor’s oMSCs metabolic activity.

The results showed a noticeable difference in gross morphology between the Ch M and B M
treated gels as the Ch M gels were solid in the texture, concave disc-like shape and sinking
in the fluid indicating the accumulation of ECM. While in contrast, the BM exhibited the
opposite characteristics as identified in chapter 4. However, no gross differences can be
observed between the dynamic and the static group of the Ch M and B M treated group.
Bose Electro Force 3200 mechanical testing machine has been successfully used to measure
the mechanical properties of different materials. This approach has been used to characterise

the viscoelastic properties of natural tissues (Barnes et al., 2016; Burton et al., 2017; Fulcher
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etal., 2009; Temple et al., 2016) and orthopaedic implants (Lawless et al., 2018; Lawless et
al., 2017). This unconfined ramp-hold compression was considered a suitable experiment to
obtain the mechanical properties of the collagen gels as well as the native cartilage, as it is a
simple experiment to perform to those thin samples (Andriakopoulou, 2016). In this study,
the gel samples gave similar mechanical properties to the native sheep articular cartilage and
the curves obtained from stress-strain data were similar to that of native cartilage tissue. The
computed Young modulus of the gel samples for both static and dynamic groups was
compared with the native sheep cartilage. And the results showed that the native sheep
computed Young modulus value (1.257 MPa) was higher than static group (1.165 MPa).
However, this value is lower than dynamic group gels (1.672 MPa) (Figure 5.14) which may
indicate that the dynamic condition provided by MICA enhanced chondrogenesis.

A limitation of this study was that native cartilage samples were a disc larger in diameter
than the gel samples and that may affect the estimated Young modulus according to the
physical thermotical that the pressure is related to the area, because the same force can have
a very different effect depending on the area over which it is exerted. Area is typically
measured in units of meters squared (m?). Since pressure is calculated by dividing force by
area, it has units of Newtons per meter squared (N/m?), and this unit is given a new name,
Pascals (Pa) 1 Pa =1 N/m?.

In this study, we have considered the use of MICA technology for the applications which
has been designed to remotely deliver directed mechanical stimuli to individual cells in
culture or within the body, to promote osteogenesis (Aagaard et al., 2003; Cartmell et al.,
2002; Hughes et al., 2007; Markides et al., 2018). The potential of this technique was tested
for chondrogenesis. The chondrogenic capacity was assessed by the production of ECM
(sGAG, total collagen and total protein). The results showed that the Ch M treated gel
produced a significant amount of the cartilaginous matrix compared with B M treated group
which showed that the responses of the oMSCs to the chondrogenic inducing elements in

the Ch M. Although there are previous reports of accelerated metabolic activity of
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chondrocytes exposed to mechanical cues. (Grad et al., 2012; Han et al., 2007), with the
MICA technology we did not see a consistent response in all the ovine donors. The total
amounts of SGAG, total collagen and total protein produced by the cells during culture was
enhanced in mechanically stimulated gels for potentially only three donors out of the five
donors. This demonstrates what has been reported previously by (Markides et al., 2018)
showing variation in responses between sheep in their tri-lineage potential.

According to the histological staining for cartilage ECM specific stain (alcian blue for GAG
and picrosirius for collagen), the stained paraffin sections of the tested groups exhibited
chondrogenic differentiation for all Ch M gels for both dynamic and static compared to B
M. The cells began to lose their phenotype from fibroblast-like spindle shapes to rounded
and surrounding with ECM. Some selective paraffin samples were investigated for the
calcium deposition in the gel sections using alizarin red (Appendix Figure A.1l). This
indicated that MICA stimulation did not promote osteogenic differentiation.
Chondrogenesis is usually assessed using markers of the chondrocyte phenotype, including
type Il collagen and aggrecan, in addition to type X collagen which had being used as a
marker of late stage chondrocyte hypertrophy, (type X collagen would be interesting in this
context because it is associated with endochondral ossification and it can indicate the type
of cartilage that is produced) (Mwale et al., 2000; Nelea et al., 2005). In our studies, we
confirmed a positive expression for chondrogenic markers collagen Il and aggrecan.
However, there is no expression for the hypertrophic marker collagen X. This may be due to

the length of the culture period where this marker is not observed at this early stage.
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CHAPTER 6

Comparison of TREK-1 versus TRPV4 for the
induction of chondrogenesis in oMSC-seeded

collagen gels under mechanical conditioning
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6.1 Introduction

TRPV4 is expressed in chondrocytes and has been shown to significantly upregulate Sox9-
dependent reporter activity and loss of TRPV4 function is associated with joint arthropathy
and osteoarthritis. In addition, during chondrogenesis of mesenchymal stem cells, the
expression pattern of TRPV4 was similar to the expression patterns of chondrogenic marker
genes such as Aggrecan and collagen type-1l (Cao et al., 2018). In cartilage, TRPV4 has a
key role in chondrocyte mechanotransduction and osmosensation. Blocking TRPV4 in
chondrocytes closes the anabolic response to mechanical loads, meanwhile activating
TRPV4 mimics the response of the mechanical loading. TRPV4 was identified as a regulator
of chondrogenic differentiation. O’Conor and his group have proved that inhibition of this
osmotic channel during mechanical loading prevented acute, mechanically facilitated the
systemisation of proanabolic and anticatabolic genes (O’conor et al., 2014). The goal of this
study was to examine the hypothesis that TRPV4 on the oMSCs can be stimulated by MICA
after labelling the cells with TRPV4 antibody-coated MNPs and can differentiate towards

chondrogenesis.
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6.2 Aim and objective

The aim of this chapter is to investigate the effect of mechanical stimulation using MICA

technology on chondrogenic differentiation of the BM-oMSCs by targeting TRPV4

mechanosensitive channel in comparison with TREK-1 using MNPs.

The objectives this chapter are

To study the effect of TRVP-4 activation on chondrogenesis using MICA technology
To compare chondrogenesis of TREK-1 and TRVP4 targeted BM-oMSC under static
and dynamic conditions

To assess the variance among three different BM-oMSC donors to produce a
cartilaginous matrix in response to chondrogenic and basic media.

To assess the mechanical properties of the engineered cartilage by determining the
Young’s modulus.

To assess the biochemical composition of the engineered cartilage by determining
the SGAG, total collagen total protein content relative to total cell number.

To study the matrix composition of the engineered cartilage through histological
stains such as H and E, alcian blue and Picrosirius as well as immunohistochemistry

for collagen 1l collagen X and aggrecan.
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6.3 Materials and Methods

6.3.1 Compare TREK-1 versus TRPV4 activation

The oMSCs of three donors were cultured to passage 3 and divided into two parts, one part
was labelled with TRPV4- coated MNPs and the other part was labelled with TREK-1 -
coated MNPs. Cells were seeded in rat tail collagen type | hydrogels at a density of 2X10°
cells/gel. The experimental protocol from the TREK-1 experiment was adopted in this
experiment (Chapter 5, section 5.3.1). The two groups of antibody-labelled oMSCs were
subdivided into two experimental groups, namely statically and dynamically cultured
groups. Cells were further cultured with either chondrogenic media (Ch M) or basic medium
(B M). Gels were assessed for cell metabolic activity (alamar blue) on day 1, day 10 and day
20 (n = 3), mechanical properties (compression testing, n = 4) gel samples were harvested at
day 1 and day 20 and fixed for histology or frozen at -20 oC for biochemical analysis (n =
3). Summary of the experimental procedures performed in Chapter 6 is showed in Figure

6.1.
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Figure 6. 1: Methodology for chapter 6. This schematic summarises the experimental steps

carried out in chapter 6.
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6.3.2 Cross-reactivity of TRPV4 antibody with ovine MSC

The primary TRPV4 antibody used in this study primarily reacted with humans, mouse and
rat. Hence, the antibody was tested for ovine cell reactivity by fluorescent
Immunocytochemistry as described in chapter 2, section 2.5.1 using unlabelled oMSCs as

negative control and sheep chondrocytes as positive control.
6.3.3 Antibody coating of magnetic nanoparticles

MNPs were coated with antibodies as described in chapter 2, section 2.5.1. For this
experiment, a stock solution of 10 mg/ml Nanomag suspension was coated with TRPV4 or
TREK-1 antibodies. Antibody-coated MNPs were prepared to a final concentration of 1
mg/ml in 1% BSA. The working solutions of both TRPV4 and TREK-1 coated MNPs were

subjected to MNPs characterisation before and after coating and were stored at 4°C until use.
6.3.4 Cell labelling with antibody-coated magnetic nanoparticles

0MSCs for donors 2, 6 and 13 were divided into two parts and labelled either with the
TRPV4 or TREK-1 antibody-coated MNPs as mentioned in chapter 2, section 2.5.2. The
antibody-labelled oMSCs were then seeded in 3D collagen | hydrogels at a cell density of

2X10° cell /gel as described in chapter 2, section 2.2.2.9.
6.3.5 Alamar blue assay

AlamarBlue® cell viability reagent was used to assess cell viability. The assay was
performed on day 1, day 10 and day 20 (n = 3 for each condition) as explain in chapter 2,
section 2.2.2.10. Data was shown as mean + standard deviation and statistically analysed
using SPSS (Section 6.3).

6.3.6 Mechanical testing and Young’s modulus

Samples were subjected to compression test shortly after harvesting at day 1 and day 20 (n
= 4 each). Sample diameter and height were measured using digital callipers. Gels were
placed on the platform of the mechanical tester (Bose, ElectroForce 3200). Tests were

performed as described in chapter 2, section 2.7. The mechanical test was performed for Ch
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M-fed gels only, because gels cultured in B M did not consolidate throughout the
experiment. Analyses was performed to compare TREK-1 and TRPV4 labelled MNPs in
both static and dynamic culture conditions at day 20.

Stress-strain curves were plotted, and the young’s modulus was calculated as described in
chapter 2, section 2.7. For all of the calculations, tissue homogeneity was assumed. Data was
shown as mean + standard deviation and statistical analyses was performed using SPSS

(section 6.3).
6.3.7 Biochemical assays

To perform biochemical assays, samples were digested with 1 ml of 50 pug/ml proteinase K
in 100 mM ammonium acetate overnight at 60°C. During this time, the vials were vortexed
twice. The digested samples were aliquoted and frozen at -21°C until use. Samples were
analysed to quantify the content of DNA, sulphated GAG, total collagen and total protein

using the specific assays as described in chapter 2, sections 2.6.1-2.6.4 respectively.
6.3.8 Histology and immunohistology

Samples were prepared for histology and immunohistology as previously mentioned in
chapter 2, section 2.4.2. Serial gel sections with a thickness of 7 um were prepared for
histological and immunohistological stains for day 1 and day 20. Hematoxylin and Eosin
(H&E) stain, Alcian blue (AB), and Picrosirius red (PS) were chosen for histological
assessment of the gel samples (Chapter 2, sections 2.4.3.1-2.4.3.5). Immunohistological
assessments were performed using immune-peroxidase antibody staining for Collagen type

I1, collagen type X and aggrecan staining (Chapter 2, section 2.4.4).

6.4 Statistical analysis

Data for Young’s modulus, DNA content and SGAG, total protein, total collagen content
and their normalisation to the DNA content were compared using one-way ANOVA with

Tukey’s multiple comparisons test to determine statistical significance between each

condition. Differences were considered significant for P < 0.05. Analysis was performed
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using IBM SPSS statistics program version 24. All values quoted in the results are mean +
standard deviation at day 20, Ch M for both TREK-1 and TRPV4 groups. Both static and
dynamic conditions were analysed for the donors’ performance and comparison between

donors and conditions.

6.5 Results

6.5.1 Cross-reactivity of TRPV4 antibody with ovine MSC

Immunocytochemistry staining of both sheep chondrocytes and oMSCs of two experimental
donors revealed TRPV4 expression, indicating cross reactivity of the TRPV4 antibody with

sheep cells and hence confirming the antibodies suitability for this experiment (Figure 6.2).

TRPV-4 DAP1 Merge

Figure 6. 2: Immunostaining of TRPV4 expression in ovine cells. Fluorescent micrographs of
sheep chondrocytes (P2) and isolated oMSCs (donor 13, P3) showed positive TRPV4 expression
(red) compared to the control. Cell nuclei were counter stained with DAPI (blue). Images were
taken using a confocal microscope (CLSM) at 60 x magnification. Scale bars = 50 um.

chondrocytes Negative control

Donor 13
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6.5.2 Characterisation of the antibody-coated MNPs

6.5.2.1 MNPs sizing and zeta potential

MNPs size distributions are shown for uncoated MNPs, TRPV4-coated and TREK-1-coated
MNPs (Figure 6.3A). For uncoated MNPs the particle sizes ranged from around 290 nm to
344 nm (peak at 321 nm). When MNPs were coated with antibodies their size distribution
changed. For TREK-1-coated MNPs diameters ranged from below 100nm to around 1200
nm. Two peaks were observed at around 290 nm and 600 nm. An even broader size
distribution was observed for TRPV4-coated MNPs ranging from 145 nm to around 1300
nm with a peak at ~350 nm. Overall, coating MNPs with antibodies resulted in an increase
in MNPs diameter.

While the surface charge of the MNPs become more positive from about -31-17 mV
(uncoated MNPs) to about -21 to +7 mV (TRPV4 coated) and about -17 to +7 mV (TREK-

1 coated MNPs (Figure 6.3 B).
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Figure 6. 3: Size and zeta potential of MNPs. Uncoated and coated MNPs (TRPV4 and TREK-1)
were characterised for (A) size and (B) zeta potential by DLS measurements using Malvern zetasizer.
Results illustrate increased size of the MNPs after labelling with the antibodies. Changes in surface
charge observed from negative (uncoated) to positive (coated).
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6.5.2.2 MNPs oscillating movement

Magnetic nanoparticles possess the advantage that they can be characterized magnetically in
addition to conventional NP characterization techniques to obtain more information
regarding the MNPs. The TREK-1 and the TRPV4 coated MNPs were characterised for
oscillating movement using alternate current susceptometer (ACS) (Figure 6.4). Results
show that there was slight alteration in the chi’’ curve for the TRPV4 coated MNPs, but not

for TREK-1 which exhibited a curve almost similar to the uncoated MNPs.
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Figure 6. 4: Oscillating movement of MNPs. Uncoated and coated MNPs (TRPV4 and TREK-
1) were characterised for oscillating movement by Alternate Current Susceptometer (ACS). The
graph illustrates slight alteration in the ch’’ curve for the TRPV4coated MNPs but not for TREK-
1 which exhibit a curve almost similar to the uncoated MNPs.
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6.5.3 Assessment of cell metabolic activity using alamar blue assay

Cell metabolic activity was assessed by alamar blue. The results showed consistency in the
metabolic activity for each experimental group (Figure 6.5). Generally, cell metabolic
activity increased across the experimental time at day 10 and 20 compare to day 1 (P <0.001)
(significance not shown). In addition, day 10 was significantly higher in cell viability than
day 20 for all Ch M cultured gels for both TREK-1 and TRPV4-coated MNPs under static
and dynamic culture conditions (P < 0.001). No significant differences were observed for B
M in all conditions between day 10 and 20. Comparing between the TREK-1 group and

TRPV4 there was no significant differences in cell metabolic activity between the two

groups.
E3

0.8 ' *% %
£ 0.7
c
-§| 0.6
in 0.5
g 0.4
c 0.3
P I
£ 0.2
2 01
o
< 0

CchM CchM CchM CchM
Static Dynamic Static Dynamic
TREK-1 TRPV-4

Dayl mDayl0 mDay20

Figure 6. 5: Cell metabolic activity assessed by alamar blue assay. Cell metabolic activity
significantly increased for both ion channel groups TREK-1 and TRPV-4 at day 10 and 20 compare
to day 1 for all conditions (significance not shown) There were a significant difference comparing
the static and dynamic group within each ion channel. Significant difference was also observed when
compare the TREK-1 with TRPV4 regarding to Ch M of each static and dynamic. *p < 0.5, **p <
0.01. ***p <0.001.
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6.5.4 Compression test and Young’s Modulus

Compression tests were performed for gels cultured dynamically and statically in Ch M at
day 20. A displacement of 0.2 mm of the entire specimen thickness was applied resulting in
loads ranging between 5-20 N. Stress-strain graphs were plotted (Figure 6.6). The TRPV4
dynamic groups revealed the highest values that need for the compression test (stress in
N/m?) than the static, reflecting the solidity of samples. For TREK-1 groups this result was
true except donor 13 which showed that the stress strain curves in static group.
Subsequently, Young’s modulus was calculated using equation 2.7 in chapter 2, section 2.7
and plotted in Figure 6.7. The graph showed that regarding TRPV4 there is a significant
difference between the static and dynamic group for all three donors, for donor 2 (P <0.01),
for donor 6 (P < 0.01), and for donor 13 (P < 0.001). Whereas, there was no significant
difference between the groups when comparing dynamic versus static condition. Regarding
to differences between the three donors, significant differences were observed (P < 0.001),
between the TRPV4 dynamic group of the donor 13 with TRPV4 dynamic group of each
donor 2 (P <0.01), and 6 (P <0.05). In addition to the significant difference (P <0.001) with
donor 13 TREK-1 dynamic group.

To summarise the data and compute young modulus of the engineered cartilaginous samples
for the three donors the data was plotted as two categories TREK-1 group and TRPV4 group
both static and dynamic each. Data was analysed for mean + standard error. In a same way
all static and / or dynamic samples were plotted in a bar chart to estimate the overall young’s
modulus of the engineered cartilage under the two conditions and the two categories (Figure

6.8).

228



TRPV-4

TREK-1

s1
s2
s3
s4

sl
s2
s3
s4

s1
s2
s3
s4

z 1810
L8T°0 L8T'0 SLT0
SLT'0 SLTo 2910
2970 7910 cro
\ sTo sto LET'0
LET'O LET0 szro
o . sTro
— STT0 o £
m aroe £ e £ ©
£ ! = )
© ro 8 o S oG
- 1800 & 800 O 180°0
> sL0°0 5L0'0 5L0'0
D 790°0 7900 €900
500 500 500
1£0°0 LE00 LE0°0
5200 S0 SZ00
1} 0 0
(=] (=] (=] (=] (=] (=] (=]
s €888 EE8EEE §8888°
2 § B R S 2 § 8 R 3 g8 8 8 8 8
[;w/N] ssans [;w/N] ssans [;w/N] ssans
_ c
z
z £8T°0
1810
o110 1810 SLT0
291 SLT0 7910
. 7910 ST'0
ST'0 .
. sT0 LET'0
LET'0 .
. LETO SIT0
o STT'0 <zro
— . o £
zire £ o E £
- £ o = o ®
© To @ o S =
[ 800 *2 & £80°0 ¢»n
a &a 1800 .
SL0'0 . 5L0°0
" 5L00 2900
2900 290'0 ‘
S00 500 so'o
1500 100 LEOO
5200 <700 5200
0 0 0
o o =)
£888¢8 888§ $EEEE
g 8 8 8 8 2 8 8 g 8 8 8 8 8 8
n T M N o= 2 8 8.8 S wmo=s MmN
[;w/N] ssans W /N] ssaans [;w/N] ssans
333 2923 o
|1 |11, [
z £8T°0 z
£8T°0 SIT'0 L8T°0
SLT'0 291°0 SLT'0
7910 <To 7910
sT0 £T'0 ST0
o LET'0 €710 LET0
- SZT'0 0 = SZT0
£ 7iro .m , M.Hog © 7o o
© o £ 500 B T ®
c £80°0 W : 18070 45
> SL0°0 §L00 seo0
Q 900 900 7900
500 s0'0 500
LEOD LEQ'O LEO'O
5200 5200 5700
0 0 0
o [=]
g 8§88 8 g8 8888 g 8888g8-°
28 8 8 8 8 2 8 8 8 8 g8 8 8 8 8
[;w/N] ssea1s [;w/N] ssans [;w/N] ssens
oo om o PUDT oy
_ _ _ ¢ Mm:.a z
810 ) 1810
SIT'0 SLT0 SiTo
2910 “ro 2910
sT'0 sTo ST'0
LET'D LETO 1610
9o S0 SIT0 o STT'0
- aro g aro g aro £
.m ro 5 o 2 To m
) 1800 9 £80°0 1800 A
SL0°0 SL0°0 51070
7900 7900 7900
00 S0°0 500
LE0°0 1£0°0 LE00
S70°0 5200 5200
0 1] 0
g g88gsgsg-° g88g8ggs8g-° g g 888 °
S & & & © €S § 8 g 8 S 8§ § g8 g
%8 % R 8 25583 8% 8 8%
[;w/N] ssans [zw/N] ssanis [7w/N] ssans
¢ ouog 9 JouoqQ €T 10uoQg

| properties of the samples. Generally, the TRPV4 dynamic

Ica

displayed the mechan

In curves

f cellular 3D collagen gels. Stress- stra

: Stress - strain curves 0

Figure 6. 6

group were higher than static groups, except for donor 13, which displayed the opposite trend in TREK - 1 group. s = sample number (n = 4).
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Figure 6. 7: Young’s modulus of oMSc-seeded hydrogels on day 20 Ch M only. Young’s modulus
was calculated for Ch M treated gels on day 20 only for all experimental groups of the three
donors. Significant differences were observed between static and dynamic for TRPV4 group of
all donors. Meanwhile, donor 6 was the only one to show significant differences for TREK-1.
Also, for the donor variance significant differences between the TRPV4 with TREK-1 dynamic
group of the donor 13 and both donors 2 and 6. Data are expressed as mean + standard error (n
=4). d, h, and | represent statistically significant difference for: donor 2 (Ch M dynamic TRPV4),
donor 6 (Ch M dynamic TRPV4), and donor 13(Ch M dynamic TRPV4) respectively * p < 0.05,
*¥p <001, **¥p <0.001.

* k%

i * %k %k \
% %k
. i i

Static Dynamic Static Dynamic

w
w n s

g
n

=
wn

Young’s modulus [MPa]
[N N

o
o

o

TREK1 TRPV4

Figure 6. 8: Young’s modulus graph of TREK-1 vs TRPV4. The data of oMSCs-seeded hydrogels
of all three donors on day 20 for Ch M only was analysed. The graph displays the significant
differences between static and dynamic group for both TREK-1 and TRPV4. The graph also displays
that Young’s modulus of the TRPV4 dynamic is significantly higher than TREK-1 dynamic group
**p <001. ***p <0.001.
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6.5.5 Biochemical analysis of oMSC response

6.5.5.1 Quantification of DNA content

PicoGreen assay was used to quantify the DNA content in the gel lysates at day 1 and day
20 (Figure 6.9). In general, the results showed that there is a significant increase in the DNA
content indicating increase in the cell number of the B M for all experimental groups in day
20 compared to day lat p < 0.001 (the significant was not showed). Whereas, there were
decreases but not significant in the cell number for Ch M.

There are differences comparing between the Ch M groups of the dynamic vs static within
each group (TREK -1 p < 0.01 and TRPV 4 p < 0.05). Significant difference was also

observed when compare the TRPV4 with TREK-1 regarding to Ch M of each static p <0.01

and dynamic p < 0.05.
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Figure 6. 9: Quantification of DNA content in oMSc-seeded collagen gels of TREK-1 vs TRPV4
group. DNA content of the gel samples was determined using PicoGreen assay following digestion
with proteinase K. The DNA content increased significantly over 20 days for B M gels (significance
not shown). Whereas, the DNA content in Ch M gels decreased but not significantly for experimental
conditions. There were significant differences while comparing the static and dynamic group within
each ion channel. Significant differences were also observed when compare the TRPV4 with TREK-
1in regard to Ch M of each static and dynamic * P <0.05, ** P <0.01.
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These results confirmed individually for each donor (Figure 6.10) when the DNA contents
were significantly increased across the experimental time for the most B M gels that cultured
statically and/or subjected to mechanical stimulation. However, the DNA content for the Ch
M cultured gels were decreased, except for TRPV4 static (Ch M gel) for the donor 2, which
significantly increased (P <0.001) over 20 days compared to day 1. For comparing between
the static and dynamic group of the all experimental conditions, donor 2 static and dynamic
was significantly different (P <0.001).

For comparison between the three donors, donor 2 (Ch M dynamic, TREK-1) was different
from each donor 6 and 13 (Ch M dynamic, TREK-1). (P <0.01) also, donor 2 (Ch M static,

TRPV4) was different from each donor 6 and 13 (Ch M static, TRPV4).
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Figure 6. 10: Quantification of DNA content in oMSc-seeded collagen gels. DNA content was determined using PicoGreen assay following digestion with proteinase
K. The DNA content increased significantly over 20 days for most B M gels. Whereas, the DNA content in Ch M gels decreased significantly for experimental conditions
except donor 2 static TRPV4 group. Significant differences were observed between donor 2 (Ch M dynamic TREK-1) and each donor 6 and donor 13 (Ch M dynamic
TREK-1) as well as donor 2 (Ch M static TRPV4) with each donor 6 and donor 13 (Ch M static TRPV4). d, h, j, and I represent statistically significant difference for:
donor 2 (Ch M dynamic TRPV4), donor 6 (Ch M dynamic TRPV4), donor 13 (Ch M dynamic TREK-1) and donor 13(Ch M dynamic TRPV4) respectively. Data are
expressed as mean + standard deviation (n = 3). *p <0.05, **p <0.01, ***p <0.001.
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6.5.5.2 Quantification of SGAG content in oMSC-seeded collagen gels

The sGAG content was assessed by DMMB assay for all the three donors’ data (Figure 6.11).
Data showed significant differences between day 1 and day 20 for all conditions (P <0.001).
(significance not shown). Significant differences were observed when compare static and
dynamic group of TRPV4 but not for TREK-1. In addition, a significant difference was
observed when comparing TRPV4 versus TREK -1 (P <0.01).

These results confirmed individually for each donor (Figure 6.12). when data showed
significant differences between day 1 and day 20 for all conditions of the three donors (P <
0.001), except for the B M gel dynamic TREK-1group (P <0.01). No significant differences
when compare static and dynamic group of each TREK-1 and TRPV4. For comparison
between the three donors, there are Osignificant differences between donor 13 (Ch M

dynamic TRPV4) with each of donor 2 and 6 (Ch M dynamic TRPV4) (P <0.05).
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Figure 6. 11: Quantification of sGAG content in oMSc-seeded collagen gels of TREK-1 vs TRPV4
group. The sGAG content was determined using DMMB assay following digestion with proteinase
K. sGAG contents significantly increased at day 20 for all experimental conditions compared to day
1 (significance not shown).
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Figure 6. 12: Quantification of GAG content in collagen gels. The GAG content was determined using DMMB assay following digestion with proteinase K. GAG
contents were significantly increased at day 20 for all experimental conditions. Significant differences between donor 2 (static Ch MTRPV4) and donor 6 (static Ch
M TRPV4) as well as between donor 13 (dynamic Ch M TRPV4) and donor 2 (dynamic Ch M TRPV4) and donor 6 (dynamic Ch M TRPV4). (c, d, g, hand I) represent
statistically significant difference form: donor 2 (Ch M static TRPV4), donor 2 (Ch M dynamic TRPV4), donor 2 (Ch M dynamic TRPV4), donor 6 (Ch M dynamic
TRPV4) and donor 13(Ch M dynamic TRPV4) respectively. Data are expressed as mean + standard deviation (n = 3). * p <0.05, **p <001, ***p <0.001.
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6.5.5.3 SGAG content normalised to DNA content

The sGAG content was normalised to the DNA content of the same samples to determine
the SGAG content in relation to cell number (Figure 6.13). The results showed that for all
donors and experimental conditions the normalised sGAG for Ch M cultured gels
significantly increased (P < 0.001) (significance not shown), but for B M there were no
significant differences. On the other hand, there is a significant difference between the static
and dynamic of the TRPV4. Interestingly there is a significant difference between static

group between Ch M of the TRPV4 and Ch M of the TREK-1(P <0.01).
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Figure 6. 13: sSGAG content in oMSc-seeded collagen gels of TREK-1 vs TRPV4 group. sGAG in
relation to cell number increased significantly for gels cultured in Ch M for all time points
(significance not shown). No significant increases were observed for gels cultured in B M. There is
a significant difference between the static and dynamic of the TRPV4. Comparing TREK-1 versus
TRPV4, there was a significant difference between the static group but not the dynamic group of
them *p <0.05, **p <001***p <0.001.
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These results confirmed individually (Figure 6.14). for each donor when the results showed
that for all donors and experimental conditions the normalised GAG content for Ch M
cultured gels was significantly increased (P < 0.001) except for donor 2 (Ch M static
TRPV4). While for B M gels, no significant differences were observed over 20 days.
Comparing dynamic with static group of the donors, there was significant difference between
static and dynamic of the TRPV4 group for the donor 2 only.

When comparing between the three donors, following significant differences were observed:
Donor 2 (Ch M static TREK-1) significantly different with donor 13 (Ch M static TREK-1)
(P <0.05), Donor 2 (Ch M dynamic TREK-1) significantly different with donor 13(Ch M
dynamic TREK-1), Donor 2 (Ch M static TRPV4) significantly different with donor 6 and
13 (Ch M static TRPV4) (P < 0.01) and donor 6 (Ch M dynamic TRPV4) significantly

different with donor 13 (Ch M dynamic TRPV4).
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Figure 6. 14: sGAG content normalized to the DNA content. SGAG in relation to cell number increased significantly for gels cultured in Ch M for all time points, except
donor 2 (Ch M, static, TRVP4). No significant increases were observed for gels cultured in B M. Results further revealed significant differences between donor 2 ( Ch
M static TREK-1) and donor 13 (Ch M, static TREK — 1);between donor 2 (Ch M dynamic TREK — 1) and donor13 (Ch M dynamic TREK — 1); between donor 2 (Ch M
static TRPV4) and donor 6 and donor 13 (Ch M static TRPV4;, as well as between donor 13 (Ch M dynamic TRVP4) and donor 6 (Ch M dynamic, TRVP4). a, b, ¢, g, h,
i, j, kand I represent : donor 2 (Ch M static TREK-1), donor 2 (Ch M dynamicTREK-1), donor 2 (Ch M static TRPV4), donor 6 (Ch M static TRPV4), donor 6 (Ch M
dynamic TRPV4), donor 13 (Ch M static TREK-1), donor 13 (Ch M dynamicTREK-1), donor 13 (Ch M static TRPV4)and donor 13 (Ch M dynamic TRPV4). Data are
expressed as mean + standard deviation (n = 3), * p <0.05, **p < 001***p < 0.001.
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6.5.5.4 Quantification of total protein content of oMSC-seeded collagen gels

The total protein content in the gel samples was assessed using BCA Protein Assay (Figure
6.15). There are significant increases in the total protein content (ug/ml) at day 20 compared
to day 1 for all Ch M gels (P < 0.01). (significance not shown), but not for B M gels.
Comparing the static and dynamic group within each experimental group (TREK-1 and
TRPV4), there is significant difference within TRPV4 (P < 0.001), but not within TREK-1
group. The graph also displayed significant differences between TRPV4 and TREK-1 in

regard to dynamic versus dynamic and static versus static group (P < 0.05).
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Figure 6. 15: Total protein content in oMSc-seeded collagen gels of TREK-1 vs TRPV4 group.
Total protein content in the gels was assessed using BCA Protein Assay, following digestion with
proteinase K. Total protein concentrations significantly increased for all Ch M groups (significance
not shown). No significant differences were observed for all B M groups. * p <0.05, **p <001***p
<0.001.
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Individually, the results confirmed by significant increases in the total protein content
(ng/ml) at day 20 compare with day 1 for all Ch M gels and most of B M gels. Comparing
the different culture conditions with each other, no significant differences were found
between the dynamic and static groups for both TREK-1 and TRPV4 labelled cells cultured
in Ch M. Significant differences in the chondrogenic performance were found as follow:

Donor 2 (Ch M static TREK-1) is significantly different from donor 13(Ch M static TREK-
1) (P <0.01), donor 2 (Ch M dynamic TREK-1) is significantly different from donor 13(P <
0.001), donor 6 (Ch M static TREK-1) is significantly different from donor 13 (Ch M static
TREK-1) (P <0.001) and donor 6 (Ch M dynamic TREK-1) is significantly different from

donor 13 (Ch M dynamic TREK-1) (Figure 6.16).
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Figure 6. 16: Total protein content. The total protein content in the gels was assessed using BCA Protein Assay, following digestion with proteinase K. Total protein
concentrations significantly increased in all Ch M groups but less in the B M group for the both T REK - 1 and TRPV4 in all three donors. a, b, e, f, i and j represent
statistically significant difference for: donor 2 (Ch M static TREK-1), donor 2 (Ch M dynamicTREK-1), donor 6 (Ch M static TREK-1), donor 6 (Ch M dynamicTREK-
1), donor 13 (Ch M static TREK-1) and donor 13 (Ch M dynamicTREK-1) respectively. Data are expressed as mean + standard deviation (n = 3). * p <0.05, **p <001,
**Ep < 0.001.
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6.5.5.5 Total protein content normalised to DNA content

The total protein content was normalised to the DNA content of the same samples to
determine the total protein content in relation to cell number (Figure 6.17). In general, the
normalised values showed increasing in the normalised data across the experimental time
comparing to day 1 for Ch M gels but not for B M. Comparing the Ch M group of each
condition, there is a significant difference between Ch M dynamic and Ch M static (P <
0.001) for TRPV4 group. Whereas, there is no significant difference between Ch M dynamic
and Ch M static for TREK-1 group. In the other hand there was no significant differences

for Ch M of the dynamic group between the TRPV4 and TREK-1.
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Figure 6. 17: The total protein content normalised to the DNA content of TREK-1 vs TRPV4
group. The normalised values showed increasing in the normalised data across the experimental
time comparing to day 1 for Ch M gels but not for B M. comparing the Ch M group of each condition,
there is a significant difference between Ch M dynamic and Ch M static for TRPV4 group. No
significant difference between Ch M dynamic and Ch M static for TREK-1 group was observed. No
significant differences for Ch M of the dynamic group between the TRPV4 and TREK-/. **p <001,
¥k < 0.001.
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These results confirmed individually for each donor, when the results showed that the
increases were significant for P < 0.001 in all Ch M cultured gels of all condition (Figure
6.18). However, the B M results of the TRPV4 group showed increases in the normalised
protein value, for donor 2 and donor 6 (static and dynamic) but they were not as high as for
the Ch M gels. Comparing static with dynamic group, significant differences were observed
for donor 2 for TRVP4 (P < 0.001). While, for donor 6 and 13 no significant differences
were observed between the dynamic and static groups for both TEK-1 and TRPV4.

Comparing between donors, donor 13 (Ch M static TREK-1) was significantly different from
donor 2 (Ch M static TREK-1) and donor 6 (Ch M static TREK-1) (P <0.001). Donor 2 (Ch
M static TRPV4) was significant different from donor 13 (Ch M static TRPV4) (P < 0.01).
Donor 2 (Ch M static TRPV4) was significant different from each donor 6 and 13 (Ch M

static TRPV4) (P < 0.001).
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Figure 6. 18: The total protein content normalised to the DNA content. Significant increases across the time points were observed for Ch M, but not B M for all
donors and culture conditions, except donor 2, which showed an increase in the B M of both static and dynamic of the TRPV4 compare with day 1. a, b, c, e, g, i, jand
k, represent statistically significant differences for: donor 2 (Ch M static TREK-1), donor 2 (Ch M dynamicTREK-1), donor 2 (Ch M static TRPV4), donor 6 (Ch M
static TREK-1), donor 6 (Ch M static TRPV4), donor 13 (Ch M static TREK-1), donor 13 (Ch M dynamicTREK-1) and donor 13 (Ch M static TRPV4) respectively.
Data are expressed as mean + standard deviation (n = 3). * p <0.05, **p <001, ***p <0.001.
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6.5.5.6 Total collagen content

The total collagen content in the gel samples was assessed using Chondrex Sirius Red
Collagen detection Kit as described in chapter 2, section 2.6.4. Data are shown in Figure
6.19. The increases in the collagen production across the experimental time were significant
for Ch M dynamic group. Significant differences were found between the dynamic and static

groups for both TREK-1 (P <0.001) and TRPV4 (P <0.05) labelled cells cultured in Ch M.
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Figure 6. 19: Total collagen content of TREK-1 vs TRPV4 group. The graph showed significant
increases in the collagen production across the experimental time for Ch M dynamic group.
Significant differences were found between the dynamic and static groups for both TREK-1 and
TRPV4) labelled cells cultured in Ch M. *p < 0.05, **p <001, ***p <0.001.

These results confirmed individually for each donor (Figure 6.20). Significant increases were
observed for the comparison of day 1 (Ch M gels) with day 20 (Ch M gels) for both dynamic
and static cultured gel (P < 0.001). However, the B M gels for the TRPV4 dynamic and
static group showed increases in the total collagen value for the donors 2 and 13 (P < 0.01).
In addition, increased total collagen concentrations were observed for the B M TREK-1
dynamic group of donors 2 and donor 6 (P < 0.01). Significant differences were revealed
when comparing the dynamic and static group for the both TREK-1 and TRPV4 for donor
6, but not for other donors (donor 2 and donor 13). There were no significant differences

among the three donors regarding to their performance of the collagen production.
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Figure 6. 20: Total collagen content. The total collagen content in the gel samples was assessed using Chondrex Sirius Red Collagen detection Kit, following digestion
with proteinase K. Statistically significant increases were observed at day 20 for all dynamically and some statically cultured gels. The B M gels of the dynamic TRPV4
group showed increases in total collagen for donors 2 and 13 in addition to the B M of the dynamic TREK-1 group for donors 2 and 6. There are significant differences
when comparing the dynamic and static group for the both TREK-1 and TRPV4 for donor 6, but not for t donor 2 and donor 13. There were no significant differences
among the three donors regarding to their collagen production. Data are expressed as mean * standard deviation (n = 3). *p < 0.05, **p <001, ***p <0.001.
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6.5.5.7 Total collagen content normalised to DNA content

The total collagen content was normalised to the DNA content to determine the total collagen
content in relation to cell number (Figure 6.21). Overall, across the experimental time the
increases in the normalised DNA value were significant in dynamic group of both TREK-1
and TRPV4 (P <0.001). Statistically significant differences were found between the static

and dynamic group within each TREK-1(P <0.001) and TRPV4 (P <0.01) group.
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Figure 6. 21: Total collagen content normalised to the DNA content of TREK-1 vs TRPV4 group.
Across the experimental time the increases in the normalised DNA value were significant in dynamic
group of both TREK-1 and TRPV4. Differences were found between the static and dynamic group
within each TREK-1and TRPV4 group. * p <0.05, **p <001, ***p <0.001.

Individually for each donor (Figure 6. 22), the results showed higher levels of normalised
collagen for the dynamic Ch M groups compared to the static groups for donor 2, 6 and 13.
Statistically significant differences were found for Ch M static gels of donors 2 for both
TREK-1 and TRPV4, and for the donor 6 and 13 for TREK-1 (P < 0.001).

Comparing static with dynamic group, significant differences between static and dynamic
group were observed for each donor 2 (for TREK-1 and TRPV4) (P <0.001). donor 6 (P <
0.001).and 13 (P <0.01). (for TREK-1 only).

The comparison of all donors with each other revealed significant differences between
donor 2 (Ch M dynamic TREK -1) and donors 6 and 13 (Ch M dynamic TREK -1) (P <

0.001).
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Figure 6. 22: Total collagen content normalised to the DNA. The results showed increases in the normalised collagen content over 20 days. Significant differences
were observed between dynamic and static Ch M groups of donor 2 (both TREK-1 and TRPV4) and for the donor 6 and 13 for TREK-1. The comparison of donor 2, 6
and 13 with each other revealed significant differences between donor 2 (Ch M dynamic TREK -1) and donors 6 and 13 (Ch M dynamic TREK -1). b, f, and j; represent
statistically significant difference for: donor 2 dynamic Ch M TREK-1, donor 6 dynamic Ch M of TREK-1 and donor13 dynamic Ch M of TREK- 1. Data are expressed
as mean =+ standard deviation (n = 3). * p <0.05, **p <001, ***p < 0.001.
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6.5.5.8 Collagen content normalised to protein content

The collagen contents of the gel samples were normalised to the total protein content of the
same samples (Figure 6.23). Overall, across the experimental time the increases in the
normalised total collagen / total protein were not significant. Statistically significant
differences were found between the static and dynamic group within TREK-1(P <0.001) but

not TRPV4 (P <0.01) group.
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Figure 6. 23: Total collagen content normalised to the total protein content of TREK-1 vs TRPV4
group. The increases in the normalised total collagen / total protein were not significant across the
experimental time. Statistically significant differences were found between the static and dynamic
group within TREK-1only.

Individually for each donor (Figure 6.24) no significant changes in normalised collagen
content were observed for donor 2 for all conditions. However, donor 6 revealed statistically
significant changes over 20 days for Ch M dynamically cultured gels for both TREK-1 (P <
0.001) and TRPV4 (P < 0.01). For donor 13, significant increases were observed over
experimental time for the TRPV4 dynamic gels only (P < 0.001).

Comparing static with dynamic group, significant differences between static and dynamic
group were observed for each donor 6 (for TREK-1) (P < 0.001). donor 13 (P < 0.01) (for
TRPV4).

The comparison of donors with each other showed significant differences in the normalised

collagen to total protein content between donor 6 (Ch M, TREK-1) and donor 13 (Ch M,

TREK-1) for dynamically cultured gels only (P <0.01).
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Figure 6. 24: Total collagen content normalised to the total protein content. No statistically significant differences were observed for donor 2 for all conditions. For
donor 6 significant increases in collagen content were observed for Ch M dynamic for both TREK-1 and TRVP4 (p < 0.01). For donor 13 significant increases were
found for dynamic TRPV4 only (p < 0.001). Donor comparison revealed significant differences between donor 6 and 13 (Ch M, TREK-1, dynamic) at p <0.01. fand j;
represent statistically significant difference for: 6 dynamic Ch M of TREK-1 and donor13 dynamic Ch M of TREK- 1. Data are expressed as mean + standard deviation
(n=3). *p<0.05 *p <001, ***p <0.001.
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6.5.6 Histology

6.5.6.1 Haematoxylin and Eosin staining

The bright field micrographs of the H and E stain on day 20 revealed clear differences
between B M and Ch M treated gels (Figure 6.25). The B M gels had minimal staining of
the extracellular matrix compared to Ch M in both dynamically or statically cultured gels for
both TREK-1 and TRPV4 antibodies. However, highest stain intensities were observed for
the Ch M dynamic TRPV4 group in all three donors. There were slight differences in dye
intensity when comparing Ch M static with Ch M dynamic of the same donor and same

antibody.
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Figure 6. 25: Haematoxylin and Eosin staining. Bright field micrographs stained 7um paraffin sections of
0MSCs seeded gels were taken (day 1, day 20). Cells were labelled with eitherTREK-1 or TRPV4 coated MNPs.
Gels were cultured under dynamic and static conditions and treated with either chondrogenic (Ch M) or basic
(B M) media. Differences between B M and Ch M treated gels were observed. In general, stronger stains were
observed for Ch M cultured hydrogels for all conditions compared to B M cultured gels. Highest stain intensities
were found for Ch M dynamic TRPV4 group for all three donors. Images were taken at 10x magnification.
Scale bar =300 um.
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6.5.6.2 Picrosirius Red staining for the assessment of total collagen in collagen gels

Picrosirius Red staining was used to stain total collagen in the paraffin section (Figure
6.26). Stains showed clear differences in the dye intensity for the Ch M gels compared to the
B M gels for all condition. The highest stain intensity was observed for donor 13 for Ch M
gels at culture conditions. No clear differences were observed between dynamic and static
gels for both TREK-1 and TRPV4 of the donors, except for donor 2, which revealed

differences in stains between dynamically and statically cultured gels in the TRPV4 group.
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Figure 6. 26: Picrosirius red staining. Bright field micrographs of Picrosirius red stained 7 um paraffin
sections of oMSCs seeded gels were taken for dayl and day 20. Cells were labelled with either TREK-1 or
TRPV4 coated MNPs. Gels were cultured under dynamic and static conditions and treated with either
chondrogenic (Ch M) or basic (B M) media. A clear difference between B M and Ch M treated gels was
observed. No clear differences between the dynamic and static group for both TREK-1 and TRPV4 of the
donors, except donor 2, which showed differences between dynamic and static of the TRPV4 group. Donor
13 (Ch M, TRPV4 dynamic) showed strongest stains for all conditions. Images were taken at 10 x
magnification. Scale bar = 300 pum.
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6.5.6.3 Alcian blue staining for the assessment of GAG in collagen gels

Alcan blue stain was performed to identify GAG in the paraffin sections (Figure 6.27).
Similar to other two stains, there were noticeable differences between B M and Ch M treated
gels for both static and dynamic culture conditions. In general, for the Ch M treated gels
higher stain intensity for the dynamic groups were observed for donor 6 and 13. Strongest

stains were observed for donor 13 (Ch M, TRPV4 dynamic).
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Figure 6. 27: Alcian blue staining. Bright field micrographs of alcian blue stained 7 um paraffin sections of
0MSCs seeded gels were taken for dayl and day 20. Cells were labelled with either TREK-1 or TRPV4 coated
MNPs. Gels were cultured under dynamic and static conditions and treated with either chondrogenic (Ch M)
or basic (B M) media. Differences between B M and Ch M treated gels were observed. The B M gels had minimal

GAG stains. Donor 13 revealed the strongest stains for Ch M, TRPV4 dynamic. Images were taken at 10 x
magnification. Scale bar = 300 pum.
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6.5.7 Immunohistology

An enzymatic method using horseradish peroxidase (HRP) was used to carry out
immunohistochemical staining of paraffin embedded samples to detect collagen type 1l
collagen type X and aggrecan expression.

6.5.7.1 Collagen type Il immunostaining

The results of the Collagen type Il immunostaining (Figure 6.28) showed the presence of the
Collagen type Il in the samples. In general, the Ch M of the dynamic group of all three
donors for both TREK-1 and TRPV4 was higher in the Collagen type 11 expression than the

static group and strongest stains were observed for donor 13, followed by donor 2 and 6.
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Figure 6. 28: Immuno-peroxidase antibody staining for collagen I1. Bright field micrographs of Collagen Il
immunostaining of 7 um paraffin sections of oMSCs seeded gels were prepared for dayl and day 20. Cells
were labelled with either TREK-1 or TRPV4 coated MNPs. Gels were cultured under dynamic and static
conditions and treated with either chondrogenic (Ch M) or basic (B M) media. Stronger stains were observed
for the dynamic Ch M group for both TREK-1 and TRPV4 of all the three donors. Donor 13 Ch M of the
TRPV4 dynamic group revealed strongest expression of collagen 1. Images were taken at 10 x magnification.
Scale bar = 300 um.
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6.5.7.2 Collagen X immunostaining
The results of the collagen X immunostaining showed that there is no collagen X expression
in most of the samples with the exception for donor 13 (Ch M dynamic group) for both

TREK-1 and TRPV4 (Figure 6.29).
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Figure 6. 29: Immuno-peroxidase antibody staining for collagen X. Bright field micrographs of Collagen
X immunostaining of 7 um paraffin sections of oMSCs seeded gels were taken for dayl and day 20. Cells
were labelled with either TREK-1 or TRPV4 coated MNPs. Gels were cultured under dynamic and static
conditions and treated with either chondrogenic (Ch M) or basic (B M) media. The results of the collagen
X immunostaining showed that there is no collagen X expression in most of the samples with an exception
for donor 13 (Ch M dynamic) for both TREK-1 and TRPV4 (blue arrows). Images were taken at 10 x
magnification. Scale bar = 300 pm.
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6.5.7.3 Aggrecan immunostaining

Similar to the Collagen type Il immunostaining, the results of aggrecan immunostaining
(Figure 6.30) showed that the sections expressed the presence of the aggrecan in the samples.
In general, Aggrecan staining of gels cultured in Ch M under dynamic conditions for both
TREK-1 and TRPV4 was higher for all donors compared to the static group. Overall,
strongest stains were obtained for donor 13 followed by donor 2 (TREK-1, dynamic) and

donor 6 (TRVP4, dynamic).
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Figure 6. 30: Immuno-peroxidase antibody staining for aggrecan. Aggrecan immunostaining of 7 um paraffin
sections of oMSCs seeded gels were taken for dayl and day 20. Cells were labelled with eitherTREK-1 or TRPV4
coated MNPs. Gels were cultured under dynamic and static conditions and treated with either chondrogenic (Ch
M) or basic (B M) media. Dynamic Ch M group performed better than the static Ch M for both TREK-1 and
TRPV4 of all the three donors. Donor 13 Ch M of the TRPV4 dynamic group showed the highest aggrecan
expression. Images were taken at 10 x magnification. Scale bar = 300 pum.
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6.6 Discussion

Transient receptor potential vanilloid (TRPV) channels, especially isoforms 1-4 are
moderately Ca®* permeable channels (Nilius and Owsianik, 2011; Phan et al., 2009) that
play diverse roles in cellular function. TRPV4 seems to have a mechanosensory role and has
been shown to be stretch sensitive (Wang et al., 2011). TRPV4 plays an important role in
the normal maintenance of the joint and a further role in the differentiation of stem cells into
a chondrogenic lineage (Muramatsu et al., 2007; O'conor et al., 2012). In this chapter, the
effect of mechanical stimulation on the TRPV4 channel using MICA was investigated and
compared with the TREK-1 ion channel. The multimodality of TRPV4 as a Ca®*-preferred
membrane ion channel has been shown to transduce external environmental cues into
specific metabolic responses via the generation of intracellular Ca®* transients (Everaerts et
al., 2010; Liedtke, Wolfgang B, 2006; Moore et al., 2013). The TREK1 channel has also
been shown to be mechanosensitive (Hughes et al., 2008) and influences K™ transients which
influence downstream signal pathways. The MICA technology has been tested for promoting
chondrogenesis of 0BM-MSCs to differentiate into chondrocytes in a 3D hydrogel cell
culture.

Initially, the TRPV4 antibodies have been shown to be cross reactive with the sheep MSCs.
This was necessary to demonstrate that the human specific antibody which had been shown
to have cross reactivity with rat and mouse was also homologous to the sheep oMSCs
TRPV4 channel.

The oMSCs of the three donors chosen for this study have previously been tested for cell
viability with culture conditions at passage 1 to 3 in the previous chapter (Chapter 5). Cell
viability using the Alamar blue assay was significantly increased across the experimental
time at day 10 and day 20 compared to day 0. In general, the results have also showed
consistency in the cell viability for each experimental group.

Using the Pico Green assay, we have shown that there is a significant decrease in cell number

of the Ch M gels. However, there were no significant differences in the cell activity
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assessment by Alamar blue when comparing the three donors for all conditions. The findings
imply that the oMSCs cells which have differentiated into chondrocytes in the Ch M have
increased their metabolic activity relative to undifferentiated BM gels. (Bonnier et al., 2015).
These results could be due to the highly active proliferating chondrocytes in the Ch M gel
and the low activity of the over confluent undifferentiated oMSCs in B M gels.

As described in the previous chapter, the engineered cartilage constructs have similar
mechanical properties to the native sheep articular cartilage e.g. the curves obtained from
stress-strain data were similar to that of native cartilage tissue. A comparison of the
computed Young’s modulus of the 3D constructs for the three tested donors, between the
TRPV4 and the TREK-1 stimulation groups showed that all TRPV4 activated groups were
significantly higher than the relevant static groups. In contrast, the TREK-1 group showed a
significant difference between the dynamic TREK-1 and their relevant static group in only
one of the three donors. Our results confirm that activation of the Ca?* -permeable TRPV4
channel can alter the biochemical and biomechanical properties of tissue engineered articular
cartilage as shown previously (Eleswarapu and Athanasiou, 2013). In this study, the
computed Young’s modulus for the all three donors was about (3.8 MPa) for the TRPV4
dynamic group which is significantly higher than TRPV4 static group (1.89 MPa). The
TREK-1 dynamic group was 2.6 MPa which is also significantly higher than their
corresponding TREK 1 static group (1.95 MPa). Therefore, we have observed an enhanced
mechanical property compared to the computed native sheep cartilage Young’s modulus
(1.25 MPa) and this may relate to the physical thermotical that the pressure is related to the
area (Holman and Gajda, 2001) as explained in the discussion of the previous chapter.

The effectiveness of MICA has been shown previously to promote osteogenesis (Aagaard
et al., 2003; Cartmell et al., 2002; Hughes et al., 2007; Markides et al., 2018). In Chapter 5,
we have demonstrated the potential of the activation of TREK-1 for chondrogenesis. The
potential of the MICA technique was further tested by a comparison of TRPV4 vs TREK-1

in three donors of our study. The chondrogenic capacity was assessed by the production of
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ECM (sGAG, total collagen and total protein). As expected, the results demonstrated that
the Ch M treated static gel produced a significantly greater amount of the cartilaginous
matrix compared with B M treated group. Previous reports have shown accelerated
metabolic activity of chondrocytes exposed to mechanical cues. (Grad et al., 2012; Han et
al., 2007). Generally, in this study, the total amounts of SGAG, total collagen and total
protein produced by the cells during culture were enhanced in all mechanically stimulated
gels compared to the static gels. However, there were no significant differences according
to the biochemical results for (SGAG, total collagen and total protein) between the TRPV4
vs TREK-1.
According to the histological staining for cartilage ECM specific stain (Alcian blue for GAG
and picrosirius for collagen), the stained paraffin sections of the tested groups exhibited
chondrogenic differentiation for all Ch M gels for both dynamic and static compared to B
M. The cells began to lose their phenotype from fibroblast-like spindle shapes to rounded
chondrocytic phenotypes with a surrounding ECM. Generally, the histological stains showed
a higher intensity for TRPV4 dynamic gels comparing with TREK-1 dynamic gel but these
comparisons were qualitative. Immunocytochemistry confirmed a higher intensity for
TRPV4 dynamic gels comparing with TREK-1 dynamic gel.

Recently, TRPV4 has been linked to other mechanotransduction agents such as primary
cilia. Corrigan and their colleagues have demonstrated that TRPV4 localises to areas of high
strain, specifically the primary cilium. The interplay between the ion channels and the other

mechano-transducers need further studies to understand their roles (Corrigan et al., 2018).
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CHAPTER 7

Discussion, Conclusion and Future work
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7.1 Discussion

Tissue engineering offers potential treatments for orthopaedic conditions such as articular
cartilage defect and critical size bone defects. MSCs are a potential cell type which can be
utilised to design cell-based repair strategies due to their multi-differentiation capacity and
their ability to secrete factors (paracrine activity) (Saldafia et al., 2017).

Autologous MSCs are often the focus of cell base therapies, however little is understood
about how variations in the behaviour of each donor will impact the success of the therapy
on an individual patient. Animal models such as sheep are in place to enable successful
clinical translation of cell-based therapies for bone and cartilage tissue engineering (Black
et al., 2015; Kalamegam et al., 2018; Music et al., 2018; Stoddart et al., 2009; Vedicherla
and Buckley, 2017; Vega et al., 2017).

There is a considerable variation reported within and between studies (many of these studies
are summarised in chapter 1 (Table 1.2 and 1.3). The difficulties observed in oMSC studies,
such as donor-to-donor variability and conflicting results, parallel to those observed in
hMSC experiments (Music et al., 2018).

Non-specific sheep breeds were used for orthopedic research and oMSCs research (Czernik
et al., 2013; Fadel et al., 2011; Jager et al., 2006; Rentsch et al., 2010). However, most
researches were using domestic local sheep breed for their research rather than a specific
breed. Hence, in this study English Mule sheep which is an English breed was used.

For most sheep studies the preferred site of bone marrow harvesting is the iliac bone
(Adamzyk et al., 2013; Mccarty, Gronthos, et al., 2009; Rentsch et al., 2010). However, for
this PhD study, the bone marrow aspirate was successfully collected from the sternum bone
and adequate quantities of bone marrow were collected (Delling et al., 2012). Human MSCs
can be similarly obtained by taking aspirates of bone marrow from the iliac crest of healthy
volunteers (Risbud et al., 2006). In all sheep studies above, ovine MSCs exhibit

morphological, immunophenotypical and multipotential characteristics similar to those
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observed in human MSC in vitro and in vivo. (Mccarty, Grothos, et al., 2009). These results
were also confirmed by Rentsch and colleagues (Rentsch et al., 2010).

OMSCs were characterised by their ability to undergo osteogenic, adipogenic and
chondrogenic differentiation in addition to some CD markers expression. Cells from all
thirteen donors were successfully differentiated towards all three lineages with marked donor
dependent variations.

The results obtained from both the native sheep characterisation, o0MSCs characterisation
and the hydrogel experiments, demonstrated variabilities between individual donors in
varied degrees. For instance, the trilineage differentiation experiment (chapter 4) exhibited
clear donor variation in the all thirteen donors' performance for all the three lineages
osteogenic, adipogenic and chondrogenic. For the characterisation of native sheep cartilage,
differences between the sheep’s left and right legs as well as between individual donors were
found for the mechanical, biochemical and histological assessment. This is an indication,
that many of the human or animal organs and extremities are not symmetrical (Claes et al.,
2015). In previous studies donors with lower osteogenic potential displayed an enhanced
osteogenic response after MICA technology application (Markides et al., 2018). In this PhD
study, donors, in particular those with lower chondrogenic potential (donors 6 and 8) also
displayed an enhanced chondrogenic response after MICA technology application. This
proved that MICA Technology may have an effect in the enhancement chondrogenic
potential of oMSC.

Also, variations between individual donors were found for the mechanical, biochemical and
histological assessments.

The response of five oMSCs donors to MICA activation was assessed in a 3D collagen
hydrogel culture model. The results displayed that chondrogenesis was enhanced by the
mechanical activation, which resulted in Young’s modulus values increasing above the

determined Young’s modulus of the native sheep cartilage. Whereas, the unstimulated group

268



was lower than the native sheep cartilage. This may indicate that the dynamic conditioning
provided by MICA enhanced chondrogenesis.

The analysis of the ECM matrix composition revealed that the SGAG production was only
enhanced upon mechanical conditioning for one out of five donors. Hence sGAG production
Is not assumed to be affected significantly by dynamic culture conditions. Same trends were
observed for the total protein production, where the same donor showed significantly
increased protein production compared to the unstimulated gels.

Whereas, for the total collagen production the results differed. Three out of five donors
responded to the dynamic stimulation by MICA compared to the static control group.
However, the variances between the donors’ performance in the ECM production were
observed between several donors; between donor 2 and each donor 5, 6, 8 and 13.
Methodologies controlling chondrogenic differentiation of MSCs towards chondrocytes are
under attention to improve the outcome of orthopaedic regenerative medicine approaches.
During chondrogenic differentiation MSCs proliferate and altered to an extracellular matrix
synthesizing chondrocytes which, in the case of endochondral ossification and different
cartilage pathologies, ultimately and terminally differentiates into hypertrophic mineralised
chondrocytes (Kronenberg, 2003; Mackie et al., 2008). For stem cell-based cartilage
regeneration, it is therefore crucial to find optimal strategies to stimulate progenitor cells to
differentiate into chondrocytes and preventing them from hypertrophy and mineralisation.
Compression force induced chondrogenic differentiation (Wang et al., 2017). In vivo, cells
readjust to the physical environment their reside in by translating mechanical stimuli into
biochemical signals (mechanotransduction) (Jaalouk and Lammerding, 2009). lon channels
are mechanoreceptors involved in mechanotransduction (Liu et al., 2010). Mechano-
sensitive Ca®* channels play a central role in the differentiation of MSCs while sensing the
mechanical stimulation and activate mechanotransduction. The important subfamily,
TRPV4, is a Ca?* - permeable membrane ion channel widely implicated in transducing

external mechanical stimulation into specific intracellular responses in a wide variety of
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bone cells (Liedtke, Wolfgang, 2006; Phan et al., 2009). Decreased osteogenic
differentiation potential was found in the MSCs from TRPV4 knockout mice (O'conor et al.,
2012). However, the role of TRPV4 in transducing and regulating the differentiation of
MSCs to chondrocytes in response to mechanical stimulation is unclear. Therefore, based on
these findings on the essential role of TRPV4 in skeletal diseases, we investigated whether
TRPV4 functions as a mechanoreceptor to mechanical conditioning in oMSCs. We
hypothesised, that TRPV4 mediates chondrogenic differentiation of oMSCs under
mechanical stimulation using the MICA technology. In this context, the results showed that
in addition to the significant differences between the dynamic group compared to the static
control, significantly increased Young’s modulus in TRPV4 group were observed compared
to the TREK-1 group.

For the production of ECM proteins, SGAG, total collagen and total protein, Ch M treated
static gels produced a significantly higher amount of the cartilaginous matrix compared with
B M treated group. On the other hand, the total amounts of SGAG, total collagen and total
protein produced by the cells during culture were enhanced in all mechanically stimulated
gels compared to the static gels. These findings are in agreement with literature. Previous
reports have shown accelerated metabolic activity of chondrocytes exposed to mechanical
cues. (Grad et al., 2012; Han et al., 2007). However, there were no significant differences
for sSGAG, total collagen and total protein between TRPV4 vs TREK-1-samples, despite
TRPV4 values were consistently higher than TREK-1 values for all the three donors.
Alcian blue and Picrosirius red stain were performed to stain cartilage ECM specific
proteins, namely sGAG and collagen respectively. Stained paraffin sections of the tested
groups exhibited chondrogenic differentiation for all Ch M gels for both dynamic and static
culture conditions compared to B M gels.

The cells began to lose their phenotype from fibroblast-like spindle shapes to rounded
chondrocyte phenotypes with a surrounding ECM. Generally, the histological stains showed

a higher intensity for TRPV4 dynamic gels compared to TREK-1 dynamic gels, but these
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comparisons were qualitative. Immunocytochemistry confirmed higher intensity for TRPV4
dynamic gels compared to TREK-1 dynamic gels. These results are in agreement with
studies that reported TRPV4 as mechanoreceptor for flow shear stress, mechanical loading
and stretch (Hu et al., 2017). In chondrocytes, TRPV4-mediated intracellular Ca?* signaling
regulated the metabolic response of chondrocytes to mechanical loading by enhancing
matrix accumulation and mechanical properties (O’conor et al., 2014).

For Humans and different animal species practice, the MSCs’ donor variation has been
studied for in vitro expansion, multipotency and tissue engineering applications, Human
(Siddappa et al., 2007; Zaim et al., 2012), human and rats (Scuteri et al., 2014), Equine
(Colleoni et al., 2009). While, in sheep, neither breed nor cryopreservation appeared to
impact proliferative potential, although donor-to-donor variation has been reported as with
hMSC (Rhodes et al., 2004).

Large variation among the donors in composition of cells (progenitor to committed, growth,
and response to differentiation signals, these variations may due to age, sex, site of the
isolation. Another possible explanation is that differential sampling methods by different
physicians may result in varying heterogeneity in the final cell composition as reported

previously (Jaiswal et al., 1997; Phinney et al., 1999).
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7.2 Conclusion

The results obtained from this study showed that MICA have a beneficial effect on the ion
channel activation and enhances chondrogenesis of oMSCs in 3d hydrogel culture in vitro.
TRPV4 channel activation enhanced chondrogenesis superior to the TREK-1 ion channel
activation.

Donor variation was recorded in the 3D hydrogels mechanical stimulation experiments in
varied degrees. For trilineage differentiation experiments (adipogenic, osteogenic and
chondrogenic) the donor variation was also recorded but according to histological and
biochemical assays there was no clear profile for the best performing donor of the thirteen
donors for all the three-differentiation lineage.

The expression for the specific epitopes were positive for the MSCs specific epitopes like
CD 29 and CD 44. While the expression for the other epitopes like CD 31 and CD 45 were
negative. In addition, there is a variation in the potency of the expression to each marker.

In addition, Bone marrow was safely and easily harvested. The other conclusion is that

sheep is suitable as animal model for orthopaedic research.
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7.3 Future Work

The experiments described in this study has raised some approaches for future work, which
could help in the cartilage tissue engineering and pre-clinical animal model.

Use another type of mechanical stimulation like a hydrostatic bioreactor, which provides
hydrostatic force, to compare the effects of MICA with other types of mechanical stimulation
on in vitro chondrogenesis differentiation.

There are indications for the involvement of the WNT signalling pathway in maintaining
articular cartilage and its mechanotransduction pathways. Hence, a comparison of our results
with other mechano-activated receptors such as RGD and Fz might reveal additional
approaches to enhance chondrogenesis.

Furthermore, it would be beneficial to determine the nano-mechanics of the cartilage based
on applying atomic force microscopy to determine the mechanical properties of cartilage and
/or engineered cartilage at the molecular level.

Using another domestic animal like horses or dogs could be effective for future work for
studying the donor variation for BM-MSCs characterisation and cartilage engineering for
pre-clinical studies and clinical orthopaedic applications in veterinary medicine.

In addition, different cell density and/or different biomaterial that have been used
successfully as an engineered cartilage scaffold can be investigated with the effect of MICA
mechanical stimulation. Prolong experiment period could be beneficial to study the effect of
the time on the fate of the engineered cartilage.

An in vivo study of the MICA technology application for pre-clinical and clinical
orthopaedics purview of both veterinary and human practice could be applicable in the next

few steps.
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Appendix

--

Figure A. 1 Calcium deposition investigation by alizarin red of some sellected gel samples.

Alizarin red staining of 7 um paraffin sections section of A) day 20 dynamic Ch M group hydrogel
sample. B) a positive chontrol (subchondral bone of native sheep cartilage). This indicated that
MICA stimulation did not promote osteogenic differentiation. Immages were taken at x10

magnification, scale bar = 300um.

Collagen Il Collagen X Aggrecan

hydrogel seeded with differentiated
oMSCs at day 20

Native sheep cartilage

Figure A. 2: Negative control for immunostain. Bright field micrographs of immunohistology
stains negative control for collagen-type Il, collagen type-X and aggrecan of 7 um paraffin sections
of day 20 dynamic Ch M group hydrogel sample. and native sheep cartilage. Immages were taken at
x10 magpnification, scale bar = 300um.
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