Provided by the author(s) and NUI Galway in accordance with publisher policies. Please cite the published
version when available.

Title

Author(s)

Chondrogenic and vascular priming: an endochondral
ossification approach to bone tissue regeneration

Freeman, Fiona

Publication
Date

2015-11-30

Item record

http://hdl.handle.net/10379/5359

Downloaded 2023-01-08T04:42:08Z

Some rights reserved. For more information, please see the item record link above.

Chondrogenic and Vascular
Priming: An Endochondral
Ossification Approach to Bone
Tissue Regeneration

Fiona E. Freeman B.E. (2011)

A Thesis submitted to the National University of Ireland as fulfilment of the
requirements for the degree of Doctor of Philosophy
May 2015
Discipline of Biomedical Engineering,
College of Engineering and Informatics,
National University of Ireland, Galway.

Supervisor of Research: Dr. Laoise M. McNamara

Abstract
Tissue engineering and regenerative medicine have significant potential to treat
bone pathologies by exploiting the capacity for bone progenitors to grow and produce
tissue constituents under specific biochemical and physical conditions. However,
these approaches are limited and as such are not yet widely used for clinical treatment
of large bone defects. The main limitations include degradation of the tissue
engineered constructs, due to lack of vascularisation, and a lack of mechanical
integrity to fulfil loading bearing functions. Recent studies have suggested that in vitro
approaches, which mimic certain aspects of bone formation during embryogenesis (i.e.
the

endochondral

ossification

process),

can

promote

mineralisation

and

vascularisation to a certain extent both in vitro and in vivo. However, in vivo
endochondral ossification relies on the production of a cartilage template and the
invasion of a vascular network into this template, and both events must occur before
bone tissue can be produced. Although researchers have demonstrated the separate
effectiveness of chondrogenic priming and prevascularisation, to date no tissue
engineering strategy has sought to incorporate both of these crucial events. The global
objectives of this Thesis are to investigate whether endochondral priming of stem cells
in vitro can enhance (a) the osteogenic and vasculogenic potential in vitro and (b)
ultimately enhance the angiogenic and mineralisation potential once implanted in
vivo.
The first study sought to determine the optimum period for chondrogenic
priming of Mesenchymal Stem Cells (MSCs) in vitro that could enhance osteogenic
differentiation. The results from this study found that chondrogenic priming of MSCs
i

in vitro for specific amounts of time (14 days, 21 days) can have an optimum influence
on their mineralization capacity and can produce an aggregate that is mineralised
throughout the core. The findings of this study provided vital information in
determining the optimum time (14-21 days) for chondrogenic priming to produce a
fully mineralised bone tissue engineered construct in vitro.
The second study of this Thesis sought to develop an in vitro bone regeneration
strategy that mimics critical aspects of the endochondral ossification process,
specifically (1) the formation of a cartilage template and (2) subsequent
vascularization of this template. The results showed that chondrogenic priming
provides a cartilage-like template that provides a suitable platform for Human
Umbilical Vein Endothelial Cells (HUVECs) and MSC cells to attach, proliferate, and
infiltrate for up to 3 weeks. More importantly this study showed that when both MSCs
and HUVECs are added to the already formed cartilage template, rudimentary vessels
were formed within this cartilage template and this strategy enhanced the
mineralization potential of MSCs.
The third study of this Thesis aimed to investigate whether mimicking both the
chondrogenic and vascularisation aspects of the endochondral ossification process
could induce osteogenesis, even without the use of any osteogenic supplements. The
results from this study showed that the co-culture methodology enhanced both
osteogenesis and vasculogenesis compared to osteogenic differentiation alone, whilst
allowing for the formation of rudimentary vessels in vitro.
Taken together, the results from Chapters 3-5 showed that the application of
both chondrogenic and vascular priming of priming of human MSCs enhanced the
mineralization potential of MSCs in vitro whilst also allowing the formation of
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immature vessels and can even obviate the need for osteogenic growth factors to
induce osteogenesis by human MSCs in vitro. The final study of this Thesis
investigated the in vivo potential of the endochondrally primed aggregates developed
in Chapter 5. The results from this study found that in aggregates that were both
chondrogenically primed and prevascularised viable human MSCs were identified 21
days after subcutaneous implantation. Most importantly these aggregates had mature
endogenous vessels and mineralisation nodules, after 4 weeks subcutaneous
implantation. In contrast aggregates that were not prevascularised had no vessels or
mineralisation within the aggregate interior and human MSCs did not remain viable
beyond 14 days.
Taken together, the results from this Thesis provide a novel understanding of the
optimum conditions needed to create a bone tissue engineered construct that when
implanted in vivo may drive bone formation via an endochondral ossification-like
process. Future bone tissue engineered constructs could be designed with these
conditions in mind for the repair of non-union bone defects.
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Chapter 1

Chapter 1: Introduction
Clinical Need for Bone Tissue Engineering for Large Bone
Defects
Bone is an active material that constantly adapts itself to accommodate the
loading conditions imposed on the skeletal system during every day physical activities.
This adaptive nature is crucial to the ability of the skeleton to protect and support the
organs of the body throughout life. However, during disease and injury fractures can
occur, and if these fractures are sufficiently large, non-unions can result, which lack
potential to heal without further intervention. The cause of these non-union defects
falls into three categories; (1) severe traumatic injuries, (2) non-union due to the age
of the patient and (3) osteosarcoma.
In 2011 more than 30,000 people died on the roads of the European Union,
however, for every death there was also 8 serious or disabling injuries leading to nonunion defects (European_Commission, 2011). There has also been nearly 6,800
military fatalities and more than 51,000 injuries (USDepartmentofDefence, 2014) as
a result of the wars in Iraq and Afghanistan and the use of advanced explosives in
these conflict zones has also lead to a substantial increase in severe blast traumas.
Currently, explosive injuries have accounted for approximately three-quarters of all
combat-related injuries (Belmont et al., 2012), leading to an increasing number of
patients both within the USA and Europe with non-union defects.
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Moreover, with an increasing aging population, the average person’s risk of hip,
vertebral and wrist fractures has increased exponentially. In the USA alone there are
approximately 280,000 hip, 700,000 vertebral and 250,000 wrist fractures (Hollinger
et al., 2000), with delayed healing or non-union healing occurring in 5% of all
fractures, and 20% of high impact fractures (Dickson et al., 2007; Brydone et al.,
2010).
Finally, each year over 800,000 new cases of osteosarcoma are diagnosed in the
United States (AmericanCancerSociety, 2014). With over 50% of these tumours being
relatively resistant to radiation therapy, the standard treatment is tumour resection,
leading to non-union bone defects. The management of these defects is a challenging
and costly exercise, which has a significant socioeconomic cost (Chapekar, 2000;
Rose and Oreffo, 2002), estimated to be €14.7 billion in Europe (Enterprises, 2001)
and $45 million in the USA in the last 18 years (Hollinger et al., 2000).

Current Treatments for Large Bone Defects
The treatment approaches for non-union defects include autografts, allografts
and vascularised bone grafts (Perry, 1999; Rose and Oreffo, 2002; Cancedda et al.,
2007; Dimitriou et al., 2011; St John et al., 2003; Finkemeier, 2002). Autografts are
transplants of tissue from one site to another within an individual and are considered
the ideal bone graft, as they incorporate both osteogenic cells and an osteoconductive
mineral. An example of this involves autologous tissue transplantation from the
patient’s iliac crest, ribs or calvarium. However, these procedures have major
limitations such as donor site morbidity, pain, bleeding and infections (Coventry and
Tapper, 1972; Reid, 1968; Younger and Chapman, 1989; Brydone et al., 2010;
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Dimitriou et al., 2011; St John et al., 2003; Finkemeier, 2002; Ahlmann et al., 2002).
Moreover, as the tissue is coming from the patient, this method is limited with regards
to the amount of bone that can be transplanted and therefore is not a suitable source
for the treatment of large bone defects or multiple defects (Brydone et al., 2010).
Allografts are transplanted from cadavers or other living donors. To prevent host
immune response, the grafts are usually processed to remove all cellular components
prior to transplantation (Brydone et al., 2010). Although allografts can provide greater
amounts of graft tissue than autografts, there is a risk of disease transmission and
infection, with 18% of donated femoral heads having a bacterial or fungal
contamination (Boyce et al., 1999; Dick and Strauch, 1994; Chapman and Villar,
1992; Brydone et al., 2010). Vascularised bone grafts are autografts that have been
extracted with the original blood supply of the donor, which are then transplanted to
the affect area. They have been shown to have some success in the treatment of nonunion factures as there are fewer complications associated with the procedure (Rizzo
and Moran, 2008), and as the grafts are already vascularised, they are integrated
quickly. However, such grafts are expensive and non-unions are still common,
especially in large shaft reconstructions (Perry, 1999; Rose and Oreffo, 2002;
Cancedda et al., 2007; Weiland et al., 1983; Sowa and Weiland, 1987; Taylor, 1983;
Enneking et al., 1980). Therefore, there is a distinct clinical need for new therapies
that provide an effective clinical treatment for large bone defects.

Bone Tissue Engineering Applications for Large Bone Defects
Tissue engineering is a multidisciplinary field, which is focused on the
fabrication of tissues for the human body, in order to preserve the physiological
function of damaged or diseased tissues. The three key elements of a tissue
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engineering construct are morphogenic signalling, responding stem cells and
extracellular matrix scaffolding (Reddi, 1998; Reddi, 2007). Among all of the tissues
within the body bone has great potential for regeneration and bone tissue engineering
has been shown to have some promise for treating bone diseases and reconstructing
bone defects (Cancedda et al., 2007; Dawson and Oreffo, 2008; Rose and Oreffo,
2002; Reddi, 2007). These approaches involve the use of responding stem cells, which
are often grown on biomaterial scaffolds in an in vitro environment in the presence of
osteogenic growth factors and cell culture nutrients. However, many of these strategies
are limited due to the occurrence of degradation of the tissue engineered constructs
when implanted in vivo (Phelps and Garcia, 2009; Ko et al., 2007; O'Brien, 2011;
Amini et al., 2012), which will be discussed in further detail in Chapter 2. Clinical
trials of tissue engineered bone products within large bone defects have been
undertaken but results are limited to case reports, and have shown less bone healing in
than was previously seen during animal trials (Quarto et al., 2001; Marcacci et al.,
2007; Krecic-Stres et al., 2007; Meijer et al., 2008; Hibi et al., 2006; Meijer et al.,
2007; Lee et al., 2010; Zamiri et al., 2013; d'Aquino et al., 2009; Shayesteh et al.,
2008), as is discussed in detail in Chapter 2. To date in vitro tissue regeneration for
clinical treatment of bone pathologies has not reached its full potential (Ma et al.,
2014; Frohlich et al., 2008).
A possible solution to overcome the current limitations of in vitro bone
regeneration is to recreate a bone development process that occurs during early fetal
development, known as endochondral ossification. This process begins when
chondrocytes condense, proliferate and produce a cartilage template, which is
subsequently invaded by blood vessels, bone marrow Mesenchymal Stem Cells
(MSCs) and osteoblasts, after which bone tissue is deposited upon this template
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(Mackie et al., 2008; Kronenberg, 2003; McNamara, 2011). In vitro tissue
regeneration approaches, which mimic the formation of the cartilage template through
the use of chondrogenic growth factors, have been investigated, and such approaches
have been shown to enhance osteogenic differentiation of MSCs and mineral
production both in vivo and in vitro (Farrell et al., 2011; Farrell et al., 2009; Jukes et
al., 2008; Harada et al., 2014; Scotti et al., 2013; Scotti et al., 2010; van der Stok et
al., 2014; Gawlitta et al., 2015; Visser et al., 2015). The duration of chondrogenic
priming has been shown to affect the construct’s survivability in vivo, however
optimum timing has not yet been investigated. To address this need, the first research
hypothesis to be investigated is if “There is an optimum duration for chondrogenic
priming of MSCs that will enhance osteogenic differentiation of MSCs in vitro”.
Other studies have investigated whether pre-vascularising constructs prior to
implantation would allow for faster host infiltration post-implantation. The results
from these studies found that pre-vascularisation networks can be formed within
aggregates and biomaterial scaffolds both in vivo (Correia et al., 2011; Ghanaati et al.,
2011; Pedersen et al., 2013; McFadden et al., 2013; Duffy et al., 2011; Scherberich et
al., 2007) and in vitro (Fuchs et al., 2007; Gawlitta et al., 2012; Saleh et al., 2011;
Verseijden et al., 2010). During endochondral ossification in vivo both the formation
of the cartilage template and the vascularisation of this template must occur prior to
bone formation. Although researchers have demonstrated the separate effectiveness of
chondrogenic priming and prevascularisation, to date no tissue engineering strategy
has sought to incorporate both of these crucial events. Therefore, the second
hypothesis of this Thesis is that “A tissue regeneration approach that incorporates both
chondrogenic priming of MSCs, to first form a cartilage template, and subsequent prevascularisation of the cartilage aggregates, through the co-culture of Human Umbilical
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Vein Endothelial Cells (HUVECs) in vitro, will serve as an effective in vitro bone
regeneration approach.”
The standard procedure to induce osteogenic differentiation of MSCs in vitro is
through the treatment of a cocktail of dexamethasone (dex), ascorbic acid (asc) and β–
glyerolphosphate (β-glyc). However, in vivo bone progenitors and other cells produce
various factors that can induce osteogenic differentiation without the use of any of
these supplements. In vitro co-culture studies of MSCs with HUVECs (Villars et al.,
2000; Villars et al., 2002; Guillotin et al., 2008; Zhao et al., 2012) or chondrocytes
(Nakagawa et al., 2000) have found that the direct co-culture can promote the
expression of early osteogenic markers (Alkaline Phosphatase (ALP) activity), even
without the presence of osteogenic supplements. During endochondral ossification
MSCs, endothelial stem cells, osteoblasts and chondrocytes all reside in close
proximity within the cartilage template, but the influence of this cellular niche for
osteogenic differentiation of MSCs has not been established. Therefore, the third
hypothesis of this Thesis is that “An in vitro bone regeneration strategy that mimics
the cellular niche of the endochondral template will provide an alternative strategy for
in vitro mineralisation of MSCs, and thereby obviate the need for external osteogenic
growth factors.”
The fate of tissue engineered bone constructs once implanted in vivo is
immensely important, in particular with respect to cell viability, vessel infiltration and
mineral formation. Therefore, the final hypothesis of this PhD Thesis is that “A tissue
regeneration approach that incorporates both chondrogenic priming of MSC
aggregates, to first form a cartilage template, and subsequent pre-vascularisation of
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the cartilage aggregates, through the co-culture of HUVECs in vitro, will enhance
bone formation in vivo.”

Objectives and Hypothesis
The global objective of this Thesis is to investigate the effect of endochondral
priming of stem cells in vitro on the mineralisation capacity of MSC aggregates both
in vitro and ultimately once implanted in vivo. The primary specific objective of this
Thesis is to investigate the optimum duration of chondrogenic priming (10-28 days)
to enhance osteogenic differentiation of MSC aggregates in vitro. The second specific
objective of this Thesis is to compare the in vitro regenerative potential of (a)
chondrogenic priming of MSCs in aggregate culture and (b) addition of HUVECs to
chondrogenic MSC aggregates, to (c) a novel methodology involving both
chondrogenic priming and the co-culture of HUVECs and MSCs. The third specific
objective of this Thesis to compare the mineralisation and vessel formation potential
of (a) chondrogenic priming of MSCs, (b) addition of HUVECs alone to chondrogenic
MSC aggregates, and (c) addition of HUVECs and MSCs to chondrogenic MSCs
aggregates all cultured without the use of any osteogenic supplements and compare
them to (d) the same experimental groups, which were cultured in the presence of
osteogenic supplements and to (e) non co-culture group cultured in the presence of
osteogenic supplements alone. The final specific objective is to investigate the in vivo
vascularisation and mineralisation potentials of endochondrally primed cellular
aggregates in a rat subcutaneous delivery model. To address these objectives, four
hypotheses have been defined, each of which will be underpin the research of Chapters
3-6 of this Thesis.
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Hypothesis 1:

There is an optimum duration for chondrogenic priming of MSCs
that will enhance osteogenic differentiation of MSCs in vitro.

Hypothesis 2:

A tissue regeneration approach that incorporates both chondrogenic
priming of MSCs, to first form a cartilage template, and subsequent
pre-vascularisation of the cartilage aggregates, through the coculture of HUVECs in vitro, will serve as an effective in vitro bone
regeneration approach.

Hypothesis 3:

An in vitro bone regeneration strategy that mimics the cellular niche
of the endochondral template will provide an alternative strategy for
in vitro mineralisation of MSCs, and thereby obviate the need for
external osteogenic growth factors.

Hypothesis 4:

A tissue regeneration approach that incorporates both chondrogenic
priming of MSC aggregates and subsequent pre-vascularisation of
the cartilage aggregates, will improve cell viability, vessel
infiltration and thus mineral formation once implanted in vivo.

By testing each of these hypotheses, the research objectives outlined above can
be answered and the proposed research will deliver significant advances in the
understanding of the conditions under which a bone tissue engineered construct can
be generated in vitro, and can survive and integrate once implanted in vivo.

Thesis Structure
This Thesis comprises the work completed for the duration of the candidate’s
PhD studies. Chapter 2 presents a thorough review of the literature, detailing bone
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function and composition, bone’s adaptive nature, bone cells, bone development and
current approaches in bone tissue engineering, in particular bone tissue engineering
strategies incorporating certain aspects of the endochondral ossification process.
Chapter 3, investigates whether there is an optimum time for the formation of the
cartilage template that will enhance the mineralisation potential of MSCs in vitro,
testing Hypothesis 1 of the Thesis. In Chapter 4, a cartilage template is formed for the
optimum time, as deemed by the results of Chapter 3, and is subsequently co-cultured
with either HUVECs or HUVECs and hMSCs to investigate the vascularisation and
mineralisation potential, and as such tests Hypothesis 2 of this research. Chapter 5
investigates the vascularisation and mineralisation potential of the co-culture strategy
developed in Chapter 4 without the presence of osteogenic growth factors, thus
addressing Hypothesis 3. Finally in Chapter 6, the in vivo potential of these
endochondrally primed aggregates developed through the studies of Chapters 3-5, is
determined in a subcutaneous model, addressing the final Hypothesis of this Thesis.
A summary of the main findings of the Thesis is presented in Chapter 7, placing them
in the context of current bone tissue engineering strategies, along with
recommendations for future research in these fields.
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Chapter 2: Literature Review
Introduction

Bone Function and Anatomy
The skeletal system supports and protects our internal organs, contributes to our
shape and allows us to move by providing a bony framework that muscles pull on as
they work (Clarke, 2008). The adult skeletal system has in total 206 bones, excluding
the sesamoid bones, which are found within the appendicular skeleton (126 bones),
the axial skeleton (74 bones), and then finally the auditory ossicles (6 bones) (Gray
and Standring, 2008). Each bone is an active material that constantly undergoes
modelling and remodelling to accommodate the biomechanical forces imposed by
everyday activities. There are two categories of bone, namely flat bones, such as the
scapula, illium and cranium, which function for protection or as surfaces for muscular
attachment, and the load-bearing long bones, such as the femur, tibia and fibula, which
are essential for skeletal mobility (Clarke, 2008).

Bone Tissue Composition
Bones are lightweight to allow for efficient movement, whilst also providing
strength, support, and rigidity to the skeleton. This mechanical behaviour can be
attributed to the fact that bone is a composite material with a highly complex
hierarchical structure. It is composed of organic proteins and mineral crystals, which
are intricately organised to allow bone to be both strong and lightweight and to be able to
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serve these functions under the variety of loading conditions experienced during everyday
activities. Bone is a porous composite material that is composed of 65% mineral, 35%

organic matrix, cells and water. Hydroxyapatite is the principle component of the
mineral phase of bone. This is present in the form of nanoscale crystals of
hydroxyapatite (Ca10(PO4)6(OH)2) and other minerals including magnesium,
potassium, manganese, silica, fluoride, iron, zinc and citrate (Currey and Brear, 1990;
Fratzl et al., 2004). The organic phase is composed of approximately 90% collagen
type I, 5% non-collagenous proteins and 2% lipids by weight (Boskey, 2013). The
proteins present in the organic matrix can be split into two categories: (1) structural
proteins, such as collagen and fibronectin, and (2) proteins with specialised functions.
Such specialised functions include those that: (a) regulate collagen fibril diameter, (b)
serve as signalling molecules, (c) serve as growth factors, (d) serve as enzymes and
(e) have other functions (Boskey, 2013). Although the collagen present in bone is
primarily collagen type I there are also trace quantities of collagen type III, IV and VI
present (Miller, 1969; Miller, 1984).

The non-collagenous proteins, such as

osteocalcin, osteonectin, osteopontin, and bone sialoprotein, provide the necessary
bonds between collagen fibrils and thus facilitate mineralisation by providing a
binding site for osteoclasts (Roach, 1994; Thurner et al., 2009).

Bone Structure and Organisation
Each of the constitutive phases (stiff mineral phase and softer organic phase) are
hierarchically organised to provide a tissue that is highly optimised to function under
the variety of loading conditions experienced, whilst also being lightweight for
efficient movement (Vaughan et al., 2012), as shown in Figure 2.1.
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Figure 2.1: Hierarchical Structure of bone demonstrating the composite structure
from the nanoscale to the macroscale (a-e) (Vaughan et al., 2012).
Bone tissue is organised in two different types of tissue; cortical bone (also
known as compact bone) and trabecular bone (also known as cancellous or spongy
bone). Different bones and skeletal sites within bones have different ratios of cortical
to trabecular bone. Long bones are composed of a hollow diaphysis, with cone-shaped
metaphyses below both growth plates, and a round epiphysis above the growth plates
see Figure 2.2.
The diaphysis is comprised mostly of cortical bone, which is a dense solid that
surrounds the marrow and is comprised of functional units known as osteons. Each
osteon contains a central blood vessel, located within the Haversian canal, which is
encircled by rings containing mechanical sensitive bone cells, known as osteocytes
(Eriksson et al., 1994). Cortical bone has an outer periosteal surface and an inner
endosteal surface. The periosteum consists of two layers, an outer fibrous layer and an
inner cambium layer. The fibrous layer contains fibroblasts, collagen and elastin
fibrils, while the cambium layer, positioned directly on top of the bone surface
contains progenitor cells, which develop into osteoblasts are essential for appositional
12
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growth and fracture repair (Allen et al., 2004). Typically during bone growth, bone
formation exceeds bone resorption on the periosteum, whereas bone resorption
typically exceeds bone formation on the endosteum (Clarke, 2008).
Both the epiphysis and metaphysis are made predominately of trabecular bone,
with a thin shell of cortical bone. Trabecular bone is composed of a series of
multidirectional rod- and plate-like struts known as trabeculae. The orientation of the
trabeculae has been proposed to be positioned along the lines of regular mechanical
stress (Frost, 1990; Meyer von, 1867) and thereby provides mechanical support by
dissipating the internal stresses out to the stronger cortical bone shell (Lemaire et al.,
2004), whilst also allowing bone to be lightweight (Wolff, 1986).

Figure 2.2: (a) Macrostructure of the Long bone showing (b) micro structure of the
Epiphysis and (c) macrostructure of the Diaphysis (Marieb and Hoen, 2006).
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Bone Cells
Bone tissue is home to many different cell types including osteoblasts,
osteoclasts and osteocytes. These cells derive from one of two lineages: the osteogenic
lineage (osteoblasts and osteocytes) or the monocyte-macrophage lineage
(osteoclasts), as shown in Figure 2.3. Osteoprogenitor cells, present within the bone
marrow, differentiate into osteoblasts and ultimately osteocytes, whereas osteoclasts
are formed from multinucleated cells found within the bone marrow and vasculature
of bone (Udagawa et al., 1990; Okazaki et al., 2002).

Figure 2.3: Differentiation of cell types along the two lineages: (A) the osteogenic
lineage and (B) the osteoclastic lineage (Wang et al., 2012b).

Bone Lining Cells and Osteoblasts
Bone lining cells are quiescent osteoblasts that form the endosteum on trabecular
and endosteal surfaces, and underlie the periosteum on the mineralised surface
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(Clarke, 2008). They have fewer organelles than the active osteoblasts (Cameron,
1968), which indicates that they are largely inactive cells (Aubin et al., 1993). They
are hypothesised to function as a cellular membrane that regulates the fluxes of
calcium and phosphate in and out of bone and to control the growth of mineral crystals
by maintaining a suitable microenvironment (Miller and Jee, 1987; Miller et al., 1980).
They also produce signals that initiate bone resorption and remodelling, as well as
playing an important role in the marrow stromal system (Miller et al., 1989; Miller et
al., 1980).
Osteoblasts are responsible for synthesising bone matrix proteins and mineral
during early fetal development, whilst also controlling bone formation and
mineralisation throughout life. They are formed by osteoprogenitor cells found in the
bone marrow, which mature and become cuboidal cells that have a large Golgi
apparatus, a rough endoplasmic reticulum and a central nucleus (Jee, 2001;
McNamara, 2011). Their morphology can be seen in Figure 2.4.

Figure 2.4: TEM image of an osteocyte, osteoblast and osteoclast, with ruffled
border of the osteoclast indicated (red arrow). Reproduced with permission of Dr.
L.M. McNamara.
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During early fetal development, osteoblasts secrete collagen and noncollagenous
proteins that act as a template for bone, which will be described further in Section 2.4.
Osteoblasts also function throughout life to produce new bone mineral that is required
to replace aged or damaged bone (will be described Section 2.5.1). Osteoblasts secrete
osteoid and a range of hormones, lipids and enzymes such as ALP, prostaglandins,
and Parathyroid hormone (PTH) (Aubin, 2001; Aubin et al., 1993).
The ALP enzyme is produced by both bone lining and osteoblast cells but is
absent from the osteocytes (Doty and Schofield, 1976; Aubin et al., 1993), and it is
generally accepted that ALP has a role in the regulation of osteoblast differentiation
(Aubin et al., 1993), but also regulates local phosphate concentration and promotes
mineralisation (Robison, 1923) by removing inhibitor proteins (Clarke, 2008), and
providing an initial attachment site for mineral nucleation along the collagen fibrils
(McNamara, 2011; Jee, 2001). ALP production is often followed by an up-regulation
of the mineral regulating proteins: osteocalcin (Aubin et al., 1993; Bronckers et al.,
1987; Aronow et al., 1990; Owen et al., 1990), osteopontin and bone sialoprotein
(Aubin, 2001).
Prostaglandins are low molecular weight lipids and are known to have a vital
part to play in the biological effects in a variety of cellular systems including bone
(Curtis-Prior, 1988). Prostaglandins have been shown to influence expression of many
aspects of the osteoblast phenotype (Harvey, 1988), and it has been hypothesised that
the ability to respond to prostaglandins (specifically PGE2) is a marker of a less
differentiated osteoblastic cell (Aubin et al., 1993). PTH is a major regulator of
mineral ion metabolism (Abou-Samra et al., 1992), which inhibits collagen synthesis
(Dietrich et al., 1976) and ALP production (Luben et al., 1976; Felix and Fleisch,
16

Chapter 2

1979), and stimulates calcium influx (Dziak and Brand, 1974; Dziak and Stern, 1975;
Rodan and Martin, 1981).
Osteoblasts also produce a range of growth factors and cytokines (interleukin 1),
specifically, insulin-like growth factors (IGFs), transforming growth factor β (TGFβ), and the bone morphogenic proteins (BMPs). IGFs have been shown to stimulate
osteoblast proliferation and differentiation (Canalis et al., 1993; Mohan et al., 1995;
Mundy, 1993), and both TGF (Linkhart et al., 1996b; D'Souza et al., 1993) and BMPs
(Finkelman et al., 1992) are expressed at high levels in mature osteoblasts on bone
surfaces during bone development and growth (Linkhart et al., 1996a).
Osteoblasts are also responsible for producing bone matrix proteins including
collagen type I, osteocalcin, osteonectin, bone sialoprotein and osteopontin.
Osteocalcin plays a role in osteoclast recruitment and bone resorption (Mundy and
Poser, 1983; Lian et al., 1984; Glowacki et al., 1991) and is secreted after
mineralisation has begun (Groot et al., 1986; Bronckers et al., 1987; Vermeulen et al.,
1989). Osteonectin is produced in both embryonic and adult bone tissue that is
undergoing remodelling and/or morphogenesis (Howe et al., 1988; Nomura et al.,
1988; Sage et al., 1989). Osteopontin, also known as bone sialoprotein I, and bone
sialoprotein are present in the bone matrix, osteocytes, and stromal cells in the marrow
as well as osteoblasts, and their expression/production is highest in new bone and 21day old fetal bone and then decline thereafter (Aubin et al., 1993).

Osteocytes
Osteocytes are terminally differentiated osteoblasts (as seen in Figure 2.3), and
are the most abundant cell in mature bone, representing more than 90% of the total
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number of bone cells (Kato et al., 1997; Bonewald, 2011). They reside within lacunae
of the mineralised bone matrix, embedded within their secreted osteoid (Clarke, 2008).
Differentiation of osteoblasts into osteocytes occurs during the deposition of new bone
matrix. During this process osteocytes lose much of the organelle from their
predecessors and acquire elongated dendritic processes, which are extensions of their
plasma membrane (Jee, 2001; McNamara, 2011). Osteocytes express osteocalcin,
osteopontin and a cell adhesion receptor for hyaluronate (Clarke, 2008; Thompson et
al., 2011; Noonan et al., 1996; Noble, 2008), as well as other bone matrix proteins
including Dentin Matrix Protein 1 (DMP1), cell surface glycoproteins (CD-44, E11,
and β-3 integrin), phosphate regulating genes (Sost) (Hall, 1941), and other signalling
molecules including Nitric Oxide (NO). DMP1 and E11 are expressed by osteoblasts
that are developing into osteocytes. Sclerostin is the secreted gene product of the Sost
gene, and it has been shown to inhibit osteoblasts and is only produced by osteocytes
in late stage bone formation, as it is not expressed in osteocytes associated with
recently deposited osteoid (Hall, 1941). Sclerostin is only expressed in the osteocyte
once cell processes have formed (Winkler et al., 2003) and has been shown to regulate
bone formation by interrupting the Wnt signally pathways (Poole et al., 2005; Li et al.,
2005). In bone, NO has been shown to mediate bone formation by protecting
osteocytes against apoptosis (Tan et al., 2006) and high levels of NO rapidly reduce
osteoclast activity (Tan et al., 2007; MacIntyre et al., 1991).
Osteocytes maintain connections with each other, bone lining cells and bone
surface via their multiple filipodial cellular processes that reside in canaliculi or
channels within the bone matrix (Jee, 2001; Clarke, 2008). Osteocyte cell processes
are connected to one and another and to other cells via gap junctions (Li et al., 2000;
Xia et al., 2010), which are composed primarily of connexin proteins (Clarke, 2008).
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Connexin 43 is found on the membrane of the cell body as well as on the cell processes
(Jones et al., 1993). Gap junctions are also required for osteocyte maturation, activity,
and survival (Clarke, 2008). A thin layer of pericellular fluid is present within the
lacunar-canalicular system, which separates the osteocyte body and processes from
the surrounding bone and its matrix, as shown in Figure 2.5. This pericellular fluid
also supplies nutrients and allows for the dispose of waste through the lacunarcanalicular system (Jee, 2001).

Figure 2.5: Confocal scans performed from the surface of a cut rat femur allowing for
visualisation of the pericellular space, osteocytes and osteoblasts (Verbruggen et al.,
2015).
It is widely considered that the primary function of osteocytes is to respond to
mechanical stimuli, whereby the cells transduce mechanical signals, created from
bending or stretching of bone, into biological signals to govern cellular activity. The
mechanical signals are created through the flow of the pericellular fluid within the
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lacunar-canalicular system or through direct strain via the integrin attachments
(McNamara et al., 2009; Wang et al., 2007), which then leads to external forces on
osteocytes. These external forces have been shown to include fluid shear (Imai et al.,
2009; Taylor et al., 2007; Hoey et al., 2011) and hydrostatic pressure (Takai et al.,
2004; Liu et al., 2010), and these forces have been shown to lead to a variety of
responses within the osteocyte (Clarke, 2008). Responses include the production or
reduction of signal molecules such as BMPs, Sclerostin (Robling et al., 2006), PGE2,
and NO (Tan et al., 2006; Tan et al., 2007), which as stated previously can modulate
recruitment, differentiation, and activity of osteoblasts and osteoclasts (Klein-Nulend
et al., 2012). Osteocytes have also been shown to monitor the mechanical environment
within bone tissue (Adachi et al., 2009; Cowin et al., 1995; Bonewald, 2002; Cowin
et al., 1991; Lanyon, 1993; Klein-Nulend et al., 1995; Burger and Klein-Nulend, 1999;
Wang et al., 2007), to regulate bone resorption to micro-damage (Zhao et al., 2002;
Schaffler et al., 2014; Kennedy et al., 2012; Schaffler and Kennedy, 2012), and finally
have been shown to be more influential than osteoblasts in stimulating the
differentiation of nearby MSCs (Birmingham et al., 2012).

Osteoclasts
Osteoclasts are derived from mononuclear precursor cells in the hematopoietic
vascular channels in bone (Udagawa et al., 1990; Boyle et al., 2003). They are large
multi-nucleated cells that can range in diameter from 20-100µm (Roodman, 1996),
with the main purpose of resorbing damaged or aged bone matrix. They are scarcely
found in bone, as they temporarily reside in resorption cavities or Howship’s lacunae
on the bone surface when undergoing bone resorption (Figure 2.6) (Watanabe et al.,
1995; Clarke, 2008) and only cover less than 1% of the bone surface at any given time
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during adolescence. These highly motile cells can possess up to 50 nuclei and contain
multiple cellular adhesions, cytoskeleton proteins, granules, vacuoles and an
abundance of mitochondria (Horne, 1995; Watanabe et al., 1995).

Figure 2.6: Multinucleated Osteoclast in its resorption cavity or Howship's Lacunae
denoted by the letter (A) (Cormack, 2001).
Osteoclastogenesis is governed by stromal cells and osteoblasts present in the
bone marrow, which produce RANKL and macrophage cytokines CSF (M-CSF), in
both membrane-bound and soluble forms, which are crucial for osteoclast formation.
RANKL is critical for osteoclast formation, whereas M-CSF is required for the
proliferation, survival and differentiation of osteoclast precursors, as well as osteoclast
survival and the cytoskeletal rearrangement required for bone resorption (Clarke,
2008; Teitelbaum and Ross, 2003). The life cycle of an osteoclast has been shown to
be up to six weeks, after which it migrates to the marrow space and undergoes
apoptosis (Marks Jr and Seifert, 1985).
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Mesenchymal Stem Cells
MSCs were first discovered in the bone marrow by Friedenstein et al., and were
described as clonal and fibroblastic stromal cells that form adherent colonies in culture
and had osteogenic potential (Friedenstein et al., 1968; Friedenstein et al., 1970;
Friedenstein et al., 1987). The MSC has a basic cell morphology consisting of a small
cell body, a large round nucleus with a prominent nucleolus that is surrounded by
chromatin particles, a Golgi apparatus, rough endoplasmic reticulum, mitochondria,
and polyribosomes. Within the cytoplasm there is a 3D network of proteins known as
the cytoskeleton. The cytoskeleton dictates the morphology and shape of MSCs and is
able to extend their cytoplasm into the surrounding matrix in which they reside by
means of cell processes (McNamara, 2011).
MSCs are usually isolated from an aspirate of bone marrow harvested from the
iliac crest of the pelvis in humans (Pittenger et al., 1999; Barry and Murphy, 2004;
Digirolamo et al., 1999), or in rodants it is generally isoltated from the mid-diaphysis
of the tibia or the femur (Barry and Murphy, 2004). The International Society for
Cellular Therapy (ISCT) has established the three main criteria for defining MSCs,
which include (1) adherence to plastic in standard culture conditions, (2) specific
surface antigen expression, and (3) differential potential to give rise to specific
mesenchymal tissues including bone, cartilage, muscle, bone marrow stoma, fat,
dermis and other connective tissues, see Figure 2.7 (Kuhn and Tuan, 2010; Caplan,
1990; Caplan, 1991; Caplan, 2005; Barry and Murphy, 2004; Dominici et al., 2006).
Recently, the ISCT has further modified these criteria to include surface markers. By
flow cytometry >95% of the MSC population must express the MSC cell markers
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CD73, CD90 and CD105, and no more than 2% of the cells must express CD34 (Kuhn
and Tuan, 2010; Dominici et al., 2006).

Figure 2.7: Mesenchymal Cell Lineages - MSCs have the capacity to differentiate into
bone, cartilage, muscle, marrow stroma, tendon/ligament, fat and other connective
tissues (Caplan, 2005).
The therapeutic use of MSCs has been used to address a wide variety of
indications, including cardiovascular repair (Orlic et al., 2001; Deb et al., 2003; Saito
et al., 2002; Toma et al., 2002), treatment of lung fibrosis (Ortiz et al., 2003), and
spinal cord injury (Teng et al., 2002; Barry and Murphy, 2004). In the area of
orthopaedic medicine local delivery of MSCs has been investigated in numerous
applications including, spinal fusion (Muschler et al., 2003), craniotomy (Krebsbach
et al., 1998) and repair of segmental defects which will be discussed further in Section
2.7 (Barry and Murphy, 2004).
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Bone Marrow as a Stem Cell Niche
Stem cells within bone marrow are not randomly distributed. They reside in a
complex microenvironment that is otherwise known as a stem cell niche. Scholfield
first described a stem cell niche as a specialized microenvironment housing
haematopoietic stem cells (HSC) that ensure their self-maintenance (Schofield, 1978;
Kuhn and Tuan, 2010). This microenvironment contains the support cells and thus the
necessary growth factors to maintain and regulate a particular stem cell or progenitor,
including both HSCs and MSCs (Kuhn and Tuan, 2010; Morrison and Scadden, 2014;
Morrison and Spradling, 2008). The niche is thought to have three functions: (1)
maintaining quiescence, (2) promoting cell number and (3) directing differentiation of
the two distinct developmental systems: the haematopoietic system and the stromal
system (Fuchs et al., 2004). The bone marrow niche can be conceptually divided into
two parts: an osteoblastic niche and a vascular niche. The osteoblastic niche is located
near the trabecular bone and is a hypoxic environment and generally hosts quiescent
haemopoietic stem cells, whereas the vascular niche is located near blood vessels and
is an oxygenated niche, where stem cells and progenitor cells actively proliferate
(Xaymardan et al., 2010). It is this direct contact between the two systems that
provides the appropriate growth factors and cell-to-cell and cell-to-extracellular
matrix contact needed for the development of bone tissue (Mauney et al., 2005) see
Figure 2.8.
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Figure 2.8: Schematic of the co-localisation of the osteoblastic niche and vascular
niche present within bone marrow (Ross and Christiano, 2006).
There have also been many studies that have looked at this link between bone
marrow formation/vascularisation and bone development. Specifically studies have
investigated whether pre-vascularising 3D tissue engineered scaffolds in vitro, through
the co-culture of MSCs and HUVECs, would allow for faster host integration postimplantation (Correia et al., 2011; Ghanaati et al., 2011; Pedersen et al., 2013;
McFadden et al., 2013; Scherberich et al., 2007; Duffy et al., 2011) and these studies
will be further discussed in Section 2.8.2.

Bone Development
Bone is formed during early fetal development via two specific mechanisms:
intramembranous ossification and endochondral ossification. Bone formation persists
throughout life to accommodate for its mechanical environment. Both mechanisms
begin with a two-step process whereby an organic matrix (osteoid/cartilage template)
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is initially laid down by osteoblasts and then mineral crystals are produced and grow
slowly over time to produce bone tissue (McNamara, 2011).

Intramembranous Ossification
All flat bones such as the skull and the clavicle are developed by a process
known as intramembranous ossification. Mesenchymal progenitor cells first condense
and form a cellular aggregate, which is then surrounded by a membrane, after which
the cells within the membrane begin to differentiate to form osteoprogenitor cells and
then osteoblasts, see Figure 2.9. Osteoblasts surround the cellular aggregate and begin
to excrete Extracellular Matrix (ECM) containing type I collagen. Other osteoblasts
become embedded in the newly formed matrix and differentiate and begin to form
interconnecting processes and eventually osteocytes. The cells on the periphery of the
aggregate form a periosteum and further growth occurs at the surface of the trabeculae.
By this time the aggregate is mineralised and begins to form rudimentary bone tissue
populated by osteocytes and lined by osteoblasts (McNamara, 2011; Kanczler and
Oreffo, 2008; Cowin et al., 1995).
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Figure 2.9: The Intramembranous Ossification process: (A) MSCs condense form
ossification centre, (B) the deposited osteoid entombs osteoblasts, which then become
osteocytes, (C) periosteum and trabeculae from and vessels invade, (D) compact bone
develops superficial to the trabecular bone (Marieb and Hoen, 2006).

Endochondral Ossification
Most of the bones within the body are created via a process known as
endochondral ossification. This process is most commonly seen during early fetal
development. Bone formation begins when pre-chondrogenic cells condense to
become clusters of cells that adhere through the expression of adhesion molecules
(Koyama et al., 2008). These progenitor cells begin to differentiate to become
chondroblast cells and form a membrane around a cartilage template known as the
perichondrium. These chondrocytes are known to have a characteristic shape, and to
secrete a matrix rich in collagen type II and the proteoglycan aggrecan. As time passes
the chondroblasts begin to differentiate and become chondrocytes. This leads to a
cartilage aggregate growing through chondrocyte proliferation and matrix production
(Mackie et al., 2008; McNamara, 2011; Kronenberg, 2003). No matter what the
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location or stage of development, chondrocytes present in the cartilage template are
arranged in morphologically distinct zones (see Figure 2.10), which reflect changes in
the functional state of cells. The zone furthest from the ossification front is known as
the zone of resting chondrocytes, also known as the germinal zone. Adjacent to this is
the zone of proliferation, which consists of round proliferating chondrocytes that
become flattened as they are packed into multicellular clusters. Chondrocytes pass
through a transition stage (zone of maturation) in which the cells are known as “prehypertrophic” chondrocytes. In the hypertrophic zone chondrocytes stop proliferating,
enlarge, and change their genetic program to synthesize type X collagen. The
hypertrophic chondrocyte, simply through its size, is the principle engine of bone
growth and is also known as a regulatory cell. Hypertrophic chondrocytes are known
to direct mineralization of their surrounding matrix as well as attracting blood vessels
by producing vascular endothelial growth factor (VEGF). Hypertrophic chondrocytes
directly adjacent to the perichondrial cells become osteoblasts, which form an
extracellular matrix containing alkaline phosphatase (Mackie et al., 2008). This matrix
forms an outer membrane known as the periosteum, which consists mainly of irregular
connective tissue.
ALP is an enzyme that acts as a nucleator for the deposition of minerals upon
the cartilage template. It is also known to secrete the growth factors responsible for
the promotion of blood vessel invasion into the perichondrium and is produced by
osteoblasts and hypertrophic chondrocytes (Fell and Robison, 1934; Fell and Robison,
1929). During endochondral ossification the cartilage template undergoes a series of
changes involving chondrocyte proliferation, hypertrophy and matrix calcification
(Leboy et al., 1989). As the chondrocytes within the cartilage template begin to
undergo hypertrophy they release ALP on the cell surface and in matrix vesicles
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(extracellular membrane-invested particles), which are usually produced at the sites of
initial mineralisation (Anderson, 2003; Leboy et al., 1989). During early
mineralisation ALP is up regulated, however as the mineralisation process progresses
and other genes (osteocalcin) are upregulated, ALP expression begins to decline
(Golub et al., 1992).

Figure 2.10: Schematic of the different zones present in the cartilage template
(Zuniga, 2015).
The periosteum is an important source for undifferentiated osteoprogenitor cells.
It is divided into an outer layer, which is a source for fibroblasts, and an inner
osteogenic layer, which is a source for osteoprogenitor cells that develop into
osteoblasts. The periosteum also provides sites for attachment for ligaments, tendons
and muscles (McNamara, 2011). While hypertrophic chondrocytes perform these
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multiple tasks in the centre of the cartilage template, the template enlarges further
through continuous proliferation of chondrocytes. As the bone enlarges,
haematopoietic stem cells interact with the bone marrow stroma to establish the main
site for haematopoiesis. It is here, in the presence of VEGF, that vascularisation of the
template occurs. This process is vital as blood vessels are a source of endothelial cells,
which produce essential growth factors that control recruitment, proliferation, and
differentiation of osteoblasts; haemopoietic cells, that form the bone marrow; and
osteoprogenitor cells, which differentiate to become osteoblast cells and secrete bone
proteins and minerals (Kronenberg, 2003; McNamara, 2011). Cells in the
perichondrium are signalled to become osteoblasts and to secrete collagen type I-rich
matrix resulting in the formation of the bone collar. Hypertrophic chondrocytes
undergo apoptosis and are replaced by osteoblasts that form the bone matrix.
Secondary ossification centres develop at the ends of the cartilage model, where again,
chondrocytes stop proliferating, become hypertrophic and signal the influx of blood
vessels and osteoblasts (Mirjam Fröhlich, 2008), see Figure 2.11.
Any further bone growth occurs within the secondary ossification centre. This
is regulated by the epiphyseal or growth plate, which continues to produce new
cartilage that is replaced by bone, and thereby facilitates lengthening of bone. After
puberty, the lengthening of bones stops and the growth plate fuses and is replaced by
bone, known as the epiphyseal line (McNamara, 2011).
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Figure 2.11: Endochondral Ossification: (A) Formation of the cartilage template, (B)
Chondrocytes become hypertrophic and vessels begin to invade, (C) osteoid and
mineral is formed upon the cartilage template and the primary ossification centre is
formed, (D) Marrow, secondary ossification centre and epiphyseal plate are formed
(McNamara, 2011).

Bone as an Adaptive material

Bone Modelling and Remodelling
Bone is a dynamic material that constantly adapts itself, by altering its shape and
microstructural architecture, through processes known as modelling and remodelling,
to accommodate the loading conditions imposed during everyday activities. This
adaptive nature is crucial to bone’s ability to protect and support the body through
time.
Modelling is the process by which bones change their overall shape during
growth or in response to physiological conditions or mechanical loads due to everyday
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activities. Bones may widen or change axis by bone modelling. This occurs when bone
resorption performed by osteoclasts, usually on the endosteum, is simultaneous to
bone formation by osteoblasts, usually on the periosteum, such that the dimensions are
altered (Frost, 1990; Clarke, 2008). The bone remodelling is a cell-controlled process
by which bone is replaced to maintain bone strength and mineral homeostasis. This
process is divided into four successive phases; Activation Phase, Resorption Phase,
Reverse Phase, and Formation Phase (see Figure 2.12).
Activation Phase. Bone remodelling process begins after different inputs, such
as an alteration to mechanical loading is sensed by the osteocytes or certain factors
(insulin growth factor (IGF), tumour necrosis factor-α (TNF-α), PTH) and interleukin6 (IL-6)) are released in the bone microenvironment, then activation of the bone lining
cells incurs. As a consequence, the bone lining cells begin to express the surface
marker Receptor Activator of Nuclear Ligand (RANKL). RANKL in turn interacts
with its receptor RANK which is expressed by pre-osteoclasts. This RANKL/RANK
interaction leads to the differentiation of pre-osteoclasts into multinucleated
osteoclasts.
Resorption Phase. The differentiated osteoclast polarises and attaches to the
underlying bone matrix (Rucci, 2008; Favus and Christakos, 1996). Osteoclast
resorption depends on osteoclast secretion of hydrogen ions and the cathepsin K
enzyme. The hydrogen ions acidify the area beneath the osteoclast to dissolve the
mineral component of the bone matrix, whereas the cathepsin K digests the protein
matrix, which is mostly composed of collagen type I (Clarke, 2008; Boyle et al., 2003;
Rucci, 2008). Once the resorption process has been completed and the osteoclasts have
accomplished their function, the osteoclasts undergo apoptosis (Rucci, 2008).
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Reverse Phase. The reverse cells whose role is still yet unknown, perform this
phase. It has been hypothesised that they are macrophage-like cells, whose function is
the removal of debris produced during the resorption phase.
Formation Phase. Bone resorption leads to a release of several growth factors
including BMPs, fibroblast growth factors (FGFs) and TGF-β, which are responsible
for the recruitment of osteoblasts to the reabsorbed area. The recruited osteoblasts
produce new bone matrix, which is initially not calcified and also known as osteoid,
and they promote mineralisation, thus completing the bone remodelling process.

Figure 2.12: Diagram showing the phases of the bone remodelling cycle: Activation
Phase, Resorption Phase, Reverse Phase, and Formation Phase. OCL denote
osteoclasts and OBLs denote osteoblasts.

Fracture Healing
Although bone is constantly renewing itself throughout its lifetime, traumatic
injuries or pathological conditions can occur, which can lead to fracture of the bone.
Bone fracture can be repaired through synchronised activity of osteoprogenitor,

33

Chapter 2

chondroblasts, and osteoblasts by a process known as fracture healing, as shown in
Figure 2.13 (McKibbin, 1978; Einhorn, 1998).

Figure 2.13: The healing process of bone fracture (1) Hematoma formation, (2)
Fibrocartilagenous callus formation, (3) Bony callus formation, and (4) Bone
Remodelling (Marieb and Hoen, 2006).
This process can be divided into four stages: hematoma formation,
fibrocartilagenous callus formation, bony callus formation and bone remodelling.
When a bone breaks, blood vessels present in the periosteum and the surrounding
tissues are torn and haemorrhage. As a result, a hematoma or mass of clotted blood
forms around the fracture site. Cells around the break are deprived of nutrients and
die, and the tissue surrounding it becomes swollen and inflamed. Within a few days,
new capillaries grow into the hematoma and phagocytes invade the area and begin to
clean up the site. Meanwhile, fibroblasts and osteoblasts invade the site from the
nearby periosteum or endosteum and begin to reconstruct new bone. Within a week,
new bone trabeculae begin to appear in the callus and this continues until a firm union
is formed after approximately two months. Over time the bone callus is remodelled
and the excess material on the diaphysis exterior is removed and compact bone is laid
down in the shaft walls (Marieb and Hoen, 2006; Tsiridis et al., 2007). This
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remodelling process is largely dependent on the mechanical forces applied to the bone
(McNamara, 2011; McKibbin, 1978; Crockett et al., 2011). The precise mechanical
stimulus that is sensed by bone cells during the bone remodelling process and the
signal produced as a result has yet to be elucidated. Despite this, studies have found
that the presence of microcracks is currently considered a crucial driver for the
remodelling process as it initiates the activation of osteocytes to begin the resorption
process (Crockett et al., 2011; Cardoso et al., 2009).

Bone Pathology
Large bone defects can occur due to traumatic injuries or pathological
conditions. Healthy bones do not develop spontaneous fractures as a result of the
mechanical loads exerted due to everyday activities. However, large bone fracture can
occur during trauma. These types of fractures usually occur due to sporting activities,
high impact loading such a road accidents, and explosion and blast injuries (Samuel et
al., 2009).
Pathologic fractures are usually caused by the weakening of the bone due to
metabolic bone diseases including osteoporosis or osteomalacia, or due the presence
of bone forming tumours. In general, osteoporosis is known as a metabolic disease, in
which progressive degradation of both bone mass and bone microarchitecture occurs,
with corresponding deterioration in bone mechanical strength. It is classified as either
primary or secondary osteoporosis. Primary osteoporosis is more common and is
associated with decreased levels of oestrogen and typically occurs in postmenopausal
women and elderly patients. Secondary osteoporosis is a consequence of aging and is
usually caused by inadequate calcium and vitamin D intake (Wensel et al., 2011; Hoch
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et al., 2009). Osteomalacia is a disorder characterised by inadequate mineralisation of
newly formed bone matrix, and is also known as rickets in children (Hoch et al.,
2009). It often develops because of a Vitamin D deficiency. Both diseases lead to
greater fragility of bones and as such can lead to a greater risk of large bone fractures
occurring.
Bone-forming tumours represent a broad spectrum of neoplasms (abnormal
growths) and vary in both morphology and biology. A bone-forming tumour is defined
as a neoplasm, which arises within or on the surface of bone tissue and synthesises
and secretes organic matrix that may or may not mineralise. Tumour cells on the
surface of the bone tend have a similar phenotype to osteoblasts, and in tumours where
the cells are creating matrix, the cells they have a large, polyhedral morphology. On
the other hand, tumour cells found within the bone are entrapped within the matrix and
tend to be smaller than those neoplastic cells on the surface (Nielsen and Rosenberg,
2010). The growth of bone tumours and the architecture of neoplastic bone tend to
differ based on the nature of the bone tumour. For example Bone Island (enostosis),
osteoma, and osteoblastoma are all benign bone tumours and are usually well
confined, and the bone matrix is typically deposited upon the trabeculae of lamellar
bone. Conversely, osteosarcoma is a malignant tumour where the neoplastic cells grow
with an infiltrative pattern and the bone is woven in architecture and deposited in a
coarse, lace like pattern (Nielsen and Rosenberg, 2010). The tumours are also
clinically problematic to treat as over 50% are resistant to radiation therapy, therefore
the standard therapy is tumour resection leading to large non-union bone defects.
As stated in Section 1.1.1 current therapies for these defects include autografting
and allografting cancellous bone, applying vascularised grafts and other bone transport
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methodologies (Perry, 1999; Rose and Oreffo, 2002; Cancedda et al., 2007). However,
these treatments have their own limitations, the procedure is typically expensive and
donor site morbidity due to infection and haemotoma. Moreover, with an increasing
aging population there is a significant increase in fractures due to osteoporosis, with
30-50% of the replacement operations requiring revision surgeries. Therefore, there is
clearly a clinical need for new therapies to treat these large bone defects.

Bone Tissue Engineering
Bone tissue engineering has been heralded as the alternative strategy to
regenerate bone tissue in a large defect. In essence, bone tissue engineering requires
three aspects: (1) a biomaterial scaffold conductive to cell attachment and cell
viability, (2) osteoprogenitor cells and (3) osteoconductive/inductive growth factors,
see Figure 2.14.

Figure 2.14: Schematic of the three stages of the bone tissue engineering triad: (1)
Cells, (2) Scaffold and (3) Growth Factors.
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Most bone tissue engineering strategies have incorporated one or all of these
aspects to develop an approach to heal a segmental defect. As described in Section
2.2.4, bone marrow MSCs have a vast capacity for tissue regeneration. Ectopic bone
formation can occur when untreated MSCs are subcutaneously implanted on
biomaterial scaffolds (Goshima et al., 1991c; Goshima et al., 1991b; Goshima et al.,
1991a; Haynesworth et al., 1992; Ohgushi et al., 1993) and MSCs seeded on scaffolds
have also been shown to heal critical-sized segmental defects in both large (canine)
and small animals (rats) (Bruder et al., 1998a; Bruder et al., 1998b; Arinzeh et al.,
2003; Kadiyala et al., 1997a; Kadiyala et al., 1997b).
The main criteria for bone tissue engineering scaffolds are to provide the cells
an appropriate platform for cell attachment and proliferation, whilst also having the
mechanical stability needed to deal with the physiological and biological challenges
in the in vivo environment. In general, a scaffold should be made out of a material that
is biocompatible and not elicit an immunological response, due to the body
recognising the scaffold as a foreign bogy when implanted in vivo (Chapekar, 2000;
Logeart-Avramoglou et al., 2005; Kneser et al., 2006; Hutmacher, 2000). The material
properties of scaffolds used in current tissue engineering strategies fall into two
categories: (1) ceramic biomaterials and (2) natural and synthetic polymers. The
advantages of ceramic biomaterials, including hydroxyapatite and calcium phosphate
based ceramics, are that they stimulate cell differentiation, are osteoconductive and
have an ability to integrate with the host bone (Heise et al., 1990; Sartoris et al., 1991;
Marcacci et al., 1999; Elsinger and Leal, 1996; Ge et al., 2004; Mastrogiacomo et al.,
2006; Kruyt et al., 2004; Rezwan et al., 2006; Ramay and Zhang, 2004). They also
have a strong structural integrity that is needed from a bone tissue engineering scaffold
to meet the loading demands of everyday activity. However, the ceramic scaffolds are
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resorbed by the body, but in a relatively slow manner. On the other hand, natural and
synthetic polymers, such as collagen, silk, polylactic acid (PLA) and polycaprolactone
(PCL), can be chemically modified and their degradation rate controlled (Rose and
Oreffo, 2002; Burg et al., 2000; Liu and Ma, 2004; Athanasiou et al., 1996; Prestwich
and Matthew, 2002; Wang et al., 2006; Meinel et al., 2004a; Li et al., 2006b; Shin et
al., 2004; Williams et al., 2005; Hollister, 2005; Yoshimoto et al., 2003; Meinel et al.,
2005; Meinel et al., 2004b; Farrell et al., 2006; Farrell et al., 2007; Hofmann et al.,
2007; Martin et al., 1998; Lyons et al., 2010). These biodegradable scaffolds provide
the initial structure that is needed for cells to attach and proliferate but then degrade
as the tissue forms, providing room for matrix deposition and tissue growth. They can
also be processed easily into 3D structures with the morphological characteristics
needed to fit into the defect site. However, despite these advantages these scaffolds do
not have the mechanical integrity needed to be placed in a load bearing location (Rose
and Oreffo, 2002; Burg et al., 2000; Liu and Ma, 2004; Athanasiou et al., 1996;
Prestwich and Matthew, 2002; Wang et al., 2006; Meinel et al., 2004a; Hollister,
2005).
Moreover, scaffolds can not only be a vector for cell delivery but also for the
delivery of growth factors. Growth factors that are commonly used in bone tissue
engineering are the BMPs. The BMPs have been shown to have a promising effect on
bone regeneration through the recruitment, commitment and differentiation of bone
progenitor cells (Reddi, 1992; Kawakami et al., 1996; Hollinger et al., 1998; Rose and
Oreffo, 2002). One of the main limitations to the use of BMPs in bone tissue
regeneration is the failure to find a suitable carrier to deliver the growth factor with
the necessary dosage to maintain the biological activity. One way of overcoming this
is the incorporation of the growth factor within the natural and synthetic polymer
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scaffolds. Studies have looked at the incorporation of BMP and Vascular Endothelial
Growth Factor (VEGF) within the scaffolds (Boden, 1999; Winn et al., 1999; Schmitt
et al., 1999; Kanczler et al., 2010; Yang et al., 2004; Kanczler et al., 2008; Kolambkar
et al., 2011; Oest et al., 2007; Boerckel et al., 2011) in order to aid in the repair of
large bone defects.
When designing a scaffold for the delivery of growth factors the choice of
scaffold material is crucial. When ceramic biomaterials are used as carriers for
osteoinductive factors, there have been problems associated with biodegradability,
inflammatory and immunologic reactions when implanted in vivo (Oreffo and Triffitt,
1999; Horisaka et al., 1991; Doll et al., 1990). Synthetic and natural polymers have
been used to make biodegradable composite scaffolds through the addition of
osteoconductive factors such as hydroxyapatite and tricalcium phosphate (Middleton
and Tipton, 2000; Agrawal and Ray, 2001; Hutmacher, 2000; Rose and Oreffo, 2002;
Rezwan et al., 2006; Wei and Ma, 2004; Zhang and Ma, 1999; Li et al., 2006a; Ma et
al., 2001; Lyons et al., 2014; Murphy et al., 2014; Gleeson et al., 2010) and have been
able to overcome some limitations of ceramic biomaterials. The field of bone tissue
engineering is rapidly growing and bone tissue engineering products are beginning to
hit clinical trials, which are summarised in Table 2.1.
Table 2.1: Clinical Studies using Human MSC seeded tissue engineering constructs
Patient
No.

Scaffold

Results

Long Bone Defects
(Quarto et al., 2001)

3

Hydroxyapatite
Scaffold

40

Callus Formation along the
implants and good integration
at the interface with host
bones 2 months post-surgery.
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(Marcacci et al., 2007)

4

Hydroxyapatite
Scaffold

Complete fusion between the
implant and the host bone was
seen 5 to 7 months postsurgery and was maintained 6
to 7 years later.

(Krecic-Stres et al.,
2007)

1

CalciumTriphosphate
Scaffold

(Hibi et al., 2006)

1

Titanium Plate

Regenerated bone bridge in
the defect 6 months postsurgery.

(Meijer et al., 2007)

10

Hydroxyapatite
Scaffold

Only one patient had new
bone formation.

(Lee et al., 2010)

1

Fibrin Glue and
Titanium Plate

Successful regeneration of
large bone defect in the jaw.

(Meijer et al., 2008)

6

Hydroxyapatite
Particles

4 months post-surgery 3
patients had bone formation,
however in only 1 of these
patients was the bone
formation induced due to the
implant.

(Zamiri et al., 2013)

3

Allogenic
Mandible

Vascularisation and bone
healing was observed in 2 out
of 3 patients.

(d'Aquino et al., 2009)

17

Collagen
Sponge

Complete bone regeneration
was evident one year postsurgery.

6

Hydroxyapatite/
beta-tricalcium
scaffold

Mean bone regeneration
within the defect was reported
to be 41.34% and all
implanted were considered
clinically integrated 4 months
post-surgery.

Results unpublished.

Aveolar Cleft Defect

Mandibular Defect

Maxillary Defect
(Shayesteh et al., 2008)
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In general, the results from these studies demonstrated that it is safe to use
human MSCs for bone regeneration, however, the results thus far have been
substantially less promising than those of animal studies (Ma et al., 2014; Frohlich et
al., 2008). To date, no current bone tissue engineering strategy has successfully created
a bone tissue engineered construct that can be placed in a load-bearing location. The
reason for that is that engineering bone tissue is not only highly dependent on cellular
and molecular developmental biology but also very strongly guided by bioengineering
and bio-mechanics. The majority of limitations seen by current bone tissue
engineering studies is due to the issue of core degradation, which occurs due to lack
of vascularisation (Phelps and Garcia, 2009; Ko et al., 2007; O'Brien, 2011; Amini et
al., 2012). Another limitation seen in current tissue engineering strategies is fibrous
tissue encapsulation of the construct due to the host’s reaction to a foreign body (Lyons
et al., 2010; Amini et al., 2012; O'Brien, 2011), as seen in Figure 2.15.

Figure 2.15: Example of Core degradation in a rat calvarial defect treated with tissue
engineered collagen-calcium phosphate scaffold for 4 weeks post implantation. (a)
Shows full defect site and (b) shows higher magnification of the same image. Red
arrows show the fibrous tissue capsule and black arrow shows the acellular core
(O'Brien, 2011).
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Despite the great advances that have been made in the field of material science,
the design of biomaterials for bone tissue engineering is constantly changing. In vivo
the ECM of bone is a structurally complex environment composed of a variety of
structural elements, in which growth factors, integrins, and functional peptides are
incorporated, as previously discussed in Section 2.1. A relatively new strategy is
ECM-based tissue engineering, in which the scaffolding material contains natural
ECM sources. The main advantage to this is that it supports and encourages specific
tissue formation due to the presence of the bioactive molecules present within the
ECM driving tissue homeostasis and regeneration (Benders et al., 2013). To date most
of the ECM-based tissue engineering studies have been cartilage based (Benders et al.,
2013; Ye et al., 2013; Schwarz et al., 2012a; Schwarz et al., 2012b; Elder et al., 2009),
however, some studies have begun investigating the use of decellularised cartilage
within the scaffolds to induce bone formation (Visser et al., 2015; Gawlitta et al.,
2015). However, the underlying mechanisms of this strategy are still not fully
understood and the functional outcome of ECM-derived scaffolds depends on a
number of variable factors, including retention of growth factors, surface topology,
immune response, and the microenvironmental cues exerted on the cells (Benders et
al., 2013). There have clearly been major strides in bone tissue engineering in the past
few years but it is clear that further investigation within the field is needed.

Endochondral Ossification as a Bone Tissue Engineering
approach
To date the promising bone tissue engineering strategies have either tried to
produce a construct that mimics the function and mechanical properties of the bone
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tissue (Heise et al., 1990; Sartoris et al., 1991; Marcacci et al., 1999; Elsinger and Leal,
1996; Ge et al., 2004; Mastrogiacomo et al., 2006; Kruyt et al., 2004; Rezwan et al.,
2006; Ramay and Zhang, 2004; Quarto et al., 2001; Marcacci et al., 2007; Hibi et al.,
2006; Meijer et al., 2007; Lee et al., 2010; Meijer et al., 2008; Shayesteh et al., 2008)
or produce a construct that has the necessary factors to induce bone formation but not
the mechanical integrity (Rose and Oreffo, 2002; Burg et al., 2000; Liu and Ma, 2004;
Athanasiou et al., 1996; Prestwich and Matthew, 2002; Wang et al., 2006; Meinel et
al., 2004a; Li et al., 2006b; Shin et al., 2004; Williams et al., 2005; Hollister, 2005;
Yoshimoto et al., 2003; Meinel et al., 2005; Meinel et al., 2004b; Farrell et al., 2006;
Farrell et al., 2007; Hofmann et al., 2007; Martin et al., 1998; Lyons et al., 2010;
Middleton and Tipton, 2000; Agrawal and Ray, 2001; Hutmacher, 2000; Rezwan et
al., 2006; Wei and Ma, 2004; Zhang and Ma, 1999; Li et al., 2006a; Ma et al., 2001;
Lyons et al., 2014; Murphy et al., 2014; Gleeson et al., 2010; d'Aquino et al., 2009).
However, although this strategy has produced extensive amounts of research, recently
it has been proposed that perhaps an ideal construct does not have to replicate the
properties of the fully functional tissue but to replicate the bone formation process
from the beginning, a process known as “developmental engineering” (Martin, 2014;
Farrell et al., 2011; Miot et al., 2012; Scotti et al., 2010; Farrell et al., 2009; Scotti et
al., 2013; Jukes et al., 2008; Harada et al., 2014; Gawlitta et al., 2015; Visser et al.,
2015; Lenas et al., 2009). The principle of this strategy is to develop in vitro
approaches that mimic and take advantage of the natural mechanisms by which
ossification occurs in the body. In this vein, recent tissue engineering strategies have
sought to replicate features that occur during embryogenesis (Martin, 2014; Farrell et
al., 2011; Miot et al., 2012; Scotti et al., 2010; Farrell et al., 2009; Scotti et al., 2013;
Jukes et al., 2008; Harada et al., 2014; Gawlitta et al., 2015; Visser et al., 2015; Lenas
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et al., 2009), in particular to mimic the endochondral ossification process responsible
for the formation of all long bones during embryogenesis. The endochondral
ossification process relies on the production of a cartilage template, and the invasion
of a vascular network into this template (McNamara, 2011; Mackie et al., 2008), and
each of these events has been investigated separately as a precursor strategy to entice
bone formation, as is outlined further below.

Formation of the Cartilage Template
Endochondral Ossification is a tightly regulated process, which is highly
controlled by the presence and expression of biochemical signals. Researchers have
sought to investigate if the application of certain biochemical cues in vitro could
manipulate the cells to undergo the endochondral ossification process both in vitro and
following implantation in vivo. One methodology is to chondrogenically prime MSCs
in vitro, by exposing cells to chondrogenic differentiation supplements, prior to
implantation in vivo. The idea is that this strategy would allow the cells to form a
cartilage template prior to mineralisation, similar to what occurs naturally during early
fetal development. Previous subcutaneous mouse/rat studies have found that
chondrogenic priming of human MSCs seeded on transwell inserts (Scotti et al., 2010)
and collagen glycosaminoglycan (GAG) scaffolds (Scotti et al., 2013; Farrell et al.,
2011; Farrell et al., 2009) or of embryonic stem cells on calcium phosphate ceramics
(Jukes et al., 2008) can overcome issues with poor oxygen and nutrient supply in tissue
engineered constructs. Moreover such constructs have been shown to mineralise when
implanted subcutaneously for up to 8 weeks, see Figure 2.16.
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Figure 2.16: Three-dimensional μCT reconstructions (A-D) and quantitative
histomorphometric data (n = 4) of mineral volume (E-F) and density of the constructs
chondrogenically primed for 14 days (early hypertrophic) versus constructs that were
chondrogenically primed for 21 days followed by 2 weeks in hypertrophic medium
(late hypertrophic) (* indicates significant differences; p < 0.01) (Scotti et al., 2010).
Other studies have investigated the implantation of chondrogenically primed
MSCs in both aggregate and scaffold form to heal a large segmental defect (Harada et
al., 2014; van der Stok et al., 2014). Chondrogenically primed rat MSCs were seeded
on a poly(lactic-co-glycolic acid) (PLGA) scaffold in an effort to repair both a critical
sized (5mm) and a full thickness femur defect (15mm) (Harada et al., 2014). The
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results showed that bone union occurred in all of the constructs examined
radiographically at 8 or 16 weeks post-surgery. Chondrogenically priming human
MSC cellular aggregates were also investigated for the purpose of regenerating a 6mm
femoral defect (van der Stok et al., 2014). Micro-CT scanning was implemented to
show that after 4 and 8 weeks there was significantly more bone formation in the defect
treated with chondrogenically primed MSCs compared to undifferentiated MSCs, as
seen in Figure 2.17.

Figure 2.17: Micro-CT images of the mineralised Aggregates after 4 and 8 weeks in
vivo. Black arrows denote the boarder of the Aggregates, “c” indicated the newly
formed cortex and “m” indicates the ongoing restoration of the medullary canal (van
der Stok et al., 2014).
These studies have established that chondrogenic priming of MSCs can entice
bone formation in both an ectopic and critical defect model. However, some of these
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studies observed core degradation and an uneven distribution of bone mineral
throughout the construct (Farrell et al., 2009; Scotti et al., 2010; Farrell et al., 2011),
and only a few studies (Scotti et al., 2013; Scotti et al., 2010; Farrell et al., 2009;
Farrell et al., 2011) examined human MSCs rather than animal MSCs. It is clear that
chondrogenic priming may have potential as an in vitro bone tissue regeneration
strategy but approaches must be further optimised to overcome these limitations.
In vivo, the endochondral ossification process relies on the establishment of a
cartilaginous template prior to vessel invasion and bone formation. Therefore the
timing of cartilage template formation is important for bone formation by
endochondral ossification. Embryologists have estimated that cartilaginous limb buds
are first seen in humans by the 26th day (Merz and Bahlmann, 2004; Webster, 2012;
Smith, 1968), whereas in vivo studies have shown that bone formation begins in chick
bones when the embryo is 9-18 days old (Roach, 1992; Roach, 1997; Nowlan et al.,
2007; Hunziker and Schenk, 1989; Hall, 1987). One study has shown that the timing
of media supplementation is important for mineralisation of bone tissue constructs in
vivo (Scotti et al., 2010). Human MSCs were chondrogenically primed on transwell
inserts for either 1 or 2 weeks before subcutaneous mice implantation. The constructs
that were chondrogenically primed for 1 week were unable to be retrieved 4 weeks
post implantation, whereas constructs primed for 2 weeks developed an extracellular
matrix rich in GAG and contained cells embedded in large lacunae. By 8 weeks this
group had reduced levels of GAG however, the centre region of the construct was rich
in collagen type X, indicating hypertrophy, and the beginning of core degradation.
This study shows that the timing for chondrogenic priming does have an effect on the
in vivo survivability of the constructs. However, to date, no study has investigated
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what the optimum time for chondrogenic priming is and what effect it would have on
the mineralisation capacity of MSCs in vitro. This deficit of knowledge will be
explored further in Chapter 3 of this Thesis.

Vascularisation of the Cartilage Template
In vivo, vessel formation is an integral part of the bone formation process that
occurs during the endochondral ossification process. As described in Section 2.4.2,
vessel invasion occurs after the cartilage template has formed by a process known as
quiescent angiogenesis, which involves endothelial cells invading through the
cartilage canals already present in the developing bone tissue (Mackie et al., 2008;
McNamara, 2011; Gerber and Ferrara, 2000; Kronenberg, 2003), and this process
typically occurs between 14 and 18 days of embryogenesis of mice (Gerber and
Ferrara, 2000; Carlevaro et al., 2000). It is believed that bone vasculature is necessary
to provide appropriate growth factors, hormones, chemokines and nutrients, and
without a vascular supply, cells within tissue engineered constructs do not get the
necessary requirements to regenerate the damaged bone tissue and ultimately die when
implanted in vivo (Rivron et al., 2008; Kanczler and Oreffo, 2008).
In vitro, co-culture studies have investigated whether pre-vascularising 3D
tissue engineered scaffolds, such as trabecular bone (Correia et al., 2011), PCL
(Ghanaati et al., 2011), poly(LLA-co-DXO) (Pedersen et al., 2013), collagen GAG
(McFadden et al., 2013; Duffy et al., 2011), and hydroxyapatite (Scherberich et al.,
2007) scaffolds in vitro, through the co-culture of MSCs and HUVECs, would allow
faster host integration post-implantation (Correia et al., 2011; Ghanaati et al., 2011;
Pedersen et al., 2013; McFadden et al., 2013; Scherberich et al., 2007; Duffy et al.,
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2011). It has been shown that pre-vascular networks can be formed in a subcutaneous
animal model in vivo when human MSCs (Correia et al., 2011; Pedersen et al., 2013;
McFadden et al., 2013; Scherberich et al., 2007) are first co-cultured with HUVECs
in vitro see Figure 2.18.

Figure 2.18: Microcomputed tomography angiography demonstrating the level of
vessel formation within the implanted collagen-GAG scaffolds after 4 weeks
subcutaneous implantation. ECs denote endothelial cells alone and co-culture denotes
the addition of both endothelial cells and MSCs (McFadden et al., 2013).
Studies have also investigated direct cell-cell contact co-culture approaches
through the formation of cellular aggregates (Gawlitta et al., 2012; Fuchs et al., 2007;
Saleh et al., 2011; Rouwkema et al., 2006; Verseijden et al., 2010), and pre-vascular
networks have been observed in cellular aggregates co-cultured in vitro (Gawlitta et
al., 2012; Fuchs et al., 2007; Saleh et al., 2011; Verseijden et al., 2010). An example
of these cellular networks can be seen in Figure 2.19. The presence of both MSCs and
HUVECs within the cellular aggregate has not only been shown to promote the
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formation of vascular networks, but has also led to an upregulation in early osteogenic
markers like ALP activity (Fuchs et al., 2007; Saleh et al., 2011).

Figure 2.19: Confocal images of CD31 labelling of MSC/HUVEC spheroids at day
1, 3 and 7. DAPI stains nuclei of cells blue and CD31 stains endothelial cells green
(Saleh et al., 2011).
While in vitro bone regeneration strategies have sought to incorporate either the
production of the cartilage template or the vascularisation of the construct, no strategy
has sought to incorporate both events simultaneously, albeit that both are crucial
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precursors for bone formation in vivo during endochondral ossification. Chapter 4 and
Chapter 5 seek to explore this deficit of knowledge.

Summary
This Chapter has presented a detailed overview of bone function, composition
and structure with a particular focus on the cellular constituents of bone. In summary,
bone is a highly adaptive tissue that is constantly repaired and renewed to
accommodate for everyday activities throughout life, through the coupled activities of
osteocytes and osteoblasts. However, when the fracture is too large, and the bone
cannot repair itself, other means are needed. The current clinical treatment for nonunion defects involves autologous tissue transplantation from the patient’s own iliac
crest, ribs or calvarium. This procedure is painful to the patient and major
complications can occur including donor site morbidity due to infection and
haemotoma. Therefore, there is a distinct clinical need for new therapies that provide
an effective clinical treatment for large bone defects. The most promising strategy is
the use of bone tissue engineering with bone marrow derived MSCs for treating bone
diseases and reconstructing bone defects. However, current bone tissue engineering
strategies have their own challenges including core degradation and fibrous capsule
encapsulation. One way of overcoming these issues is the concept of “developmental
engineering”, which relies on replicating features that occur during bone development,
in particular the endochondral ossification process. By manipulating cells to undertake
the endochondral ossification process prior to the point of mineralisation, a bone tissue
engineered construct can be designed that once implanted in vivo would lead to
enhance vascularisation and construct survivability. Although strategies that mimic
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certain aspects of this process have been shown to have potential, to date no approach
has sought to recreate multiple aspects of the endochondral ossification process such
as the presence of multiple cell populations, or their spatiotemporal differentiation.
To address this deficit in knowledge, Chapter 3 of this PhD Thesis investigates
whether there is an optimum time for chondrogenic priming of MSCs in vitro that will
enhance osteogenic differentiation. Chapter 4 examines the hypothesis that a tissue
regeneration approach that incorporates both chondrogenic priming of MSCs, to first
form a cartilage template, and subsequent pre-vascularisation of the cartilage
aggregates, through the co-culture of endothelial cells in vitro, will serve as an
effective in vitro bone regeneration approach. In Chapter 5, the effectiveness of the
application of chondrogenic priming and the co-culture of MSCs and HUVECs for
inducing mineralisation, even without the addition of osteogenic supplements, is
investigated. Finally, using the pre-vascularised aggregates developed through
Chapters 3-5, the fate these aggregates once implanted subcutaneously, in particular
with respect to cell viability, vessel infiltration and mineral formation, is investigated
in Chapter 6.
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Chapter 3: Is there an optimum
time for chondrogenic
priming of MSCs in vitro that
will enhance mineralisation
in vitro?
Introduction
Clinical treatments for bone defects and extensive fractures involve autologous
tissue transplantation or implantation of vascularized bone grafts ((Rose and Oreffo,
2002; Cancedda et al., 2007; Dawson and Oreffo, 2008; Zomorodian and Baghaban
Eslaminejad, 2012). However, such approaches are limited in their ability to ensure
union of large bone defects and are also associated with high cost and risk of infection
(Rose and Oreffo, 2002; Cancedda et al., 2007; Dawson and Oreffo, 2008;
Zomorodian and Baghaban Eslaminejad, 2012). Bone tissue engineering has been
heralded as a promising strategy for treating bone diseases and reconstructing bone
defects (Rose and Oreffo, 2002; Cancedda et al., 2007; Dawson and Oreffo, 2008). As
stated in Section 2.7, MSCs have shown promise for producing a bone-like matrix
when subcutaneously implanted (Goshima et al., 1991c; Goshima et al., 1991b;
Goshima et al., 1991a; Haynesworth et al., 1992; Ohgushi et al., 1993). However,
existing approaches are limited as they are unable to produce functional bone tissue
for clinical use in load-bearing locations (Meijer et al., 2008) and have also been
shown to act as a barrier to healing in rodent cranial defects (Lyons et al., 2010; Amini
et al., 2012; O'Brien, 2011).
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A possible solution to overcome such limitations and harness the osteogenic
potential of MSCs is to mimic bone development during early fetal development and
recreate it in vitro. Endochondral ossification is a tightly regulated process, which is
highly controlled by the presence and expression of biochemical signalling (as
described in Section 2.4.2). Recently bone tissue regeneration studies have been
conducted to investigate whether the application of certain biochemical cues in vitro
could manipulate the cells to undergo the endochondral ossification process when
implanted in vivo. In particular, chondrogenic priming of MSCs has been investigated
in vitro, prior to implantation in vivo (Farrell et al., 2011; Farrell et al., 2009; Jukes et
al., 2008; Scotti et al., 2013; Scotti et al., 2010; Harada et al., 2014; van der Stok et
al., 2014; Visser et al., 2015; Gawlitta et al., 2015). This methodology has been shown
to overcome issues with poor oxygen and nutrient supply in cellular aggregates and
biomaterial scaffolds, and has been shown to induce mineralisation within the
chondrogenic MSCs when implanted subcutaneously (Farrell et al., 2011; Farrell et
al., 2009; Jukes et al., 2008; Scotti et al., 2013; Scotti et al., 2010; Gawlitta et al., 2015;
Visser et al., 2015) and in large segmental defects (Harada et al., 2014; van der Stok
et al., 2014). Specifically, the implantation of MSCs which were pre-differentiated
towards the chondrogenic lineage, led to bone regeneration in vivo whereas
undifferentiated MSCs were not capable of eliciting bone formation. However, a
number of these studies observed core degradation and an uneven distribution of bone
mineral throughout the construct (Farrell et al., 2009; Scotti et al., 2010; Farrell et al.,
2011) and only one study investigated different time periods for chondrogenic priming
in vitro prior to subcutaneous implantation (Scotti et al., 2010). The results from this
study found that if the construct was primed for 1 week, the construct was irretrievable
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4 weeks post subcutaneous implantation, and if primed for 2 weeks, core degradation
was observed within the constructs 8 weeks post implantation.
The timing of cartilage template formation is important for bone formation by
endochondral ossification. Embryologists have estimated that cartilaginous limb buds
are first seen in humans by the 26th day (Merz and Bahlmann, 2004; Webster, 2012;
Smith, 1968), and in vivo animal studies have shown that bone formation begins in
chick embryos which are 9-18 days old (Roach, 1992; Roach, 1997; Nowlan et al.,
2007; Hunziker and Schenk, 1989; Hall, 1987). It is clear from both in vitro and in
vivo studies that the length of time for chondrogenic priming has a significant effect
on a construct’s survivability in vivo. However, to date, the optimum timing and what
the role timing has on the mineralisation capacity of MSCs in vitro has not yet been
investigated.
Therefore, the hypothesis that “There is an optimum duration for chondrogenic
priming of MSCs that will enhance osteogenic differentiation of MSCs in vitro” was
tested in this Chapter. The overall objective of the study was to test a variety of times
for chondrogenic priming (10-28 days) and investigate if this would enhance
osteogenic differentiation of MSCs in vitro. The specific objectives of this study were
to investigate the effects of treatment with chondrogenic and osteogenic medium for
various durations on (1) DNA content, (2) sGAG production, (3) collagen content, (4)
ALP production and (5) calcium content of MSCs in aggregate culture through
biochemical and histological analyses. This Chapter presents an adapted version of
work previously published in the Journal of Tissue Engineering and Regenerative
medicine (Freeman et al., 2013).

56

Chapter 3

Methods

Isolation and Characterisation of BALB/c and Human bone marrow
derived MSCs
Cultures of Bagg Albino (BALB/c) primary MSCs were obtained and
characterized according to protocols of Peister et al. as previously described (Peister
et al., 2004; Birmingham et al., 2012). Briefly, 8- 10 week-old female and male mice
were killed under ethical approval from the Animal Care Research Ethics (ACREC)
committee at the National University of Ireland, Galway. The femurs and tibiae of the
mice were removed and the ends of the bones were cut off. Bones were placed in
RPMI-1640 medium (Sigma-Aldrich, Dublin, Ireland) supplemented with 9% fetal
bovine serum (FBS; EU Thermo Scientific, Loughborough, UK), 9% horse serum
(HS), 100 U/mL penicillin (Sigma-Aldrich), 100 g/mL streptomycin (Sigma Aldrich)
and 2 M L-glutamine (Sigma-Aldrich) and centrifuged at 400 g for 2 minutes. The
cellular aggregates were collected and resuspended in medium in T175 flasks, and
were then washed with sterile phosphate buffered saline (PBS) solutions. After
approximately 4 days, large colonies had formed; these were re-plated and cultured
for a further 10 days.
Human bone marrow-derived MSCs were extracted from bone marrow
aspirates. The bone marrow aspirates were obtained from the iliac crest of normal
human donors under ethical approval, from the Research Ethics Committee of the
National University of Ireland Galway and the Clinical Research Ethical Committee
at University College Hospital, Galway, and following informed consent. Bone
marrow aspirates were obtained from four donors aged 45, 48, 56 and 59 years. The
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MSCs were isolated on the basis of plastic adherence from bone marrow aspirates as
previously described (Farrell et al., 2009).
Once suitable colonies had formed in both BALB/c and human MSCs the
chondrogenic, osteogenic and adipogenic potential of these MSCs was confirmed as
previously described (Birmingham et al., 2012).
BALB/c MSCs for experiments were maintained in expansion medium
containing

Iscove’s

minimum

essential

medium

(MEM;

Sigma

Aldrich)

supplemented with 10% FBS, 10% HS, 2 mM L-glutamine, 100 U/mL penicillin and
100 μg/mL streptomycin until confluent. Human bone marrow MSCs for experiments
were maintained in expansion medium containing Dulbecco's Modified Eagle's
Medium (DMEM) supplemented with 10% FBS (EU Thermo Scientific), 100 U/mL
penicillin, 100 g/mL streptomycin and 2 M L-glutamine (all from Sigma-Aldrich).

Aggregate Formation
Once the cells reached a confluency of ~90% the cells were trypsinised, counted,
and centrifuged at 650 g, at 22°C for 5 minutes. The cells were then resuspended in
expansion medium so that there was 1×106 cells/mL. This cell suspension was divided
into 1.5mL tubes so that there were 500,000 cells (for BALB/c) and 250,000 cells (for
human MSCs) in each tube, and then centrifuged for 5 minutes at 400 g to create
cellular aggregates. Carefully avoiding the newly formed aggregate, the medium was
removed from each of the aggregates and 0.5 mL of either chondrogenic medium or
osteogenic medium was added depending on experimental conditions (described in
detail below). Chondrogenic medium consisted of a chemically defined medium
which contained high-glucose DMEM GlutaMAX (Gibco, Life Sciences, Dublin,
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Ireland), 10 ng/mL TGF-β3 (ProSpec-Tany TechnoGene Ltd, Ness-Ziona, Israel), 50
μg/mL ascorbic acid (Sigma-Aldrich), 4.7 μg/mL linoleic acid (Sigma-Aldrich), 100
nM dexamethasone (Sigma-Aldrich) and 1× insulin–transferrin–selenium (ITS; BD
Biosciences, Bedford, MA, USA). Osteogenic medium consisted of the expansion
medium supplemented with 100 nM of dexamethasone, 50 μg/mL ascorbic acid and
10 mM β-glycerol phosphate (Sigma-Aldrich). For all experiments, aggregate cultures
were fed twice per week by performing a 50% medium exchange. During each feed
the aggregates were agitated to prevent them from adhering to the microtube. This was
achieved through aspirating the medium beneath the aggregate with a micropipette.
The BALB/c aggregates were cultured under the following experimental
conditions: osteogenic medium for 49 days (Osteo group); chondrogenic medium for
49 days (Chondro group); 10 days chondrogenic priming and osteogenic medium for
39 days; 14 days chondrogenic priming and osteogenic medium for 35 days; 21 days
chondrogenic priming and osteogenic medium for 28 days; 28 days chondrogenic
priming and osteogenic medium for 21 days (Figure 3.1).
The human MSC aggregates were cultured under the following experimental
conditions: osteogenic medium for 14 days (Osteo group); 14 days chondrogenic
priming and osteogenic medium for 14 days; 21 days chondrogenic priming and
osteogenic medium for 14 days.
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Figure 3.1: Schematic of the experimental groups harvested samples at each timepoint for BALB/c MSCs.

Aggregate Harvesting
Aggregates from BALB/c MSCs were examined at 0, 10, 14, 21, 28, 35 and 49
days and were prepared for either histochemical analysis or biochemical analysis.
Aggregates from human MSCs were examined at day 0, 1 week post media switch,
and 2 weeks post media switch and prepared for biochemical analysis. At each of the
time points, the culture medium from the aggregates was collected, frozen and stored
at –80 °C until biochemical assays could be performed. The remaining aggregates
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were washed with PBS and then treated in one of two ways: (1) frozen and stored at –
80 °C for biochemical analysis or (2) fixed overnight in paraformaldehyde before
being placed in PBS and refrigerated for histochemical analysis. For the above study,
two independent experiments were carried out with at least two repeats in each
experiment (n = 2 for histological analysis and n = 3 for biochemical analysis).

Quantitative Biochemical Analysis
3.2.4.1 DNA Content
The DNA content was analysed in the BALB/c and human derived MSC
aggregates. Firstly, 500 μl of papain digest [100 mM sodium phosphate buffer
containing

10mM

L-cysteine,

125

μg/mL

papain

and

5

mM

Na2ethylenediaminetetraacetic acid (EDTA) (all from Sigma-Aldrich) in doubledistilled H2O at pH 6.5] was added to the aggregates and aggregates were placed in an
oven at 60 °C overnight, as previously described (Haugh et al., 2011). When the
aggregates were digested the biochemical assays were performed immediately or the
solutions were restored at –80 °C until the assays could be performed. Determination
of DNA content was performed using Hoechst 33258 DNA assay with calf thymus
DNA (Sigma-Aldrich) as a standard, following a previously published protocol
(Haugh et al., 2011; Kim et al., 1988). Briefly, in minimal light 40 μl of papain digest
of the sample/standard was added to a 96-well plate in triplicate. To this 200 μl of
working solution [assay buffer and 1 mg/mL Hoechst dye solution (Sigma-Aldrich)]
was added. The plate was incubated away from light for 10 minutes and then read on
a microplate reader (Wallac Victor3 1420 Multilabel Counter, PerkinElmer, Ireland),
excitation at 350nm and emission at 450 nm, as previously described (Haugh et al.,
2011; Birmingham et al., 2012).
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3.2.4.2 sGAG Content
The sGAG content was measured in the BALB/c-derived MSC aggregates using
the papain-digested samples (prepared for the Hoechst assay) and 1,9
dimethylmethylene blue (DMB) dye [26.25 μg/mL DMB, 0.625% ethanol and 2.5
μg/mL sodium formate (all Sigma Aldrich) in double distilled H2O at pH 3] with 10
mg/mL bovine-derived chondroitin-4-sulphate (Sigma-Aldrich) as a standard,
according to a previously published protocol (Estes et al., 2010). Then 40 μl of each
sample and standard in triplicate was added to a 96-well plate and 125 μl of the DMB
dye was added. The plate was read on the microplate reader at an optical density of
595 nm.
3.2.4.3 ALP Production
ALP production was determined in the BALB/c and human-derived MSC
aggregates using a colorimetric assay of enzyme activity (SIGMAFAST p-NPP Kit;
Sigma-Aldrich) which uses p-nitrophenyl phosphate (pNPP) as a phosphatase
substrate with ALP (Sigma-Aldrich) as a standard. A total of 40 μl of the medium was
added to a 96-well plate in triplicate with 50 μl of pNPP solution, which contained
both pNPP and assay buffer. The samples were shielded from direct light at room
temperature for 1 hour. After this, 20 μl of stop solution (3 N NaOH) was added to the
wells and the plate was read at 405 nm in a microplate reader, as described elsewhere
(Birmingham et al., 2012).
3.2.4.4 Calcium Content
Calcium deposition within the aggregates was measured in the BALB/c and
human-derived MSC aggregates using the Calcium Liquicolour kit (Stanbio
Laboratories, Texas, USA) according to the manufacturer's protocol. Briefly,
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aggregates were digested by adding 1 mL of 0.5 M HCL and rotating the solution
overnight in a cold room; 10 μl of each of the digested samples and assay standard
was then added to a 96-well plate and 200 μl of the working solution was added. The
plate was read on a microplate reader at an absorbance of 550 nm, as described
previously (Curtin et al., 2012).

Histology
Aggregates from BALB/c MSCs were examined by histological methods at days
0, 10, 14, 21, 28, 35 and 49. After each sample had been fixed overnight in
paraformaldehyde, samples were dehydrated and embedded in paraffin using an
automatic tissue processor (Leica ASP300, Leica). All samples were sectioned with a
thickness of 8 μm using a rotary microtome (Leica microtome, Leica). Sections were
stained with 1% Alcian Blue 8GX solution (pH of 2.5) for sGAG, as previously
described (Haugh et al., 2011), and finally 2% Alizarin Red solution for mineralisation
(all Sigma Aldrich).

Immunohistochemical Analysis
Immunohistochemical analysis was used to test the samples from BALB/c
derived MSCs for Collagen type I, II and X as previously described (Vinardell et al.,
2009). Briefly, sections were treated with chondroitinase ABC (Sigma Aldrich), rinsed
with PBS, quenched of peroxidase activity, and blocked with goat serum (Sigma
Aldrich) for 1 hour. Sections were then incubated at room temperature with either
rabbit polyclonal anti-collagen type I (1:400), rabbit polyclonal anti-collagen type II
(1:100), or rabbit polyclonal anti-collagen type X (1:200) (All Abcam, UK) for 1 hour.
After washing in PBS again the sections were incubated with secondary antibody for
63

Chapter 3

type I, type II and type X collagen (Anti-Rabbit IgG Biotin antibody produced in goat
(1:200)) (Abcam UK) for 1 hour. Colour was developed using the Vectastain ABC
reagent (Vectastain ABC kit, Vector Laboratories, UK) and exposure to Peroxidase
DAB substrate kit (Vector laboratories, UK). Positive controls (whole femur sections)
for mice were included in the immunohistochemical staining protocol for each batch.

Statistical Analysis
Results are expressed as mean ± standard deviation. For all the biochemical
analysis a two-way analysis of variance (ANOVA) with time and medium type as the
independent factors followed by pair-wise multiple comparison procedure (Tukey’s
HSD test) was used. All analyses were performed with Minitab. For all comparisons,
the level of significance was p ≤ 0.05.

Results

Chondrogenic priming of BALB/c MSC’s
3.3.1.1 DNA Content
Although there were trends towards increased DNA content in the
chondrogenically primed groups compared to the control groups, there was no
statistical difference in the DNA content between any of the groups at any time point
over the course of the 49 days, or within the groups at each time point, see Figure 3.2.
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Figure 3.2: The DNA content of the BALB/c groups at days 0, 10, 21, 28, 35 and 49
(n = 6 samples per group per time-point). Error bars denote standard deviation.
3.3.1.2 Production of the Cartilage Template
3.3.1.2.1 sGAG Content
After the initial surge in sGAG content present in the chondrogenic group at day
14, there was no statistical difference in the accumulative sGAG content between the
chondrogenic and osteogenic groups at any of the time points (see Figure 3.3 (a)).
Furthermore, there was no significant difference in the accumulative sGAG content
between the chondrogenic, osteogenic and the chondrogenic priming groups until day
21. By day 35, there was no statistical difference in sGAG content between the 10, 14
days priming group and the chondrogenic group. In contrast, there was significantly
higher sGAG content (p<0.01) in the 14, 21 and 28 days priming groups compared to
the chondrogenic control. These differences persisted to day 49, in every group but
the 14 days priming group which had a drop in sGAG content. There was a significant
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increase in sGAG content from day 35 to 49 in the 21 days priming group, and notably
the sGAG content was significantly higher than the chondrogenic group (p<0.01) and
the osteogenic group (p<0.01) at 49 days. On the other hand, the 14 days priming
group decreased sGAG content between day 35 and day 49.
3.3.1.2.2 Alcian blue staining
The sGAG results are supported by the alcian blue stained sections of each of
the groups at day 49; the 21 days priming group has the highest intensity of staining
for sGAG (blue), see Figure 3.3 (b). Comparing each of the groups, the intensity of
staining for sGAG throughout the entire aggregate is higher in the 21 and 28 priming
groups compared to the osteogenic, chondrogenic, and the 10 and 14 days priming
groups.
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Figure 3.3: (A) The sGAG content of the BALB/c groups at days 0, 10, 14, 21, 28, 35
and 49 (n = 6 samples per group per time-point). *p<0.05 vs. Chondro group; ^p<0.05
vs. Osteo group (see text). Error bars denote standard deviation. (B) Alcian Blue
staining of each of the groups at day 49. Each of the images was taken at a
magnification of 10 X.
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3.3.1.3 Mineralisation of the Cartilage Template
In order to effectively depict the influence of chondrogenic priming on ALP and
calcium secretion by BALB/c MSCs the data was analysed in two ways; 1) the amount
of ALP/calcium secreted over the entire duration of the experiment and compared with
both control groups; Chondrogenic group (chondrogenic medium alone for 49 days)
and Osteogenic group (osteogenic medium alone for 49 days) (Figure 3.4 (a), Figure
3.5 (a)); and 2) the amount of ALP/calcium secreted after the switch from
chondrogenic to osteogenic medium, which was only compared with the osteogenic
control group (Figure 3.4 (b), Figure 3.5 (b)). These results are further analysed below.
3.3.1.3.1 ALP secreted over the entire duration of the experiment
ALP production in the osteogenic group increased until day 21, after which it
began to plateau, see Figure 3.4 (a). There was higher extracellular ALP production
by the osteogenic group than the chondrogenic group at all of the time points, however,
these differences were only statistically different (p<0.05) at day 21. In contrast, all of
the chondrogenic priming groups showed an initial increase in ALP production after
changing the medium from chondrogenic to osteogenic. By day 49 most of the
chondrogenic priming groups had statistically higher ALP production (p<0.01) than
both the osteogenic and chondrogenic groups.
3.3.1.3.2 ALP secreted by MSC’s after the switch from chondrogenic to osteogenic
medium
Comparing each of the chondrogenic priming groups after the medium change
revealed an initial increase in ALP production both 1 week and 2 weeks after the
switch from chondrogenic to osteogenic medium (see Figure 3.4 (b)). The 14 days
priming groups showed the smallest increase in ALP production 1 week after the initial
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medium change. On the other hand, the 10, 21 and 28 days priming groups had a
significant (p<0.05) increase in ALP production 1 week after medium change. By two
weeks after the medium change all of the chondrogenic priming groups had
significantly higher ALP activity than the osteogenic group. The 21 days priming
group also had significantly higher ALP activity compared to the 28 days priming
group. Examining the chondrogenically primed groups 2 week post-medium change
the highest amount of ALP expressed was in the 14 and 21 days priming groups.
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Figure 3.4: (A) The ALP/DNA content of the of the BALB/c groups at days 0, 10, 14,
21, 28, 35 and 49 (n = 6 samples per group per time point). (B) The ALP/DNA content
of the BALB/c groups and compared with the osteogenic group, 1 week and 2 weeks
after changing the medium. *p<0.05 vs. Chondro group; ^p<0.05 vs. Osteo group;

70

Chapter 3

a

p<0.05 vs. 10-day priming group; bp<0.05 vs. 14-day priming group; cp<0.05 vs. 21-

day priming group; dp<0.05 vs. 28-day priming group (see text). Error bars denote
standard deviation.
3.3.1.3.3 Calcium production by MSCs over the entire duration of the experiment
The osteogenic group increased calcium content throughout the time course of
the experiment (see Figure 3.5 (a)), whereas there was no evidence of calcium
production in the chondrogenic group at any time-point. The chondrogenic priming
groups’ calcium content increased throughout the time course of the experiment. By
day 35 both the osteogenic and 10 days priming group had similar calcium content
whereas the 14 and 21 days priming groups had significantly (p<0.05) lower calcium
content than the osteogenic group. By day 49, both the 10 and 14 days priming groups
had higher calcium content than the osteogenic group albeit that the 10 days priming
group was the only one with significantly higher calcium content (p<0.05). There was
no difference in calcium content between the 21 days priming group and the
osteogenic group, whereas the 28 days priming group had significantly (p<0.05) lower
calcium content when compared to the osteogenic group.
3.3.1.3.4 Calcium production by MSCs after the switch from chondrogenic to
osteogenic medium
Comparing the primed groups with the osteogenic group directly the later
chondrogenic priming groups (14, 21, and 28 days priming groups) only had an
increase in calcium content two weeks after the media switch (see Figure 3.5 (b)). The
10 days priming groups had a small increase in calcium content one week post media
switch. However, two weeks post media switch, all of the chondrogenic priming
groups had significantly higher (all p<0.01) calcium content than the osteogenic group
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alone, which had no calcium content until 3 weeks in osteogenic medium. The 28 days
priming group had significantly higher calcium content than all other chondrogenic
priming groups as well as the osteogenic group, and the 10 days priming group had
the lowest calcium content when compared to the other chondrogenically primed
groups.
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Figure 3.5: (A) Calcium content of the BALB/c groups at days 0, 10, 14, 21, 28, 35
and 49 (n = 6 samples per group per time-point). (B) Calcium content of the BALB/c
groups compared with the osteogenic group 1 week and 2 weeks after changing the
media. *p<0.05 versus Chondro group; ^p<0.05 vs. Osteo group; ap<0.05 vs. 10-day
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priming group; bp<0.05 vs. 14-day priming group; cp<0.05 vs. 21-day priming group;
d

p<0.05 vs. 28-day priming group (see text). Error bars denote standard deviation.

3.3.1.3.5 Alizarin Red Staining
The mineralisation differences observed were further verified through alizarin
red staining (see Figure 3.6). Two weeks after the media switch, mineralisation was
only seen in the chondrogenic priming groups and not in the osteogenic group. In
particular, mineralisation was seen throughout the aggregate in the 14 and 21 days
priming groups, but only in the periphery in the other chondrogenic priming groups.
This correlates with the results of the calcium assay, where the highest amount of
mineralisation occurred in the later chondrogenic priming groups.
3.3.1.3.6 Immunohistochemical Analysis
The results from the calcium content assay were further verified in the
immunohistochemical staining of the groups two weeks after the media switch. The
highest amount of positive staining for Collagen type I was seen in the 28 days priming
group and the lowest amount is seen in the osteogenic group. The highest amount of
Collagen type II was seen in the later chondrogenic priming groups (i.e. 14-28 days
priming), therefore correlating with the findings of the alcian blue staining and sGAG
assay. Finally, Collagen type X staining was positive on the periphery of all of the
aggregates two weeks after the media switch with the highest amount of (p<0.05)
staining in 28 days priming group (see Figure 3.6).
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Figure 3.6: Alizarin Red and immunohistochemical staining (collagen types I, II and
X) of the BALB/c chondrogenically primed groups and osteogenic group at 2 weeks
after switching media. Each of the images was taken at a magnification of 10 X.
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Chondrogenic priming of Human MSC’s
3.3.2.1 Mineralisation of the Cartilage Template
In order to effectively depict the influence of chondrogenic priming on ALP and
calcium secretion by human MSCs the data was analysed by the amount of
ALP/calcium secreted after the switch from chondrogenic to osteogenic medium,
which was only compared with the osteogenic control group (see Figure 3.7). These
results are further analysed below.
3.3.2.1.1 ALP secreted by human MSC’s after the switch from chondrogenic to
osteogenic medium
Examining the ALP production/DNA content for the human cells both the 14
and 21 days priming groups had significantly higher ALP production than the
osteogenic group both at 1 week and 2 weeks post media switch. The 21 days priming
group also had significantly higher ALP activity compared to the 14 days priming
group 1 week post media change.
3.3.2.1.2 Calcium production by MSCs after the switch from chondrogenic to
osteogenic medium
Examining the Calcium content/ DNA content for human cells both the 14 and
21 days priming groups had higher Calcium content than the osteogenic group at alltime points. However, the 21 days priming had significantly higher Calcium content
than both the 14 days priming and the osteogenic group at both 1 week and 2 weeks
post media switch.
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Figure 3.7: (A) The ALP/DNA content of the human MSC priming groups, and
compared with the osteogenic group 1 week and 2 weeks post-media change. (B)
Calcium content of the human MSCs priming groups compared to the osteogenic
group, 1 week and 2 week after switching media. *p<0.05 vs. Chondro group;^p<0.05
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vs. Osteo group; ap<0.05 vs. 10-day priming group; bp<0.05 vs. 14-day priming group;
c

p<0.05 vs. 21-day priming group; dp<0.05 vs. 28-day priming group (see text). Error

bars denote standard deviation (n = 6).

Discussion
The results of this Chapter show for the first time that chondrogenic priming for
specific durations (14, 21 days), prior to being exposed to osteogenic factors, allows
BALB/c and human derived MSCs to differentiate and produce a chondrogenic
template which can enhance osteogenic differentiation of MSCs (as indicated by ALP,
Calcium content and Collagen type I and Alizarin Red staining). Most importantly,
chondrogenic priming induced more mineralisation by BALB/c and human MSCs
compared to growth in osteogenic medium alone. Furthermore, chondrogenic priming
for a period of 21 days enhanced the distribution of mineral through the entire
aggregate, whereas other durations led to mineralisation on the periphery alone.
Interestingly, chondrogenic differentiation was also enhanced in MSCs that were
chondrogenically primed for longer durations, and this was significantly higher than
the MSCs cultured in chondrogenic medium for the entire experiment. Taken together,
these results indicate for the first that time there is an optimum time, approximately
21 days, for chondrogenic priming of MSCs to enhance both osteogenic and
chondrogenic differentiation in vitro.
One limitation of this Chapter was that osteogenic and chondrogenic factors
(ascorbic acid dexamethasone, β-glycerol and TGF-β3) were introduced into the
culture medium of MSCs to encourage MSC differentiation down specific pathways.
It is unlikely that these factors are present in the combinations used here during
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endochondral ossification in vivo, and these may alter cellular viability in long term
in vitro studies. However, previous research studies have exposed MSCs to both
chondrogenic and osteogenic differentiating agents for long durations (14 days to 5
weeks), and have demonstrated long term viability and matrix production by MSCs
(Thorpe et al., 2010; Farrell et al., 2011; Farrell et al., 2009; Vinardell et al., 2012;
Haugh et al., 2011; Jaiswal et al., 1997b; Coleman et al., 2013; Cheng et al., 2009;
Estes et al., 2010; Mauck et al., 2006; Mauck et al., 2003). Furthermore, the control
groups were exposed to the same osteogenic or chondrogenic factors, so the
differences observed in osteogenesis due to the duration of priming cannot be
explained by differences in cell viability. Another limitation is that human MSCs were
only investigated for a subset of conditions, and that BALB/c cells rather than human
MSCs were used for histological and immunohistochemical analyses. However, it was
not feasible to obtain a large enough stock of human bone marrow MSCs to conduct
all of the necessary experiments, involving numerous treatment groups and time
points, to address this question. The BALB/c cells provide a suitable model to test the
hypothesis (Peister et al., 2004; Tropel et al., 2004; Baddoo et al., 2003) and can
overcome limitations of intraspecies variability, due to the ability to obtain relatively
large litters of animals from the same parents. They can also provide the large volume
of bone marrow required for undertaking large studies without having to expand MSCs
beyond passage 3. Furthermore, this study also confirmed the BALB/c ALP and
calcium results, in the subset of conditions using human derived MSCs, thus
supporting the use of BALB/c cells to test the hypothesis there is an optimum time for
chondrogenic priming of MSCs in vitro that will enhance osteogenic differentiation.
Furthermore, the optimum conditions determined through this study were only
optimum for BALBc MSCs/ or human MSCs under the conditions mentioned.
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Moreover, the human donors were also chosen for their tri-potentiality potential.
Therefore, the results for this study proved that there is an optimum condition for
chondrogenesis and osteogenesis of stem cells in vitro however, future studies should
investigate if the same is true for other sources of MSCs (e.g. adipose or embryonic
derived stem cells).
The first stage of endochondral ossification involves MSCs condensing and
aligning to become clusters of cells, and subsequently these MSCs differentiate down
the chondrogenic pathway (Mackie et al., 2008; McNamara, 2011; Kronenberg, 2003).
In order to investigate the optimum timing for production of a cartilage template,
biochemical and histological analyses were performed at various time points. In this
work there is an increase in sGAG content from day 21 to day 49. These results are in
keeping with those of previous studies, which cultured human MSCs in aggregate
form (Angele et al., 2003) or in agarose scaffolds (Haugh et al., 2011). Unlike other
studies these results report a significant drop in sGAG content in the chondrogenic
group from day 14 to 21. This initial drop in sGAG content and subsequent gradual
increase in sGAG content was also seen in all of the chondrogenic priming groups.
The histological analyses confirmed the formation of a cartilage-like tissue, which was
similar to the histological staining reported in previous cartilage tissue engineering
studies using MSCs seeded on agarose hydrogel scaffolds (Mauck et al., 2006;
Erickson et al., 2009; Vinardell et al., 2009). However, these results show for the first
time that there is an optimum time for chondrogenic priming that enhances
chondrogenic differentiation, as is demonstrated by elevated sGAG production in
MSCs that were chondrogenically primed for 21 and 28 days.
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Previous in vitro studies have also shown that MSCs that were chondrogenically
primed in vitro for 21 days can mineralise when subsequently implanted into an animal
model in vivo (Scotti et al., 2013; Scotti et al., 2010; Farrell et al., 2011; Farrell et al.,
2009; Miot et al., 2012; Harada et al., 2014; van der Stok et al., 2014). Other studies,
have also reported that chondrogenic priming of MSCs can enhance chondrogenic and
osteogenic differentiation of the cells (Farrell et al., 2011; Farrell et al., 2009), but to
date the beneficial effect of chondrogenic priming in vitro for production of bone
tissue mineral has not yet been identified. The most interesting observation of this
Chapter is that chondrogenic priming of BALB/c MSCs and human bone marrow
MSCs for specific time periods (14 and 21 days) can enhance ALP production,
calcium content, collagen type I production and mineralisation when compared to the
osteogenic group and other chondrogenic priming groups. Moreover, histology results
from the BALB/c MSCs show that Collagen type I and Alizarin Red staining were
present throughout the aggregate for both groups, whereas the 28 days chondrogenic
priming group had the highest amount of calcium but also had the highest amount of
Collagen type X which is known to be a marker for the expression of cartilage
hypertrophy (Mueller and Tuan, 2008). Alizarin Red staining was also limited to the
periphery indicating that the centre of these aggregates may have become
hypertrophic. Previous chondrogenic priming studies have been limited by the
occurrence of core degradation, arising from lack of nutrient delivery and waste
removal when implanted in vivo, and mineralisation occurring around the periphery
or in the core alone, but not throughout the aggregate (Farrell et al., 2009; Scotti et al.,
2010; Farrell et al., 2011). The results show that mineralisation throughout an
aggregate is possible in vitro if chondrogenically primed for a specific amount of time
(14, 21 days).
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It is clear from these results that the amount of time the cells are
chondrogenically primed for can have a positive or negative effect on both the
osteogenic and chondrogenic differentiation potential of MSCs in vitro. This may be
due to the fact that allowing the cells to form a chondrogenic phenotype and then an
osteogenic phenotype, thus recreating the in vivo endochondral ossification process,
can significantly increase the mineralisation potential of MSCs. However, these results
also demonstrate that a mature cartilage template needs to be formed to significantly
increase the mineralisation potential of the MSCs. However, if the template is allowed
to form for too long the core of the aggregate can become hypertrophic, and the
periphery of the aggregate will only mineralise and may lead to complications in vivo
as seen in Section 2.7.2. Chondrogenic priming of MSCs for specific periods of time
(14, 21 days) enhances in vitro osteogenesis due to the fact that it more closely mimics
the endochondral ossification in vivo, which begins after cartilage differentiation has
occurred. There is a distinct lack of knowledge regarding the exact timing of
endochondral ossification during human development. However, as previously
mentioned embryologists have estimated through ultrasound techniques that the first
sign of limb buds are seen by approximately the 26th day of gestation, but the exact
day in which the endochondral ossification process begins is still unknown (Smith,
1968; Webster, 2012; Merz and Bahlmann, 2004). The optimum timing observed in
this Chapter will be used in the subsequent Chapters of this Thesis to investigate if
mimicking the endochondral ossification process in vitro is an effective bone tissue
regeneration process.
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Conclusion
The results of this Chapter show that chondrogenic priming of BALB/c derived
MSCs and human bone marrow MSCs can significantly increase their potential for
osteogenic differentiation and mineralisation, even more so than culturing the cells in
osteogenic growth factors alone. Moreover, this Chapter demonstrates for the first
time that chondrogenic priming for specific durations (14, 21 days), can enhance
osteogenic differentiation by MSCs in vitro and can produce an aggregate that is
mineralised throughout the core. Determining the optimum time for chondrogenic
priming to enhance osteogenic differentiation in vitro provides vital information that
was might lead to a novel regenerative treatment for large bone defects, as well as
addressing the major limitation of core degradation and construct failure.
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Chapter 4: Does Chondrogenic
and Vascular priming
enhance mineralisation
whilst allowing for vessel
formation in vitro?
Introduction
Bone tissue engineering constructs have been shown to act as a barrier to healing
in rodent cranial defects (Lyons et al., 2010). Once implanted, the scaffolds become
encapsulated and host vasculature is inhibited, which leads to core necrosis and
ultimately failure of the implant construct (Lyons et al., 2010; Amini et al., 2012;
O'Brien, 2011). Recent studies have suggested a developmental engineering approach,
which mimics certain aspects of the endochondral ossification process, might enhance
bone tissue regeneration both in vitro and in vivo (Scotti et al., 2013; Jukes et al., 2008;
Oliveira et al., 2009a; Oliveira et al., 2009b; Pelttari et al., 2006; Scotti et al., 2010;
van der Stok et al., 2014; Sheehy et al., 2013; Harada et al., 2014; Gawlitta et al., 2015;
Visser et al., 2015). As discussed in Chapter 3 the formation of the cartilage template
through chondrogenic priming in vitro, prior to implantation in vivo, has been shown
to induce mineralisation in MSCs following subcutaneous implantation in both tissue
engineered constructs (Farrell et al., 2011; Miot et al., 2012; Scotti et al., 2010; Farrell
et al., 2009; Scotti et al., 2013; Jukes et al., 2008; Harada et al., 2014; Gawlitta et al.,
2015; Visser et al., 2015) and scaffoldless aggregates (van der Stok et al., 2014; Farrell
et al., 2011; Farrell et al., 2009). However, a number of these studies observed core
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degradation and an uneven distribution of bone mineral throughout the construct
(Farrell et al., 2009; Scotti et al., 2010; Farrell et al., 2011). The results of Chapter 3
of this Thesis found that chondrogenic priming of BALB/c mice MSCs and human
MSCs in vitro for specific durations (14, 21 days) has a significant influence on their
mineralization capacity, allowing mineral to form throughout the aggregates rather
than just around the periphery. Without the buildup of mineral around the periphery,
nutrients can also reach the core of the aggregates with ease thus reducing the
likelihood of core degradation seen in previous studies (Freeman et al., 2013).
In vivo vessel formation is an integral part of the bone formation process that
occurs during the endochondral ossification process. As described in Section 2.4.2,
vessel invasion occurs once the cartilage template has formed by a process known as
quiescent angiogenesis. This involves endothelial cells invading through the cartilage
canals already present in the developing bone tissue (Mackie et al., 2008; McNamara,
2011; Kronenberg, 2003; Gerber and Ferrara, 2000), and during early fetal
deveopment this process typically occurs between 14 and 18 days of embryogenesis
of mice (Gerber and Ferrara, 2000; Carlevaro et al., 2000). For in vitro bone
regeneration approaches, it is believed that bone vasculature is necessary to provide
appropriate growth factors, hormones, chemokines and nutrients, and without a
vascular supply. Cells within tissue engineered constructs do not get the necessary
requirements to regenerate the damaged bone tissue and ultimately die when
implanted in vivo (Rivron et al., 2008; Kanczler and Oreffo, 2008). Co-culture studies
of MSCs with endothelial stem cells, such as HUVECs, have investigated whether
pre-vascularising tissue engineering constructs in vitro would allow faster host
integration post-implantation (Correia et al., 2011; Ghanaati et al., 2011; Pedersen et
al., 2013; McFadden et al., 2013; Scherberich et al., 2007; Duffy et al., 2011). Pre85
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vascular networks can be formed in vivo as early as 7 days in co-culture of HUVECs
(Correia et al., 2011; Ghanaati et al., 2011; Pedersen et al., 2013; McFadden et al.,
2013; Scherberich et al., 2007) and MSCs (Duffy et al., 2011; McFadden et al., 2013),
however, they are only sustained in the presence of the MSCs (Duffy et al., 2011;
McFadden et al., 2013). Other studies have looked into direct cell-cell contact coculture approaches through the formation of cellular aggregates, and have shown that
pre-vascular networks can form in vitro in cellular aggregates (Fuchs et al., 2007;
Saleh et al., 2011; Rouwkema et al., 2006; Verseijden et al., 2010; Gawlitta et al.,
2012). Moreover, the presence of both MSCs and HUVECs promotes the formation
of vascular networks and upregulates early osteogenic markers such as ALP activity
(Fuchs et al., 2007; Saleh et al., 2011).
While in vitro bone regeneration strategies have sought to incorporate either the
production of the cartilage template or the vascularisation of the construct, no strategy
has sought to incorporate both events simultaneously, albeit that both are crucial
precursors for bone formation in vivo during endochondral ossification. This Chapter
tests the hypothesis that “A tissue regeneration approach that incorporates both
chondrogenic priming of MSCs, to first form a cartilage template, and subsequent prevascularisation of the cartilage aggregates, through the co-culture of HUVECs in vitro,
will serve as an effective in vitro bone regeneration approach”. The overall objective
for this Chapter was to compare the regenerative potential of (a) chondrogenic priming
of MSCs in aggregate culture and (b) addition of HUVECs to chondrogenic MSC
aggregates, to (c) a novel methodology involving both chondrogenic priming and the
co-culture of HUVECs and MSCs. The specific objectives were to compare
mineralisation and vessel formation by means of biochemical and histological analysis
for DNA content, sGAG production, ALP production, Calcium Content, Vessel
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Endothelial Growth Factor (VEGF) production, CD31+ and Collagen Type X
production . This Chapter presents an adapted version of work previously published
in the Journal of Tissue Engineering Part C (Freeman et al., 2015b).

Methods

Cell Isolation and Characterisation
4.2.1.1 Human Donor MSC: Isolation and Characterisation
As described in Chapter 3, in section 3.2.1, human bone marrow derived MSCs
were extracted from bone marrow aspirates. Once suitable colonies had formed the
chondrogenic, osteogenic and adipogenic potential of these MSCs were confirmed as
outlined below.
To confirm adipogenic potential of the MSCs used, cells were plated at 2x104
cells/cm2 and incubated in expansion medium until they reached 80% confluency.
Then, adipogenic induction medium was added containing DMEM with 10% FBS, 2
mM L-glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin, 1 µM
Dexamethasone, 10 μg/mL insulin, 200 µM Indomethacin, 500 µM Isobutyl-1-MethylXanthine (All Sigma Aldrich). After 3 days, maintenance medium was added
containing DMEM, 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, 100 g/mL
streptomycin and 10 μg/mL insulin (All Sigma Aldrich). This cycle was repeated for a
21 days cell culture period, after which cells were fixed with 10 % formalin and stained
with 0.5 % Oil Red O in methanol (All Sigma Aldrich). A negative control group was

87

Chapter 4

also stained for comparison, in which MSCs had been incubated in expansion medium
for the same duration.
To confirm osteogenic differentiation cells were plated at 2x104 cells/cm2 and
incubated in expansion medium until they reached 80% confluency. Osteogenic
medium was added containing DMEM supplemented with 10 % FBS, 2 mM Lglutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, 20 mM β-glycerol
phosphate, 100 nM dexamethasone and 50 μM ascorbic acid (All Sigma Aldrich).
Medium was changed every 3 days and cells were cultured for 21 days. After 21 days,
cells were fixed in 10% formalin and stained with 10% Alizarin Red (All Sigma
Aldrich). A negative control group was also stained for comparison, in which MSCs
had been incubated in expansion medium for the same duration.
To confirm the chondrogenic potential of the MSCs, cells were seeded in
aggregate culture with 2.5 x 105 cells per aggregate and incubated in 500 μL of
complete chondrogenic medium, which consisted of a chemically defined medium
containing high glucose DMEM GlutaMAX (Gibco, Life Sciences, Dublin, Ireland),
10 ng/mL TGF-β3 (ProSpec-Tany TechnoGene Ltd., Ness-Ziona, Israel), 50 µg/mL
Ascorbic Acid, 4.7 μg/mL Linoleic Acid, 100 nM Dexamethasone (All Sigma Aldrich)
and 1x insulin-transferrin-selenium (ITS, BD Biosciences, Bedford, MA). The medium
was changed three times a week. After 21 days, aggregates were harvested, embedded
in paraffin, sectioned and stained with Alcian Blue (Sigma Aldrich). A negative control
group was also stained for comparison, in which MSCs had been incubated in
expansion medium for the same duration.
In order to obtain sufficient stocks of MSCs, human MSCs (24 year old donor)
were also purchased from Lonza, Braine-l’Alleud, Belgium and cultured in standard
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human MSC culture conditions (DMEM plus 10% FBS, 100 U/mL penicillin, 100
U/mL of streptomycin and 2 mM L-glutamine) as described in Chapter 3. Both human
MSCs were cultured to passage 4.
4.2.1.2 HUVECs Culture
HUVECs were purchased from PromoCell, Heidelberg, Germany and cultured
in Endothelial Growth Medium (EGM) (Promocell). Medium was replaced every 3
days and upon reaching 80-90% confluency, cells were passaged using trypsin-EDTA
solution. HUVECs were further cultured to passage 4.

Aggregate Formation
As described in Chapter 3, once the cells reached 80-90% confluency,
aggregates of 250,000 cells/aggregate were formed by centrifuging the human MSCs
at 400 g at a temperature of 22°C for 5 minutes. For this study all aggregates were
formed from individual donors, cells were not pooled. Carefully avoiding the newly
formed aggregate, the medium was removed from each of the aggregates and 0.5 mL
of either Chondrogenic Medium or Endothelial Growth Medium plus Osteogenic
Growth factors was added depending on experimental conditions (described in detail
below). The Chondrogenic medium used for the duration of this study was the same
as the Chondrogenic medium (high glucose DMEM, 10 ng/mL TGF-β3, 50 µg/mL
Ascorbic Acid, 4.7 μg/mL Linoleic Acid, 100 nM Dexamethasone, and 1x insulintransferrin-selenium) described in Chapter 3 in section 3.2.2. EGM plus Osteogenic
Growth factors consisted of EGM Medium (Promocell) supplemented with 8% FBS,
100 nM of Dexamethasone, 50 μg/mL Ascorbic Acid and 10 mM β-Glycerol
Phosphate (Sigma Aldrich). For all experiments aggregate cultures were fed twice per

89

Chapter 4

week by performing a 50% medium exchange. During each feed the aggregates were
agitated so as to prevent them from adhering to the micro-tube. This was achieved
through aspirating the medium beneath the aggregate with a micro-pipette.
These cells were further cultured under the following conditions: (1) CP21–
HUVECs: Chondrogenic priming for 21 days (no cells added); (2) CP21+HUVECs:
Chondrogenic priming for 21 days and addition of HUVECs (250,000 cells); (3)
CP21+HUVECs:MSCs: Chondrogenic Priming for 21 days and co-culture of
HUVECs and MSCs at a ratio of 1:1 (125,000:125,000 cells) as seen in Figure 4.1. A
ratio of 1:1 was chosen as previous studies which investigated the direct co-culture of
HUVECs and MSCs, found that mineralisation potential was highest using a ratio of
1:1 (Villars et al., 2002; Ma et al., 2011; Kaigler et al., 2005).

Figure 4.1: Schematic of experimental groups.
For the co-culture groups, confluent layers of HUVECs/MSCs were trypsinised
and counted. Cells were suspended depending on experimental conditions so that there
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was 0.5x106 cells/mL. In the case of the CP21+HUVECs:MSCs, the ratio of cells was
1:1 HUVECs:MSCs. The cells were suspended in EGM medium containing
osteogenic growth factors and 20% methocel from a stock solution that was generated
by dissolving 6 g of carboxymethylcellulose (Sigma Aldrich) in 500mL of DMEM as
previously described (Korff and Augustin, 1998). The medium was removed from the
chondrogenically primed group and EGM medium containing osteogenic growth
factors was added. In the case of the group that contained HUVECs, the medium added
also contained suspended HUVECs alone and in the case of the group that contained
both HUVECs and MSCs, the medium added also contained suspended MSCs and
HUVECs. After 24 hours the medium that contained methocel was removed and was
replaced with EGM medium containing osteogenic growth factors and the aggregates
were cultured for a further 21 days.

Histochemical analysis and Biochemical Analysis
Aggregates were examined at day 0, 1 week, 2 weeks, and 3 weeks after the start
of culture in their respective conditions and were prepared for either histochemical
analysis or biochemical analysis. At each of the time points, the culture medium from
the aggregates was collected, frozen and stored at -80°C until biochemical assays
could be performed. The remaining aggregates were washed with PBS and then treated
in one of the following two ways; (1) frozen and stored at -80°C for biochemical
analysis or (2) fixed overnight in paraformaldehyde before being placed in PBS and
refrigerated for histochemical analysis. For the above study, two independent
experiments were carried out with at least two repeats in each experiment (n = 4 for
histological analysis and n = 6 for biochemical analysis).
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4.2.3.1 Quantitative Biochemical Analysis
4.2.3.1.1 DNA Content
To assess DNA content, aggregates were papain digested as previously
described in Chapter 3 in section 3.2.4.1. Briefly, 500 μL of Papain digest was added
to the aggregates and aggregates were placed in an oven at 60°C overnight. Once the
aggregates were digested DNA content was performed using Hoechst 33258 DNA
assay with calf thymus DNA as a standard, following a previously published protocol
(Freeman et al., 2013; Haugh et al., 2011; Kim et al., 1988; Dolan et al., 2012). In
minimal light 40 μL of papain digest of the sample/standard was added to a 96-well
plate in triplicate. To this 200 μL of working solution (assay buffer and 1 mg/mL
Hoechst Dye solution) was added. The plate was incubated away from light for 10
minutes and then read on a microplate reader (Synergy HT BioTek Multi-Mode
Microplate Reader) at an excitation of 350 nm and emission of 450 nm.
4.2.3.1.2 ALP Production
As described in Chapter 3, media samples were used to examine extracellular
ALP production using a colorimetric assay of enzyme activity, which uses pnitrophenyl phosphate (pNPP) as a phosphatase substrate with ALP enzyme as a
standard. Briefly, 40 μL of the medium was added to a 96-well plate in triplicate with
a 50 μL of pNPP solution, which contains both pNPP and assay buffer. The samples
were shielded from direct light at room temperature for one hour. After this, 20 µL of
Stop Solution (3N NaOH) was added to the wells and the plate was read at 405 nm in
a micro-plate reader.
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4.2.3.1.3 Calcium Content
Calcium was measured using the Calcium Liquicolour kit (Stanbio Laboratories)
according to the manufacturer’s protocol, as previously described in Chapter 3. Briefly
aggregates were digested by adding 0.5 mL of 0.5 M HCL and rotating the solution
overnight in a cold room. Next 10 μL of each of the digested samples and assay
standard was added to a 96-well plate and 200 μL of the working solution was added.
The plate was analysed on a microplate reader at an absorbance of 550 nm.
4.2.3.1.4 Enzyme-linked Immunosorbent Assay (ELISA) for Vascular Growth Factor
An ELISA (R&D Systems) was used to quantify the levels of VEGF expressed
by the aggregates. The cell culture medium was collected and analysed at the specific
time points. Assays were carried out according to the manufacturer’s protocol (R&D
Systems) and analysed on a microplate reader at a wavelength of 450 nm.
4.2.3.2 Histology
Aggregates were obtained at day 0, 1 week, 2 weeks and 3 weeks post media
switch for histological analyses. After each sample had been fixed overnight in 4%
paraformaldehyde, samples were dehydrated and embedded in paraffin using an
automatic tissue processor (Leica ASP300, Leica). All samples were sectioned with a
thickness of 8 μm using a rotary microtome (Leica microtome, Leica). Sections were
stained with 1% Alcian Blue 8GX solution for sGAG and 2% Alizarin Red solution
for mineralisation (all Sigma Aldrich), as previously described in Chapter 3.
4.2.3.2.1 Quantitative Analysis of Alizarin Red Staining
ImageJ software was used to quantify the amount of mineralisation deposited
(positive alizarin red staining) between each of the groups. Four samples from each
group and nine images from each sample were analysed. The value of positive staining
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was determined using the colour threshold plugin on Image J. A threshold of 180 was
chosen as it was high enough that strong staining passed but not weak staining. The
percentage of the positive staining was determined per total area of aggregate imaged.
4.2.3.3 CD31 and Collagen Type X Immunohistochemical Analysis
Immunohistochemical analysis was used to detect CD31 and Collagen Type X.
Sections were deparaffinised overnight before a series of rehydration steps. The
samples were then treated with 40 µg/mL of proteinase K for 20 minutes at 37 °C
(Sigma Aldrich), rinsed with PBS-Tween and blocked with PBS with 1% w/v Bovine
Serum Albumin (BSA) and 3% w/v Normal Goat serum (NGS) (Sigma Aldrich) for
60 minutes. Sections were then incubated overnight at 4°C with either rabbit
polyclonal anti-CD31 (ab28364 Abcam, 1:50) or rabbit polyclonal anti-collagen type
X (ab58632 Abcam, 1:200). After three washing steps with PBS with 1% w/v BSA
the sections were incubated with Dylight 488 goat anti-Rabbit secondary antibody
(Jackson Immunoresearch, 115-485-209, 1/200), for one hour at room temperature in
the dark. The samples were washed three times in PBS with 1% w/v BSA, and the
slides were mounted using Propidium Iodide (PI) mounting medium (Sigma Aldrich).
Serum containing blocking solution (PBS with 1% w/v BSA and 3% w/v NGS) was
used to replace primary antibodies as a negative control for both CD31 and Collagen
Type X staining. HUVECs provided a positive control for CD31 staining.
Chondrocytes within the hypertrophic zone of neonatal mice provided a positive
control for Collagen Type X staining.
4.2.3.3.1 Quantitative Analysis of Vessel Diameter
ImageJ software was used to quantify vessel diameter and cross-sectional area
of the rudimentary vessels (positive CD31 staining) in the CP21+HUVECs:MSCs
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group. Four aggregates were analysed which led to a total of sixteen rudimentary
vessels analysed. The average cross-sectional area was measured using the free-hand
selector tool on Image J software. As the vessels were not completely circular vessels
the diameter was measured across four different areas and the average was used as the
diameter of the vessels.

Statistical Analysis
Results are expressed as mean ± standard deviation. For all the biochemical
analysis a two-way analysis of variance (ANOVA) with time and medium type as the
independent factors followed by a pair-wise multiple comparison procedure (Tukey’s
HSD test) was used to test for significance. All analyses were performed with Minitab.
For all comparisons, the level of significance was p ≤ 0.05.

Results

Characterisation of Human Donor MSCs
The differentiation assays confirmed the multipotency of the isolated MSCs
which displayed positive markers of (1) osteogenic differentiation; as seen by the
positive alizarin red staining by MSCs cultured in osteogenic differentiation medium
(Figure 4.2 (A)) and lack of staining in the negative control group (expansion medium)
(Figure 4.2 (B)), (2) adipogenic differentiation; as seen by the positive Oil Red O
stained lipid nodules with MSCs cultured in adipogenic induction medium (Figure 4.2
(C)) and lack of lipid staining in the negative control group (expansion medium)
(Figure 4.2 (D)), and (3) chondrogenic differentiation, as seen by the positive sGAG
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staining (Figure 4.2 (E)) compared to a lack of sGAG staining in the negative control
group (expansion medium) (Figure 4.2 (F)).

Figure 4.2: Characterisation of the multipotency of isolated human MSCs. Calcium
deposition is confirmed by positive alizarin red staining by MSCs cultured in
osteogenic differentiation medium (A), whereas no staining was observed in the
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negative control (expansion medium) (B). Fat globules are confirmed by Oil Red O
staining for MSCs cultured in adipogenic medium (C), but not in the negative control
(expansion medium) (D). Staining with Alcian Blue for chondrocyte-associated
glycosaminoglycan was positive within the aggregate cultured in in chondrogenic
medium (E), but was not seen in the negative control (expansion medium) (F).

Cell Number
There was no statistical difference in cell number for the CP21-HUVECs group
over the course of the experiment. However, there was a significant increase (p < 0.05)
in DNA content in both the CP21+HUVECs and CP21+HUVECs:MSCs groups from
1 week to 3 weeks into culture. The CP21+HUVECs:MSCs group had significantly
higher DNA content than both the CP21–HUVECs (p < 0.001) and the
CP21+HUVECs group (p < 0.05) at both 1 and 2 weeks into culture. Both the
CP21+HUVECs and CP21+HUVECs:MSCs groups had significantly higher DNA
content than the CP21-HUVECs (p < 0.001) after 3 weeks (see Figure 4.3).

97

Chapter 4

Figure

4.3:

DNA

content

of

the

co-culture

groups

(CP21+HUVECs,

CP21+HUVECs:MSCs) compared with 21 days priming group alone (CP21HUVECs) pre and 1, 2 and 3 weeks post the addition of HUVECs/MSCs (n = 6
samples per group per time point). ^p < 0.05 vs. CP21 +HUVECs group and *p < 0.05
vs. CP21 -HUVECs. Error bars denote standard deviation.

Production of the Cartilage Template
4.3.3.1 Alcian Blue Staining
All three culture groups stained positive blue for sGAG 1 week into culture.
HUVECs were still present around the periphery of the aggregate in the
CP21+HUVECs group after 3 weeks in culture. However, an increase in size of the
aggregate from 2 weeks (105,914.426 μm2) to 3 weeks (218,870.303 μm2) suggests
that the HUVECs/MSCs were incorporated into the aggregate after 3 weeks in culture
in the CP21+HUVECs:MSCs group (see Figure 4.4 (F) and Figure 4.4 (I)).
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Figure 4.4: Alcian Blue staining of all co-culture groups (CP21+HUVECs,
CP21+HUVECs:MSCs) and 21 days priming group alone (CP21-HUVECs) over the
course of the experiment. Each of the images was taken at a magnification of 20 X.

Mineralisation of the Cartilage Template
4.3.4.1 ALP Production
There was no statistical difference in ALP production between the groups at any
time point (see Figure 4.5).
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Figure

4.5:
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CP21+HUVECs:MSCs) compared with 21 days priming group alone (CP21HUVECs) pre and 1, 2 and 3 weeks post the addition of HUVECs/MSCs (n = 6
samples per group per time point). Error bars denote standard denote standard
deviation.
4.3.4.2 Calcium Content
The CP21+HUVECs:MSCS group increased calcium production up to two
weeks into culture, after which the calcium content began to plateau (see Figure 4.6).
The CP21+HUVECs:MSCS group had significantly higher calcium content (p < 0.05)
than both the CP21–HUVECs and CP21+HUVECs groups at both 1 week and 2 weeks
into culture. By 3 weeks this significance was lost, however there was still a trend
towards

higher

calcium

content

in

both

the

CP21+HUVECs

and

CP21+HUVECs:MSCs groups compared to the control, although not statistically
different (p-value = 0.2) (see Figure 4.6).
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Figure 4.6: Calcium content for the co-culture groups (CP21+HUVECs,
CP21+HUVECs:MSCs) compared with 21 days priming group alone (CP21HUVECs) pre and 1, 2 and 3 weeks post the addition of HUVECs/MSCs (n = 6
samples per group per time point). ^p < 0.05 vs. CP21 + HUVECs group; *p < 0.05
vs. CP21 -HUVECs. Error bars denote standard deviation.
4.3.4.3 Alizarin Red
The highest amount of positive staining was seen in the CP21+HUVECs:MSCs
group after 1 week into culture (see Figure 4.7 and Figure 4.8). By 3 weeks the highest
amount of Alizarin Red staining was present in the CP21+HUVECs group. There was
no significant difference in positive staining between any of the groups at any time
point (see Figure 4.8). However, there was a difference in how the mineral was
deposited. The mineral seen in the CP21 +HUVECs group was deposited throughout
the aggregate, whereas in the CP21+HUVECs:MSCs group the mineralisation was
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present in small discrete nodules throughout the aggregate. The least amount of
Alizarin Red mineralisation at each time point was in the CP21–HUVECs group.

Figure 4.7: Alizarin Red staining of co-culture groups (CP21+HUVECs,
CP21+HUVECs:MSCs) and 21 days priming group alone (CP21-HUVECs) over the
course of the experiment. Arrows denote mineralisation nodules present in the cellular
aggregates. Each of the images was taken at a magnification of 20 X.
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Figure 4.8: Quantitative Analysis of Alizarin Red Staining. Error bars denote standard
deviation.

Vascularisation of the Cartilage Template
4.3.5.1 VEGF Production
The CP21+HUVECs:MSCs group had the highest amount of VEGF production
at each time point. At both 2 and 3 weeks post addition of cells there was significantly
(p < 0.05) higher VEGF content in the CP21+HUVECs:MSCs group compared to the
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CP21+HUVECs group. By 3 weeks the CP21+HUVECs:MSCs group had
significantly higher (p < 0.01) VEGF content compared to both of the other groups
(See Figure 4.9).

Figure

4.9:
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CP21+HUVECs:MSCs) compared with 21 days priming group alone (CP21HUVECs) pre and 1, 2 and 3 weeks post the addition of HUVECs/MSCs (n = 6
samples per group per time point). ^p < 0.05 vs. CP21 +HUVECs group; *p < 0.05 vs.
CP21-HUVECs. Error bars denote standard deviation.
4.3.5.2 CD31+ Staining
At all-time points there was a distinct lack of positive staining for CD31+ in the
CP21-HUVECs group, as expected there were no HUVECs present. Positive staining
for CD31+ was present around the periphery of the cartilage template in the
CP21+HUVECs group at all-time points (see arrows), but there was little infiltration
into the cartilage template. However, with the CP21+HUVECs:MSCs group there was
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positive CD31+ staining on the periphery of the cartilage template 1 week into coculture. By two weeks there was positive CD31+ staining within the template, and by
3 weeks into co-culture rudimentary vessels had formed within the template (see
Figure 4.10). These rudimentary vessels were present in a series of sections throughout
the aggregates (see Figure 4.11 (A-D)) with an average cross-sectional area of
220.89μm2 and average diameter of 3.79μm (see Figure 4.11 (E&F)).

Figure 4.10: CD31 staining (green) of co-culture groups (CP21+HUVECs,
CP21+HUVECs:MSCs) and 21 days priming group alone (CP21-HUVECs) over the
course of the experiment. Arrows denote positive CD31+ staining present in the
cellular aggregates. Each of the images was taken at a magnification of 40 X. Nuclear
counterstain: propidium iodide (red).
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Figure 4.11: Representative images of CD31+ (green) stained sections showing the
presence of rudimentary vessels (A-D). Each section is 8μm thick and each of the
images was taken at a magnification of 40X. Nuclear counterstain: propidium iodide
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(red).Quantitative analysis of Cross-Sectional Area (E) and Vessel Diameter (F) of
rudimentary vessels found. Error bars denote standard deviation (n = 16).

Production of Hypertrophic Cartilage Template
4.3.6.1 Collagen Type X Staining
There was a higher amount of positive staining for Collagen Type X in both
CP21+HUVECs and CP21+HUVECs:MSCs groups compared to the CP21-HUVECs
group after 3 weeks into culture (Figure 4.12 (G-I), arrows). This collagen Type X
was predominately seen around the periphery of the aggregates. The positive control
stained chondrocytes were identified in the growth plate of long bones from a neonatal mouse model (Figure 4.12 (K)), and negative controls replacing primary
antibody by normal serum were used (Figure 4.12 (J)) and did not show any specific
staining.
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Figure 4.12: Collagen Type X staining (green) of co-culture groups (CP21+HUVECs
(B, E, H), CP21+HUVECs:MSCs (C, F, I)) and 21 days priming group alone (CP21HUVECs (A, D, G)) over the course of the experiment, compared to the positive
control (neo-natal mouse long-bone) (K) and negative control (Blocking solution) (J).
Arrows denote positive Collagen Type X staining present in the cellular aggregates.
Each of the images was taken at a magnification of 40 X. Nuclear counterstain:
propidium iodide (red).

Discussion
The results from this Chapter show that both chondrogenic priming (for a period
of 21 days) and subsequent vascular priming can enhance the mineralisation potential
of MSCs produced through chondrogenic priming alone. In particular, this Chapter
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shows that a cartilage template provides a suitable platform for HUVECs/MSCs to
attach, proliferate and infiltrate for up to 3 weeks in culture (as indicated by CD31+
staining). The results also show that an upregulation of VEGF expression occurs in
the co-culture group when both MSCs/HUVECs are added compared to just HUVECs
added and the non-co-culture group. This enhanced VEGF expression, seen with the
MSCs/HUVECs added co-culture group, was further supported by the fact that it was
the only group to have the formation of immature vessels. These rudimentary vessels
were present in a series of sections throughout the aggregates (as seen through CD31+
staining). Interestingly, this Chapter also shows that the highest amount of
mineralisation was seen when HUVECs alone were added to the cartilage template,
whereas when both MSCs and HUVECs were added to the culture the mineralisation
was reduced, albeit that vascularisation and the formation of rudimentary vessels was
observed. Together these results suggest that there may be a trade-off between
mineralisation and vascularisation for in vitro bone regeneration strategies for the
durations investigated in this study.
One limitation of this study was that osteogenic and chondrogenic factors
(ascorbic acid dexamethasone, β-glycerol and TGF-β3) were introduced into the
culture medium of MSCs to encourage MSC differentiation down specific pathways.
As stated in Chapter 3 it was unlikely that these factors were present in the
combinations used here during endochondral ossification in vivo. However, there is
extensive research which has exposed MSCs to both chondrogenic and osteogenic
differentiating agents for long durations (14 days to 5 weeks) and have demonstrated
the long term viability and matrix production by MSCs (Thorpe et al., 2010; Farrell et
al., 2011; Farrell et al., 2009; Vinardell et al., 2012; Haugh et al., 2011; Jaiswal et al.,
1997b; Coleman et al., 2013; Cheng et al., 2009; Estes et al., 2010; Mauck et al., 2006;
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Mauck et al., 2003). Furthermore, the control groups were exposed to the same factors,
so the differences observed in osteogenesis are due to the combined strategy of
chondrogenic priming and co-culture with HUVECs/MSCs. Another potential
limitation is donor variability, specifically the age differences between the donors.
While the age differences between the middle aged donors and young donor may
confound these results, it was not feasible to obtain a large enough stock of human
bone marrow MSCs from bone marrow aspirates alone to conduct all of the necessary
experiments, involving numerous treatment groups and time-points. However, it
should be noted that upon analysis of the data there was little variation between the
aggregates formed from MSCs of middle aged donors and the young donor for any of
the results (DNA content, Calcium content, etc.), and as such these findings of the
importance of a combination of chondrogenic priming and vascular priming are
deemed to be applicable to both younger and older donors. Moreover, the donors were
chosen for their tri-potentiality potential. Therefore, the optimum conditions
determined through this study were only optimum for bone marrow MSCs under the
conditions mentioned. Future studies should investigate if the same is true for adipose
derived MSCs or embryonic MSCs. Another limitation is the chosen cell ratio of
HUVECs/MSCs to the already formed cellular aggregate. 250,000 cells were added to
the already formed aggregate. Previous studies which looked at the direct co-culture
of osteoprogenitor cells and endothelial cells found both mineralisation and
angiogenic potential increased with decreasing MSC/HUVECs ratio till a ratio of
50:50 (Villars et al., 2002; Ma et al., 2011; Kaigler et al., 2005). However, in the
CP21+HUVECs:MSCs group both MSCs and HUVECs were added to the already
formed cartilage template, which lead to a ratio of 25:75. Other studies have found
that the formation of prevascular networks was promoted through seeding 2% or fewer
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(Rouwkema et al., 2006). This may account for the fact that prevascular networks were
only found in the co-culture group with added HUVECs/MSCs however, further
studies are needed to estimate the optimum co-culture ratios required for the
promotion of prevascular networks and mineral formation.
The results from Chapter 3 showed that chondrogenic priming for 21 days lead
to the formation of a cartilage-like template, and this is also further confirmed through
the histological staining seen in this Chapter. However, the results also show that this
cartilage template forms a suitable platform for HUVECs and MSCs to attach,
proliferate and invade. Previous studies, have reported that chondrogenic priming of
MSCs can enhance mineralisation both in vitro (Freeman et al., 2013; Farrell et al.,
2009) and once implanted subcutaneously can enhance ectopic bone formation (Farrell
et al., 2011; Farrell et al., 2009; Freeman et al., 2013; Scotti et al., 2013; Scotti et al.,
2010; Visser et al., 2015; Gawlitta et al., 2015), however, some of these studies did
not provide tissue appropriate for clinical use due to issues with core degradation and
an uneven distribution of bone mineral throughout the construct (Farrell et al., 2009;
Scotti et al., 2010; Farrell et al., 2011). Other studies have shown the clinical potential
of chondrogenically primed rat MSCs for the repair of large bone defects, by
implanting chondrogenically primed MSCs in either cellular aggregate form or seeded
upon biomaterial scaffolds, and comparing the amount of bone formation, to that of
constructs seeded with undifferentiated rat MSCs alone (Harada et al., 2014; van der
Stok et al., 2014). None of these studies investigated both chondrogenic and vascular
priming. The current Chapter shows for the first time that vascular priming also plays
an important role in the mineralisation capacity of human MSCs. As such, the results
of this Chapter suggest that a combination of chondrogenic and vascular priming is an
effective strategy for osteogenic differentiation of human MSC aggregates in vitro.
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Previous studies have shown that the co-culture of MSCs and HUVECs alone
can enhance the osteogenic potential of MSCs when immediately put into direct coculture (Fuchs et al., 2007; Saleh et al., 2011; Grellier et al., 2009a). However, these
studies only looked at ALP activity, which is an early maker for bone formation and
cannot be directly used to infer the likelihood of bone mineralisation, which is
necessary to provide a construct with sufficient mechanical integrity. The results of
this Chapter show for the first time the beneficial effect of vascular priming for
encouraging the production of calcium, a crucial indicator of the formation of bone
mineral in the aggregate. Interestingly, the results from this Chapter also show that the
addition of both HUVECs and MSCs, compared to HUVECs alone, has a significant
effect on mineralisation location within the aggregates. The highest amount of
mineralisation is seen when HUVECs are added to the cartilage template alone, and it
is the only aggregate to have mineralisation throughout the aggregate. Previous
chondrogenic priming studies have been limited by mineralization only occurring
around the periphery or in the core alone, but not throughout the aggregate (Farrell et
al., 2009; Scotti et al., 2010). Interestingly, when HUVECs were added to the culture
alone there was indeed mineralisation throughout the aggregate rather than just around
the periphery, as was shown in Figure 4.7. However, when both MSCs and HUVECs
were added to the culture the mineralisation was reduced, compared to the addition of
HUVECs alone, and was characterised by the formation of discrete mineralised
nodules rather than homogenous mineralisation throughout the aggregate. It is
important to note that even though the co-culture group with MSCs and HUVECs had
less mineralisation than the group with HUVECs added alone, it still had higher
mineralisation and more nodules than the control. The author proposes that,
mineralisation did not proceed during the process of vessel formation and as result
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mineralisation did not initiate until later for this group. Therefore, it is possible that
culturing this group in vivo after both the chondrogenic and vascular priming period
in vitro will ultimately allow for enhanced mineralisation. This will be investigated
further in Chapter 6.
Hypertrophy and the formation of vasculature networks, by a process known as
quiescent angiogenesis, is the next stage of endochondral ossification and both events
proceed bone formation by means of this process in vivo (Mackie et al., 2008;
McNamara, 2011; Kronenberg, 2003; Gerber and Ferrara, 2000). In this Chapter the
results show that both co-culture groups had begun to undergo hypertrophy as the
highest amount of Collagen Type X is seen in these groups after 3 weeks in culture.
Interestingly, the highest amount of Collagen Type X staining was present around the
periphery of the aggregate and not in the centre. In vivo (Gerber and Ferrara, 2000),
the onset of angiogenesis leads to the hypertrophy of the cartilage template so the
addition of the HUVECs to the periphery of the cartilage template might attribute to
the cells around the periphery to become hypertrophic. Previous studies (Leboy et al.,
1989) have also found that the co-culture of human MSCs and chick chondrocytes
reduces the potential of the chondrocytes to become hypertrophic. Therefore, the
reduction of Collagen Type X in the co-culture group with HUVECs and MSCs seen
in this study may be due to the addition of undifferentiated MSCs. However, further
studies are needed to verify this.
The addition of the HUVECs or HUVECs and MSCs had a significant effect not
only on the mineralisation potential of the MSCs but also on the VEGF expression.
VEGF has been shown to be the marker to stimulate vascular cells to undergo the
formation of early vessels (Gerber and Ferrara, 2000; Hans-Peter et al., 1999; Fiedler
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et al., 2005; Mayr-Wohlfart et al., 2002; Nakagawa et al., 2000; Farrell et al., 2009)
and previous studies have postulated that vasculogenesis should be induced prior to
osteogenesis in vitro in order to obtain functional bone tissue in vivo (Correia et al.,
2011). However, which cells are expressing the VEGF is still unknown, further studies
are needed to elucidate this. Therefore, even though the co-culture group with
MSCs/HUVECs had less mineralisation than that with HUVECS alone, it was the only
group to form immature vasculature structures with an average diameter (Kusumbe et
al., 2014) and structure (Buga et al., 2014; Izquierdo et al., 2009) similar to those seen
in vivo of early arterioles. It also had the highest expression of VEGF, and as such
might have the best potential for host integration and mineralisation once implanted
in vivo, however this will be discussed further in Chapter 6.

Conclusions
The results of this Chapter show that both chondrogenic priming (for 21 days)
and co-culture of MSCs and HUVECs can significantly increase the osteogenic
potential produced through chondrogenic priming alone. Moreover, these results show
that the formation a cartilage-like template provides a suitable platform for
HUVECs/MSCs to attach, proliferate and infiltrate for up to 3 weeks. More
importantly, the results show that both MSCs and HUVECs must be added to the
formed cartilage template for the formation of immature vessels. Taken together, these
results indicate for the first time, that the application of both chondrogenic and
vascular priming of MSCs enhances the mineralisation potential of MSCs, compared
to chondrogenic priming alone in vitro, whilst also allowing for vessel formation. This
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co-culture model is the same model which will be further investigated both Chapter 5
and Chapter 6.
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Chapter 5: Will both
Chondrogenic and Vessel
Priming obviate the need for
osteogenic supplements to
induce osteogenesis in vitro?
Introduction
The standard procedure to induce osteogenic differentiation of MSCs in vitro is
through the culture of the cells in the presence of a cocktail of dexamethasone (dex),
ascorbic acid (asc) and β–glyerolphosphate (β-glyc). (Song et al., 2009; Tenenbaum
and Heersche, 1985; Cheng et al., 1994; Maniatopoulos et al., 1988; Jaiswal et al.,
1997a; Leboy et al., 1991; Kamalia et al., 1992; Herbertson and Aubin, 1995; Peter et
al., 1998). Dex is a steroid that causes MSC differentiation into osteoblasts by
activating the signalling pathway (WNT/β-catenin), which in turn activates Runx2
expression and induces the differentiation of MSCs into immature osteoblasts
(Langenbach and Handschel, 2013; Komori, 2010; Hamidouche et al., 2008).
However, dex alone is not sufficient to induce in vitro mineralisation (Langenbach and
Handschel, 2013). Asc acts as a co-factor for enzymes that hydroxylate proline and
lysine into collagen (Vater et al., 2011), participates in collagen chain formation
(Franceschi and Iyer, 1992). It is the predominant regulator of collagen type 1
secretion (Langenbach and Handschel, 2013). β–Glyc is an inorganic phosphate
needed to produce hydroxyapatite mineral and has been shown in many studies to play
an important role in the osteogenic differentiation of MSCs (Tenenbaum, 1981;
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Tenenbaum and Heersche, 1982; Ecarot-Charrier et al., 1983; Maniatopoulos et al.,
1988). It also regulates expression of genes including osteopontin and BMP-2 (Foster
et al., 2006; Fatherazi et al., 2009; Tada et al., 2011). Exposure of dex, asc, and β-glyc
to rat MSCs (Kamalia et al., 1992; Leboy et al., 1991; Maniatopoulos et al., 1988;
Herbertson and Aubin, 1995; Peter et al., 1998), human MSCs (Song et al., 2009;
Cheng et al., 1994; Jaiswal et al., 1997a), or murine osteoblasts (Franceschi and Iyer,
1992; Franceschi et al., 1994) can significantly increase ALP activity in vitro. In vivo
none of these growth factors naturally circulate, but bone progenitors and cells
themselves produce various factors that can induce osteogenic differentiation. Recent
studies have investigated the physical and chemical signalling that occurs due to the
culture of MSCs with other cell types, including chondrocytes, endothelial cells,
osteoblasts and osteocytes. One such study confirmed for the first time the synergistic
relationship between osteocytes and osteoblasts in stimulating osteogenic
differentiation of MSCs (Birmingham et al., 2012). However, to date the knowledge
about MSC behaviour, particularly the interactions between MSCs and endothelial
cells within the stem cell niche in vivo, remains largely unknown (da Silva Meirelles
et al., 2008; Jones and McGonagle, 2008; Augello et al., 2010; Tsai et al., 2015; Chan
et al., 2009). During endochondral ossification MSCs, endothelial stem cells, and
chondrocytes all reside in close proximity within the cartilage template prior to the
invasion by osteoblast bone cells and bone formation. Therefore an in vitro co-culture
methodology involving MSCs, endothelial cells and chondrocytes might replace the
need for osteogenic supplements to induce osteogenesis in vitro in a 3D culture
environment, but this has not been established.
The anatomical location of MSCs and vascular endothelial cells suggests that
these two cell types are in direct cell-cell interaction and/or paracrine signalling within
117

Chapter 5

the stem cell niche during endochondral ossification. Previous in vitro studies have
shown that direct co-culture of MSCs or osteoblasts with endothelial cells can
upregulate production of the early osteogenic marker ALP (Villars et al., 2000; Villars
et al., 2002; Guillotin et al., 2008; Zhao et al., 2012), without the presence of
osteogenic supplements. Other studies have investigated whether co-culture of MSCs
and endothelial cells can increase ALP production in 3D polymer scaffolds (Sun et al.,
2007; Pedersen et al., 2013) or 3D and cellular aggregates (Rouwkema et al., 2006;
Saleh et al., 2011; Liao et al., 2011; Fuchs et al., 2007), but the majority of these were
in the presence of osteogenic growth supplements (Saleh et al., 2011; Rouwkema et
al., 2006; Liao et al., 2011; Fuchs et al., 2007). The co-culture of MSCs or osteoblasts
with chondrocytes have beneficial effects on ALP production in both 2D and 3D
culture (Jiang et al., 2005; Giovannini et al., 2010; Nakaoka et al., 2006). One study
investigated the effect of co-culture of human MSCs and chondrocytes without the use
of osteogenic supplements, and found there was no ALP production/expression in 3D
aggregate culture (Giovannini et al., 2010). However, direct 2D co-culture of rat
osteoblasts and bovine chondrocytes reported a significant increase in ALP production
over a period of 6 weeks and there was significantly higher ALP activity in the coculture group compared to the osteoblast group alone (Nakaoka et al., 2006). Coculture of MSCs and endothelial cells through transwell inserts has been shown to
induce MSCs to undergo both osteogenesis and chondrogenesis through the
endothelian-1 phosphatidylinositol 3-kinase/AKT (AKT) signalling pathway (Tsai et
al., 2015). However, the exact signalling pathway that ensues due to the direct
interaction of these cells during the endochondral ossification process in vivo has not
been fully identified. In Chapter 4, a novel co-culture technique was investigated,
which involved the co-culture of HUVECs and MSCs with MSCs that have been pre118
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differentiated towards the chondrogenic lineage. This study showed that the
HUVEC/MSC co-culture group did not produce as much mineral as co-culture with
HUVECS alone. However, this approach involved the use of osteogenic supplements,
which might interfere with the signalling occurring due to the direct co-culture.
Therefore, an approach that implements co-culture of MSCs, HUVECS and
chondrogenic cells in the absence of osteogenic growth factors requires exploration.
This study tests the hypothesis that an in vitro bone regeneration strategy that
mimics the cellular niche of the endochondral template will provide an alternative
strategy for in vitro mineralisation of MSCs, and thereby obviate the need for external
osteogenic growth factors. The overall objective was to establish the mineralisation
and vessel formation potential of (a) chondrogenic priming of MSCs, (b) addition of
HUVECs alone to chondrogenic MSC aggregates, and (c) a novel methodology
involving both chondrogenic priming and the co-culture of HUVECs and MSCs all
without the use of any osteogenic supplements and compare them to (d) the same
experimental groups, which were cultured in the presence of osteogenic supplements
(results from Chapter 4) and to the (e) non co-culture group cultured in the presence
of osteogenic growth factors alone. These studies involved the use of biochemical
(DNA, ALP, Calcium and VEGF) assays and histological (Alcian Blue and Alizarin
Red) and immunohistological (CD31+) staining.
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Methods

Cell Culture
5.2.1.1 Human MSC Culture
Bone marrow-derived human mesenchymal stem cells (MSCs), harvested from
two male donors 20-25 years old with established multi-potency, were purchased from
the Texas A&M University Health Science Centre (Temple, TX). The human MSCs
were expanded in Minimum Essential Medium alpha (α-MEM, Invitrogen, Carlsbad,
CA) containing 16.7% fetal bovine serum (FBS, Atlanta Biologicals, Lawrenceville,
GA), 100 units/mL penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine (PSL,
Invitrogen) at 37 °C and 5% CO2. For all cell culture performed in this study, cell
culture medium was changed twice weekly unless stated otherwise. At passage 2, cells
from each donor were detached using 0.25% trypsin-EDTA (Invitrogen) and combined
1:1 to produce a pooled human MSC population. MSCs were further cultured to
passage 3-4.
5.2.1.2 HUVECs Culture
HUVECs were purchased from Lonza (Maryland, USA) and cultured in
Clonetics Endothelial Growth Medium (EGM) SingleQuotes (Lonza). Medium was
replaced every 3 days and upon reaching 80-90% confluency, cells were passaged
using trypsin-EDTA solution. HUVECs were further cultured to passage 3.

Aggregate Formation
As described in Chapter 3 and 4 aggregates of 250,000 cells/aggregate were
formed by centrifuging at 400 g for 5 minutes at 22 °C. For this study all aggregates
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were formed from pooled cells. Carefully avoiding the newly formed aggregate, the
medium was removed from each of the aggregates and 0.5 mL of Chondrogenic
medium was added (as described in Chapter 3 and 4) [high glucose DMEM, 10 ng/mL
TGF-β3 (Invitrogen), 50 µg/mL Ascorbic Acid, 4.7 μg/mL Linoleic Acid, 100 nM
Dexamethasone and 1x insulin-transferrin-selenium]. The EGM medium was the same
medium that was used to culture the HUVECs (Lonza). For all experiments, aggregate
cultures were fed twice per week by performing a 50% medium exchange. During
each feed the aggregates were agitated so as to prevent them from adhering to the
micro-tube.
These cells were further cultured under the same experimental conditions that
were used in Chapter 4: (1) CP21–HUVECs: Chondrogenic priming (no cells added)
for 21 days; (2) CP21+HUVECs: Chondrogenic priming for 21 days and addition of
HUVECs (250,000 cells); (3) CP21+HUVECs:MSCs: CP for 21 days and co-culture
of HUVECs and MSCs at a ratio of 1:1 (125,000:125,000 cells).
As described in Chapter 4, the HUVECs/MSCs were added by suspending the
cells depending on experimental conditions so that there was 0.5x106 cells/mL. In the
case of the CP21+HUVECs:MSCs, the ratio of cells was 1:1 HUVECs:MSCs. The
cells were suspended in EGM medium alone (no osteogenic supplements were added)
and 20% methocel from a stock solution that was generated by dissolving 6 g of
carboxymethylcellulose (Sigma Aldrich) in 500 mL of DMEM as described in Chapter
4. After 24 hours the medium that contained methocel was removed and was replaced
with EGM medium and the aggregates were cultured for a further 21 days.
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Histochemical analysis and Biochemical Analysis
Aggregates were examined at Day 21 (pre-addition of cells), 1 week, 2 weeks
and 3 weeks after the addition of the cells. Aggregates were prepared for either
histochemical analysis or biochemical analysis. As described in Chapter 3 and 4, at
each of the time points, the culture medium from the aggregates was collected, frozen
and stored at -80°C until biochemical assays could be performed. The remaining
aggregates were washed with PBS and then treated in one of the following two ways;
(1) frozen and stored at -80°C for biochemical analysis or (2) fixed overnight in
paraformaldehyde before being placed in PBS and refrigerated for histochemical
analysis. For the above study, two independent experiments were carried out with at
least two repeats in each experiment (n = 4 for histological analysis and n = 10 for
biochemical analysis).
5.2.3.1 Quantitative Biochemical Analysis
5.2.3.1.1 DNA Content
To assess DNA content, aggregates were papain digested as previously
described in Chapter 3 and Chapter 4. Briefly 500 μL of Papain digest was added to
the aggregates and aggregates were placed in an oven at 60°C overnight. Once the
aggregates were digested DNA content was performed using Picogreen DNA assay
(BD Biosciences) with calf thymus DNA (Sigma Aldrich) as a standard. In minimal
light 40 μL of papain digest of the sample/standard was added to a 96-well plate in
triplicate. To this 200 μL of working solution (1X Tris EDTA (TE) Buffer and 5
µL/mL Picogreen solution (Bio-Sciences)) was added. The plate was incubated away
from light for five minutes and then read on a microplate reader (Perkin Elmer HTS
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7000 Microplate Reader) at an excitation wavelength of 485 nm and emission of 535
nm.
5.2.3.1.2 ALP Production
Extracellular ALP production was determined using a colorimetric assay of
enzyme activity, which uses p-nitrophenyl phosphate (pNPP) as a phosphatase
substrate with ALP enzyme (Sigma Aldrich) as a standard. Solutions of 2-Amino-2
Methyl-1-Propanol (AMP) (1.5 M with a pH 10.25), pNPP (20 mM), and Magnesium
Cloride (MgCl2) (10 mM) were made up. Each of these solutions was combined in a
ratio of 1:1:1 to make up the substrate working solution (AMP-pNPP-MgCl2). Next
50 μL of the medium was added to a 96-well plate in triplicate with 50 μL of substrate
working solution. The samples were shielded from direct light at 37°C for one hour.
After this, 100 µL of Stop Solution (1M NaOH) was added to the wells and the plate
was read at 405 nm in a micro-plate reader.
5.2.3.1.3 Calcium Content
Calcium deposition within the aggregates was measured using Arsenazo III
Calcium Reagent (Sekisui Diagnostics, UK) according to the manufacturer’s protocol.
Briefly aggregates were digested by adding 0.5 mL of 1 M Acetic Acid and the
solution was rotated overnight in a cold room. If the samples were not fully digested,
the samples were homogenised until fully digested. Next 25 μL of each of the digested
samples and assay standard was added to a 96-well plate and 300 μL of the calcium
reagent was added. The plate was incubated for 30 seconds at room temperature and
analysed on a microplate reader at an absorbance of 650 nm.

123

Chapter 5

5.2.3.1.4 Enzyme-linked Immunosorbent Assay (ELISA) for Vascular Growth Factor
As described in Chapter 4 an ELISA was used in order to quantify the levels of
VEGF expressed by the aggregates. The cell culture medium was collected and
analysed at the specific time points. Assays were carried out according to the
manufacturer’s protocol (R&D Systems) and analysed on a microplate reader at a
wavelength of 450 nm.
5.2.3.2 Histology
All samples were sectioned with a thickness of 8 μm using a rotary microtome
(Leica microtome, Leica). Sections were stained with 1% Alcian Blue 8GX solution
for sGAG and 2% Alizarin Red solution for mineralisation as previously described in
Chapter 3 and 4.
5.2.3.3 CD31 Immunohistochemical Analysis
Immunohistochemical analysis was used to detect CD31 staining, as previously
described in Chapter 4. Briefly, sections were deparaffinised overnight before a series
of rehydration steps. The samples were then treated with 40 µg/mL of proteinase K
for 20 minutes at 37°C (Sigma Aldrich), rinsed with PBS-Tween and blocked with
PBS with 1% w/v Bovine Serum Albumin (BSA) and 3% w/v Normal Goat serum
(NGS) (Sigma Aldrich) for 60 minutes. Sections were then incubated overnight at 4
°C with rabbit polyclonal anti-CD31 (ab28364 Abcam, 1:50). After three washing
steps with PBS with 1% w/v BSA the sections were incubated with Dylight488 goat
anti-Rabbit secondary antibody (Jackson Immunoresearch, 115-485-209, 1/200), for
one hour at room temperature in the dark. Finally samples were washed three times
with PBS with 1% w/v BSA the sections were mounted using 4',6-diamidino-2-
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phenylindole (DAPI) mounting medium (Sigma Aldrich). HUVECs provided a
positive control for CD31 staining.

Statistical Analysis
Results are expressed as mean ± standard deviation. For all the biochemical
analysis two-way analysis of variance (ANOVA) with time and medium type as the
independent factors followed by a pair-wise multiple comparison procedure (Tukey’s
HSD test) was used to test for significance. For quantitative analysis on vessel crosssectional area a standard student t-test was performed. All analyses were performed
with Graphpad. For all comparisons, the level of significance was p ≤ 0.05.

Results

DNA Content
There was no statistical difference in cell number for the CP21-HUVECs (-OM)
group over the course of the experiment (see Figure 5.1). However, there was a
significant increase (p < 0.05) in DNA content in the CP21+HUVECs (-OM) group
from 2 weeks to 3 weeks, and in the CP21+HUVECs:MSCs (-OM) group from 1 week
up to 3 weeks into co-culture. The CP21+HUVECs:MSCs (-OM) group had
significantly higher DNA content than both the CP21–HUVECs (-OM) (p < 0.001)
and the CP21+HUVECs (-OM) groups (p < 0.001) at all-time points. The
CP21+HUVECs (-OM) group had significantly higher DNA content than the CP21HUVECs (-OM) group (p < 0.01) after 3 weeks.
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There was no difference in DNA content in the CP21-HUVECs group cultured
with osteogenic supplements compared to the same group cultured without relevant
supplements. However, at both 2 and 3 weeks the CP21+HUVECs:MSCs group
cultured with osteogenic supplements (+OM) had significantly higher (p<0.05,
p<0.0001 respectively) DNA content than the same group cultured without osteogenic
supplements (-OM). Moreover, the CP21+HUVECs group cultured with osteogenic
supplements (+OM) had significantly higher (p < 0.0001) DNA content than its
counterpart cultured without osteogenic supplements (-OM) after 3 weeks of coculture.
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Figure 5.1: DNA content/sample of all three experimental conditions cultured without
osteogenic supplements (-OM) compared to the results from Chapter 4 of the same
groups cultured in the presence of osteogenic supplements (+OM). ^p < 0.05 vs. CP21
+HUVECs group, ap < 0.05 vs. CP21 -HUVECs.*p < 0.05, and ****p < 0.0001. (n =
6 samples per group per time point). Error bars denote standard deviation.

Production of the Cartilage Template
5.3.2.1 Alcian Blue Staining
All three culture groups cultured without osteogenic factors stained positive blue
for sGAG 1 week into culture and after 3 weeks of culture (see Figure 5.2). Alcian
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blue staining also showed an increase in the size of the aggregate for both the
CP21+HUVECs (-OM) (82,456.717 µm2 to 92,934.557 µm2) and CP21+HUVECs:
MSCs (-OM) (103,440.097 µm2 to 118,857.341 µm2) groups from 1 week to 3 weeks
of co-culture. This suggests that the HUVECs/MSCs that were added were
incorporated into the aggregate after 3 weeks into co-culture.
In the CP21+HUVECs group cultured in osteogenic medium (+OM), HUVECs
were present around the periphery of the aggregate throughout the course of the
experiment (see arrows, Figure 5.2). However, in the CP21+HUVECs group cultured
without osteogenic supplements (-OM) the HUVECs invaded the cartilage template
by 2 weeks. The size of aggregates also differed, the CP21+HUVECs:MSCs
aggregates cultured in osteogenic medium (+OM) had a larger cross-sectional area
(218,870.303 µm3) than its counterpart cultured without osteogenic supplements (OM) (118,857.341 µm2) after 3 weeks of co-culture.
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Figure 5.2: Alcian Blue staining of all three groups cultured with (+OM) and without
osteogenic supplements (-OM) over the course of the experiment. Each of the images
were imaged at a magnification of 20X (aggregates cultured with osteogenic
supplements (+OM)) or at 10X (aggregates cultured without osteogenic supplements
(-OM)).

Mineralisation of the Cartilage Template
5.3.3.1 ALP Production
There was no significant increase in ALP expression in either the CP21HUVECs (-OM) or the CP21+HUVECs (-OM) groups, without osteogenic
supplements, over the course of the experiment (see Figure 5.3 (A)). However, there
was a significant increase in ALP expression in the CP21+HUVECs:MSCs (-OM)
group from 1 week to 2 weeks (p < 0.0001) and from 2 weeks to 3 weeks (p < 0.0001)
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into co-culture. Moreover, the CP21+HUVECs:MSCs (-OM) group had significantly
higher ALP expression than the CP21+HUVECs (-OM) group at both 2 (p < 0.0001)
and 3 weeks (p < 0.0001) into co-culture and significantly higher ALP expression than
the CP21-HUVECs (-OM) group at all three time points (p < 0.0001). The
CP21+HUVECs:MSCs (-OM) group also had significantly higher ALP expression
than the Osteogenic group (MSCs cultured in osteogenic medium alone) at both 2 (p
< 0.001) and 3 weeks (p < 0.0001) after the addition of cells.
Moreover, at all three time points the ALP expression in the CP21-HUVECs and
CP21+HUVECs groups cultured in osteogenic medium (+OM) was significantly
higher (p < 0.05) than the same groups cultured without (-OM) (see Figure 5.3 (B)).
Interestingly, there was significantly higher (p < 0.0001) ALP expression in the
CP21+HUVECs:MSCs (-OM) group compared to the same group cultured with
osteogenic supplements as well as all other groups at both 2 and 3 weeks into coculture.
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Figure 5.3: (A) ALP Activity of all of the experimental groups cultured without
osteogenic supplements compared with osteogenic group alone 1, 2 and 3 weeks post
the addition of HUVECs/MSCs. ^p < 0.05 vs. CP21 +HUVECs group, ap < 0.05 vs.
CP21 –HUVECs, and bp < 0.05 vs. Osteo alone. (B) ALP Activity of all three
experimental groups cultured without osteogenic supplements compared to the same
groups cultured in the presence of osteogenic supplements and the osteogenic group
alone. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. (n = 6 samples per
group per time point). Error bars denote standard deviation.
5.3.3.2 Calcium Content
There was no significant difference in calcium content in both the CP21HUVECs (-OM) and the CP21+HUVECs (-OM) groups over the course of the coculture period (see Figure 5.4 (A)). However, in the CP21+HUVECs:MSCs (-OM)
group there was a significant increase in calcium content from 2 to 3 weeks into coculture. Moreover, there was significantly higher (p < 0.05) calcium content in the
CP21+HUVECs:MSCs (-OM) group compared to the Osteogenic group alone after 3
weeks of co-culture.
Interestingly, there was no significant difference in calcium content in both the
CP21-HUVECs (-OM) and the CP21+HUVECs (-OM) groups, compared to their
counterparts cultured in the presence of osteogenic supplements (+OM) at all-time
points (see Figure 5.4 (B)). There was however, significantly higher calcium content
in the CP21+HUVECs:MSCs group that was cultured in the presence of osteogenic
supplements (+OM) compared to its counterpart cultured without osteogenic
supplements (-OM) at both 1 (p < 0.0001) and 2 weeks (p < 0.0001) into co-culture.
However, this significance was lost by 3 weeks into co-culture.
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Figure 5.4: (A) Calcium content of all of the experimental groups cultured without
osteogenic supplements (-OM) compared with osteogenic group alone 1, 2 and 3
weeks post the addition of HUVECs/MSCs. ^p < 0.05 vs. CP21 +HUVECs group and
b

p < 0.05 vs. Osteo alone. (B) Calcium content of all three experimental groups

cultured without osteogenic supplements compared to the same groups cultured in the
presence of osteogenic supplements (+OM) and the osteogenic group alone. **p <
0.01, n = 6 samples per group per time point. Error bars denote standard deviation.
5.3.3.3 Alizarin Red
There was no positive Alizarin Red staining in any of the groups cultured
without osteogenic supplements prior to the co-culture period, see Figure 5.5. No
difference was seen between the co-culture groups cultured without osteogenic
supplements and the CP21-HUVECs (-OM) group at both 1 week and 2 weeks into
co-culture (Figure 5.5). However, positive red staining was seen throughout all the
aggregates and by three weeks small mineralisation nodules were beginning to form
in the CP21+HUVECs:MSCs (-OM) group, which were not seen in any of the other
groups cultured without osteogenic supplements.
Interestingly, in the groups cultured without osteogenic supplements there was
positive red staining throughout the aggregate after 1 week of co-culture, (see Figure
5.5). However, the same groups cultured in the presence of osteogenic supplements,
mineralisation was only seen in the formation of nodules within the aggregate and the
only group to have mineralisation throughout the aggregate was the CP21+HUVECs
group 3 weeks after the addition of cells.
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Figure 5.5: Alizarin Red staining of the aggregates cultured without osteogenic
supplements prior to addition of cells and all three groups cultured with (+OM) and
without osteogenic supplements (-OM) at 1, 2 and 3 weeks post the addition of cells.
Each of the images were imaged at a magnification of 20X (aggregates cultured with
osteogenic supplements (+OM)) or at 10X (aggregates cultured without osteogenic
supplements (-OM)).
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Vascularisation of the Cartilage Template
5.3.4.1 VEGF Production
There was no significant difference in VEGF content in both the CP21-HUVECs
(-OM) and the CP21+HUVECs (-OM) groups over the course of the experiment (see
Figure 5.6 (A)). However, there was a significant increase (p < 0.01) in VEGF content
in the CP21+HUVECs:MSCs (-OM) group from 1 week to 2 weeks into co-culture,
and a significant decrease (p < 0.05) in VEGF content from 2 to 3 weeks into coculture. There was also significantly higher (p < 0.0001) VEGF content in the
CP21+HUVECs:MSCs (-OM) group compared to the CP21+HUVECs (-OM) group
at all-time points and significantly higher VEGF content (p < 0.001) than the CP21HUVECs (-OM) group at both 2 and 3 weeks into co-culture. Moreover, the CP21HUVECs (-OM) group had significantly higher (p < 0.05) VEGF expression 2 weeks
into co-culture compared to the CP21+HUVECs group.
There was no significant difference in VEGF expression of both the CP21HUVECs (-OM) and the CP21+HUVECs (-OM) groups compared to their
counterparts cultured with osteogenic supplements (see Figure 5.6). However, at both
1 week and 2 weeks into co-culture there was significantly higher (p < 0.01) VEGF
content in the CP21+HUVECs:MSCs (-OM) group compared to its counterpart
cultured in the presence of osteogenic supplements. This significance was lost by 3
weeks into co-culture.

136

Chapter 5

Figure 5.6: VEGF expression of all three experimental groups cultured without
osteogenic supplements (-OM) compared to the same groups cultured in the presence
of osteogenic supplements (+OM). ^p < 0.05 vs. CP21 +HUVECs group, ap < 0.05 vs.
CP21 –HUVECs, **p < 0.01 and ****p < 0.0001, n = 6 samples per group per time
point. Error bars denote standard deviation.
5.3.4.2 CD31+ Staining
At all-time points there was a lack of positive (green) staining for CD31+ in the
CP21-HUVECs (-OM) group cultured without osteogenic supplements, as there was
no endothelial cells present (see Figure 5.7). However, for both the CP21+HUVECs
(-OM) and the CP21+HUVECs:MSCs (-OM) groups there was positive (green)
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staining seen around the periphery of both groups at 1 week and 2 weeks into coculture. By 3 weeks into co-culture both groups had positive green staining present
within the centre of the aggregates however, the CP21+HUVECs:MSCs (-OM) group
was the only group to have rudimentary vessels beginning to form. The structure of
these vessels were the same in all of the aggregates, circular CD31+ positive wall with
irregularly shaped nuclei present within the lumen (indicated by arrows in Figure 5.8
(A)). Alpha smooth actin staining was also performed with no positive staining seen
in any of the aggregates and as such results were not included.
At all-time points there was positive green staining around the periphery of the
aggregate in CP21+HUVECs (+OM) group cultured in the presence of osteogenic
supplements (see Figure 5.7). However, its counterpart cultured without osteogenic
supplements had positive staining present both at the periphery and within the centre
of the aggregates. Moreover, by three weeks preliminary vessels were present in the
centre of the aggregates in the CP21+HUVECs:MSCs group irrespective of whether
it was cultured with or without osteogenic supplements. Interestingly, the cross
sectional area of the preliminary vessels present within the CP21+HUVECs:MSCs (OM) group cultured without osteogenic supplements was significantly higher (p <
0.001) than the vessels present within its counterpart cultured with osteogenic
supplements (see Figure 5.8 (B)).
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Figure 5.7: CD 31 staining (green) of all three experimental groups cultured with
(+OM) and without (-OM) osteogenic supplements over the course of the experiment.
Each of the images of the aggregates cultured without (-OM) osteogenic supplements
were imaged at a magnification of 10X with a nuclei counterstain DAPI (blue). The
aggregates cultured with osteogenic supplements (+OM) were imaged at a
magnification of 40X, with a nuclei counterstain propidium iodide (red).
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Figure 5.8: (A) Representative images of CD31+ (green) stained sections of the
CP21+HUVECs:MSCs group only, showing the presence of rudimentary vessels.
Each section is 8μm thick and each of the images was taken at a magnification of 20X
and 60X. Nuclear counterstain: DAPI (blue). (B) Quantitative analysis of crosssectional area of the rudimentary vessels present in the aggregates. ***p < 0.001 and
error bars denote standard deviation (n = 9).

Discussion
This Chapter investigated if a co-culture technique could obviate the need for
osteogenic supplements to induce osteogenesis in a 3D cellular aggregate in vitro. The
results from this Chapter showed that the application of both chondrogenic and
vascular priming can significantly enhance the production of both early (ALP) and
late (Calcium) osteogenic makers of MSCs, in the co-culture group with
MSCs/HUVECs added, even without the use of any osteogenic supplements compared
to osteogenic culture alone. This increase in early osteogenic markers, seen with the
MSCs/HUVECs added co-culture group, was also found to be significantly higher
than the same group cultured in the presence of osteogenic supplements. The results
from this Chapter also show that the presence of osteogenic supplements has a
significant effect on the way mineralisation is deposited within a construct. Without
the presence of osteogenic supplements, mineral is deposited throughout the construct
however, when osteogenic supplements are added, mineralisation is deposited through
the formation of discrete mineralisation nodules. Interestingly, the addition of
osteogenic supplements not only has an effect on the mineralisation potential of the
constructs but also on the vascularisation potential. The results from this Chapter
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found that without osteogenic supplements there was an upregulation in VEGF content
in the co-culture group with both HUVECs and MSCs added to the cartilage template.
Furthermore, the increase in VEGF content seen in the co-culture group with
HUVECs/MSCs added, was significantly higher than the same group cultured in the
presence of osteogenic growth supplements. Moreover rudimentary vessels in the coculture group with HUVECs/MSCs added were significantly larger in cross-sectional
area than those seen in the same group cultured in the presence of osteogenic
supplements (as seen through CD31+ staining). Taken together, this Chapter suggests
that the addition of osteogenic supplements inhibits the expression of early osteogenic
markers (ALP), whilst promoting mineral deposition in the form of discrete
mineralisation nodules, and also that there is an inhibitory effect on the vascularisation
potential (VEGF and CD31) of in vitro 3D constructs.
A possible limitation of the study is that MSCs from two male donors were
pooled and the study did not directly explore whether the human MSCs displayed a
donor dependent response to mineral formation. However, the control groups also
contained pooled cells, so the differences observed between the groups cannot be
explained by donor variability. Another limitation of this study is the use of ascorbic
acid and dexamethasone in the chondrogenic medium. As both ascorbic acid and
dexamethasone are also used in osteogenic medium, the exposure to the osteogenic
supplements during the chondrogenic priming period might have caused the MSCs to
differentiate towards the osteogenic lineage. However, the use of dexamethasone and
ascorbic acid in chondrogenic medium is well documented (Thorpe et al., 2010;
Erickson et al., 2002; Meyer et al., 2011; El-Serafi et al., 2011; Sheehy et al., 2013;
Mackay et al., 1998; Jukes et al., 2008; Farrell et al., 2011; Farrell et al., 2009; Scotti
et al., 2013; Scotti et al., 2010; Harada et al., 2014; van der Stok et al., 2014; Dawson
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et al., 2008; Tare et al., 2005; Meinel et al., 2004a) and has not been shown to cause
mineralisation. Moreover, alizarin red staining of the aggregates prior to the co-culture
showed no positive staining and the control groups were all exposed to the same
chondrogenic medium, so any differences seen between the groups were not due to
the exposure of these growth factors. Another limitation was the significant increase
in DNA content in the CP21+HUVECs and CP21+HUVECs:MSCs groups cultured
in the presence of osteogenic supplements, compared to the same groups cultured
without. However, dexamethasone has been shown to induce MSC proliferation
(Wang et al., 2012a; Langenbach and Handschel, 2013) and ascorbic acid has been
shown to promote endothelial cell proliferation (Ulrich-Merzenich et al., 2002a;
Ulrich-Merzenich et al., 2002b; Ulrich-Merzenich et al., 2007), which might account
for this increase in DNA content. Moreover, the additional cells did not appear to
influence mineralisation or vascularisation potential. Finally, in order to investigate if
co-culture alone could induce osteogenesis in human MSCs the study only looked at
the co-culture groups without all osteogenic supplements compared to with all
osteogenic supplements. However, it is possible that the inhibitory effect seen in this
study was only due to the β-glycerophosphate and not due to the dexamethasone and
ascorbic acid. For the purpose of this study it was not within the scope to determine
the optimum medium needed to induce osteogenesis through co-culture alone. Future
studies could investigate the effect of ascorbic acid and dexamethasone on the coculture of MSCs and HUVECs.
Various in vitro bone regeneration strategies have relied on the use of the
osteogenic supplements (asc, dex, and β–glyc) to induce mineralisation in vitro
(Farrell et al., 2009; Freeman et al., 2013; Freeman et al., 2015b; Jaiswal et al., 1997a;
Ohgushi et al., 1993; Ohgushi et al., 1996; Yoshikawa et al., 1997; Maniatopoulos et
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al., 1988; Kotobuki et al., 2005; Kotobuki et al., 2006; Oreffo et al., 1998; Dawson et
al., 2008; Morgan et al., 2007; Bolland et al., 2008), and each supplement has been
shown to be imperative to induce mineralisation of MSCs in vitro (Kamalia et al.,
1992; Leboy et al., 1991; Maniatopoulos et al., 1988; Herbertson and Aubin, 1995;
Peter et al., 1998; Song et al., 2009; Cheng et al., 1994; Jaiswal et al., 1997a;
Franceschi et al., 1994; Franceschi and Iyer, 1992; Hofmann et al., 2007; Martin et al.,
1998; Meinel et al., 2005; Meinel et al., 2004a; Meinel et al., 2004b). The main
rationale behind the use of these supplements is to provide signalling proteins or
enzymes to activate mineral production by MSCs. Previous in vitro 2D studies have
shown that the direct co-culture of MSCs with endothelial cells (Villars et al., 2000;
Villars et al., 2002; Guillotin et al., 2008; Zhao et al., 2012) or chondrocytes
(Nakagawa et al., 2000) can provide the necessary factors to induce early
mineralisation (ALP expression) without the need for these supplements. Other 2D
studies have found indirect co-culture with osteocytes lead to increased calcium
deposition compared to MSCs co-cultured with osteoblasts. Therefore, suggesting that
osteocytes are more influential than osteoblasts at inducing osteogenesis in MSCs in
vitro again without the use of any osteogenic supplements (Birmingham et al., 2012).
However, in vivo, endochondral ossification involves the direct interaction of cartilage
cells with both MSCs and endothelial stem cells, but a co-culture of such cells had not
been investigated prior to the current study.
In Chapter 4 and this Chapter a novel co-culture technique was investigated,
which involved not only the co-culture of HUVECs and MSCs, but also the co-culture
of HUVECs and MSCs with MSCs that had been pre-differentiated towards the
chondrogenic lineage. The results from this Chapter found that a combination of both
chondrogenic priming and vascular priming obviated the need for osteogenic
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supplements, and also enhanced both early (ALP) and late (calcium) osteogenic
markers compared to MSCs cultured in osteogenic supplements alone. Moreover,
similar to previous studies (Saleh et al., 2011; Rouwkema et al., 2006; Grellier et al.,
2009b; Liao et al., 2011; Villars et al., 2002; Sun et al., 2007; Pedersen et al., 2013;
Freeman et al., 2015b; Jiang et al., 2005; Giovannini et al., 2010; Nakaoka et al., 2006)
the co-culture group with both HUVECs and MSCs added had significantly higher
ALP production compared to the control groups (osteogenic and non-co-culture
group) after 3 weeks of co-culture. However, unlike previous studies, there was also
an increase in late osteogenic markers (Calcium) compared to the control group
(osteogenic) and this increase in ALP and Calcium content was achieved in a 3D
scaffoldless construct, without the use of any osteogenic supplements. Compared to
the calcium content results from Chapter 4, this increase in calcium content in the coculture group with added MSCs/HUVECs but no osteogenic supplements, was
significantly higher than the same group cultured in osteogenic supplements. There
was significantly higher calcium content in the group cultured with osteogenic
supplements, compared to without, 1 and 2 weeks after the addition of the cells.
However, although Calcium content was lower in the groups cultured without
osteogenic supplements the mineral is deposited throughout the aggregate. In contrast,
mineral deposition in the aggregates cultured with osteogenic supplements was found
in the form of mineralisation nodules within the aggregate (as seen in Alizarin Red
staining).
Bone tissue engineered constructs have had limited success post-implantation,
which has been attributed to poor nutrient delivery and waste removal arising from a
lack of vasculature (Amini et al., 2012; O'Brien, 2011; Lyons et al., 2010; Phelps and
Garcia, 2009; Ko et al., 2007; Krishnan et al., 2014; Farrell et al., 2011; Farrell et al.,
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2009). Previous studies have investigated whether pre-vascularising 3D constructs in
vitro would eradicate this limitation, through the co-culture of endothelial stem cells
with MSCs (Rouwkema et al., 2006; Saleh et al., 2011; Sun et al., 2007; Pedersen et
al., 2013; Correia et al., 2011; Ghanaati et al., 2011; McFadden et al., 2013; Duffy et
al., 2011; Scherberich et al., 2007) or osteoblasts (Fuchs et al., 2007; Hofmann et al.,
2008; Kyriakidou et al., 2008), and found that prevascular networks are formed both
in vitro and in vivo. In Chapter 4 rudimentary vessels were formed in vitro when both
MSC and HUVECs were added to the already formed cartilage template. The results
from this Chapter also show that the formation of rudimentary vessels was only seen
in the aggregates with added HUVECs/MSCs (as seen by CD31+ staining). However,
unlike the results seen in Chapter 4 the average vessel cross sectional area was
significantly higher than those seen in the aggregates cultured in the presence of
osteogenic supplements. Furthermore, unlike the results seen in Chapter 4, when
HUVECs alone are added to an already formed cartilage template, in the absence of
osteogenic supplements, they did not just attach and proliferate around the periphery,
but also began to invade into the centre of the construct (as identified by CD31+ and
Alcian Blue staining). Moreover, the omission of osteogenic supplements influenced
vessel formation and VEGF expression. VEGF is well documented as a stimulator of
vascular cells to undergo the formation of early vessels (Gerber and Ferrara, 2000;
Hans-Peter et al., 1999; Fiedler et al., 2005; Mayr-Wohlfart et al., 2002; Nakagawa et
al., 2000; Farrell et al., 2009). The results from both Chapter 4 and this Chapter
corroborate this as the group with the highest VEGF content in both studies was also
the only group to have rudimentary vessels present within the aggregate. However,
unlike the results from Chapter 4, the peak VEGF content was seen after 2 weeks of
co-culture and then it begins to plateau, whereas the group with osteogenic factors did
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not peak until 3 weeks into co-culture. This suggests that the addition of osteogenic
supplements to the medium also inhibits the vascularisation potential of in vitro bone
constructs.
It has been widely documented that osteogenic supplements (asc, dex and β–
glyc) are needed to produce mineralisation in vitro. However, the results from this
Chapter show that a co-culture technique can actually provide all the necessary
signalling to induce mineralisation of a 3D construct in vitro, whilst allowing for the
formation of rudimentary vessels. Dex is needed to induce mineralisation in MSCs as
it activates Runx2 expression through the (WNT/β-catenin) signalling pathway
(Langenbach and Handschel, 2013; Komori, 2010; Hamidouche et al., 2008).
However, in this co-culture model the Runx2 expression (usually induced by dex) is
likely produced by chondrocytes within the cellular aggregates, which undergo
hypertrophy due to the addition of endothelial cells to the cartilage template (Bittner
et al., 1998), as seen in the Collagen Type X staining from Chapter 4. Moreover, the
formation of mineralisation nodules in the aggregates cultured in osteogenic
supplements might be explained by the use of dex within the osteogenic medium, as
similar result have been reported in costochondral chondrocyte cultures exposed to
dex (Schwartz et al., 1995). Therefore, if dex is not supplemented, MSCs are free to
form mineral throughout the aggregates rather than in discrete nodules. Asc is has been
shown to be the main regulator of Collagen type X production (Langenbach and
Handschel, 2013) and ALP expression. Studies have shown that co-culture of
endothelial cells with chondrocytes induces both Collagen type X and ALP expression
(Leboy et al., 1989), as was also shown in the Collagen type X straining presented in
Chapter 4 of this Thesis. Finally β-glyc is the source of phosphate needed to produce
hydroxyapatite (Foster et al., 2006; Fatherazi et al., 2009; Tada et al., 2011), but it is
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proposed that in the co-culture model these phosphates are naturally provided by
cartilage cells undergoing hypertrophy within the cartilage template (Bourne, 1972).
The results suggest that a direct co-culture technique can obviate the need for
osteogenic supplements to induce osteogenesis in vitro.
Although little is known about the direct interaction between hMSCs and
endothelial cells in vivo (da Silva Meirelles et al., 2008; Jones and McGonagle, 2008;
Augello et al., 2010; Tsai et al., 2015; Chan et al., 2009), due to their anatomical
position these cells are either in direct cell-cell contact or communicate through
paracrine signalling within the endochondral template. The results from this study
show that the direct interaction between the two cell types has a significant effect on
both the migration and the vascularisation potential of the endothelial stem cells, as
well as the osteogenic potential of hMSCs even without the use of any osteogenic
supplements. These results provide a novel insight into the symbiotic relationship
between hMSCs and endothelial stem cells during the endochondral ossification
process in vivo. It is proposed that the MSCs undertake a perivascular role during the
vascularisation process within the cartilage template, as no vessels were formed unless
both MSCs and HUVECs were added to the already formed cartilage template.
Moreover, the addition of HUVECs to a cartilage template also seem to increase the
osteogenic potential of the MSCs, even without the use of any osteogenic supplements,
compared to MSCs only cultured in osteogenic supplements. Taken together, this
study elucidates that the direct co-culture of MSCs and endothelial cells during
endochondral ossification, induces endothelial cells to form preliminary vessels within
the cartilage template, and also induces MSCs to begin mineralising the cartilage
template. However, the exact signalling pathways, including the FGF, Wnt/β-catenin
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or TGF-β signalling pathways, that occurs due to this direct cell-cell interaction need
to be further investigated.

Conclusions
This Chapter shows that both chondrogenic priming (for 21 days) and
subsequent vascular priming can induce osteogenesis of a 3D scaffoldless construct
without the use of any osteogenic supplements. Most interestingly, the inclusion of
osteogenic supplements in vitro actually inhibits the promotion of ALP content,
Calcium content and VEGF content produced through co-culture alone. Moreover, the
results show that chondrogenic and vascular priming not only increases the expression
of ALP, Calcium content and VEGF expression, but also allows for the formation of
rudimentary vessels, seen within all of the aggregates in which both MSCs and
HUVECs were added. These rudimentary vessels were also larger in cross-sectional
area than those seen in the same groups cultured in the presence of osteogenic growth
factors. Taken together, these results indicate for the first time the beneficial effect
that co-culture of MSCs, endothelial cells and chondrocytes, has on both osteogenesis
and vasculogenesis of 3D scaffoldless bone tissue engineering construct in vitro. This
Chapter also suggests that the application of both chondrogenic and vascular priming
of human MSCs can obviate the need for osteogenic supplements to induce
osteogenesis by human MSCs, whilst allowing for the formation of rudimentary
vessels in vitro in 3D bone tissue engineered constructs.
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Chapter 6: What effect will the
in vitro endochondral
priming and
prevascularisation of cellular
aggregates have in vivo?
Introduction
As stated in Chapter 2 of this Thesis one of the primary limitations of bone tissue
engineering is the occurrence of core degradation and loss of cell viability do to
hypoxia occurring within the constructs, which arise from lack of vascularisation
(Amini et al., 2012; O'Brien, 2011; Lyons et al., 2010; Phelps and Garcia, 2009; Ko et
al., 2007; Krishnan et al., 2014; Farrell et al., 2011; Farrell et al., 2009). As a result
such bone tissue engineering strategies are not yet widely used for clinical treatment
of large bone defects. However, the results from Chapter 3-5, provide evidence that
one way of overcoming these limitations might be to mimic the endochondral
ossification process in vitro, such that when the construct is implanted it will provide
the necessary factors in induce bone formation in vivo.
Chondrogenically primed constructs seeded with embryonic stem cells (Jukes et
al., 2008), chick embryonic stem cells (Oliveira et al., 2009b) and human MSCs
(Farrell et al., 2011; Farrell et al., 2009; Scotti et al., 2013; Scotti et al., 2010; Gawlitta
et al., 2015; Visser et al., 2015) were shown to mineralise, and in some cases formed
bone marrow cavities (Scotti et al., 2013; Oliveira et al., 2009b; Gawlitta et al., 2015;
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Visser et al., 2015) following subcutaneous implantation in rodent animal models.
Chondrogenically primed rat MSCs cultured on a PLGA scaffold were also found to
have increased bone healing in both a 5 mm and 15 mm rat femur defect (Harada et
al., 2014). Similar rapid healing was also reported when chondrogenically primed
human MSC cellular aggregates were implanted in a 6 mm rat femur defect (van der
Stok et al., 2014). However, even with chondrogenic priming, core degradation and
an uneven distribution of mineral have been reported in constructs after subcutaneous
implantation (Farrell et al., 2009; Scotti et al., 2010; Farrell et al., 2011). The results
from Chapter 3 of this Thesis found that chondrogenic priming of BALB/c mice MSCs
and human MSCs in vitro for specific durations (14, 21 days) can produce an aggregate
that is mineralised throughout the core (Freeman et al., 2013). However, it is well
documented that without a suitable vascular supply, cells within a tissue engineered
construct lack the necessary requirements to regenerate bone tissue and readily perish
when implanted in vivo (Rivron et al., 2008; Kanczler and Oreffo, 2008).
In vitro co-culture studies have investigated whether pre-vascularising 3D tissue
engineered constructs, through the co-culture of MSCs and HUVECs, would allow
faster host integration post-implantation (Correia et al., 2011; Ghanaati et al., 2011;
Pedersen et al., 2013; McFadden et al., 2013; Scherberich et al., 2007; Duffy et al.,
2011). It has been shown that pre-vascular networks can be formed in a subcutaneous
animal model in vivo when human MSCs (Correia et al., 2011; Pedersen et al., 2013;
McFadden et al., 2013; Scherberich et al., 2007) are first co-cultured with HUVECs
in vitro. Moreover, in vitro co-culture studies of HUVECs and MSCs have led to
production of the early osteogenic growth factor ALP in both 2D and 3D culture
(Villars et al., 2000; Sun et al., 2007; Liao et al., 2011; Rouwkema et al., 2006; Saleh
et al., 2011). However, while various strategies have sought to separately incorporate
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cartilage template formation or vascularisation to enhance bone tissue regeneration,
no strategy has sought to incorporate both events simultaneously, even though both
are crucial precursors for bone formation during endochondral ossification in vivo.
The results from Chapters 4 and 5 of this Thesis showed that chondrogenic priming
(for 21 days) together with co-culture of human MSCs and HUVECs significantly
increased the osteogenic potential of the culture compared to chondrogenic priming
alone (Freeman et al., 2015b). It was also shown that both MSCs and HUVECs must
be added to the formed cartilage template for the formation of rudimentary vessels to
occur in vitro. However, it was found that the addition of osteogenic supplements to
the medium actually inhibits the expression of early osteogenic marker (ALP), whilst
mineralisation in the form of discrete mineralisation nodules occurred. Moreover, the
production of mineral also had an inhibitory effect on the vascularisation potential
(VEGF and CD31) of in vitro 3D aggregates.
These results of Chapters 3-5 of this Thesis suggest that chondrogenic priming
of MSC cellular aggregates and co-culture of human MSCs and HUVECs, in the
absence of osteogenic supplements, might be an effective strategy to develop in vitro
tissue engineered bone constructs. However, the in vivo viability, vascularisation and
mineralisation potential of MSC aggregates that have been pre-conditioned in vitro by
a combination of chondrogenic and vascular priming, has yet to be established.
Therefore, in this Chapter, the author tested the hypothesis that “A tissue regeneration
approach that incorporates both chondrogenic priming of MSCs, to first form a
cartilage template, and subsequent pre-vascularisation of the cartilage aggregates,
through the co-culture of HUVECs in vitro, will serve as an effective in vitro bone
regeneration approach”. The overall objective of this study was to assess the outcome
of cell survival, vessel infiltration and thus mineral formation of the cellular aggregates
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within a subcutaneous implantation nude rat model. The specific objectives of this
study were to compare mineral and vessel formation by means of bioluminescent
imaging (BLI), microcomputed tomography (µCT), histology (Masson’s trichrome
and Alizarin Red) and immunohistochemistry (CD31, CD146, and α–smooth actin) to
assess their functionality in vivo. This Chapter presents an adapted version of work
previously published in the Journal of Stem Cell Research & Therapy (Freeman et al.,
2015a).

Methods

Cell Culture
6.2.1.1 Human Donor MSCs
As previously described in Chapter 5, bone marrow-derived human MSCs
harvested from two male donors 20-25 years old, with established multipotency, were
purchased from the Texas A&M University Health Science Centre (Temple, TX). The
human MSCs were expanded in Minimum Essential Medium alpha (αMEM,
Invitrogen, Carlsbad, CA) containing 16.7% fetal bovine serum (FBS, Atlanta
Biologicals,

Lawrenceville,

GA)

and

100

units/mL

penicillin/100μg/mL

streptomycin/2 mM L-glutamine (PSL, Invitrogen) at 37°C and 5% CO2. For all cell
culture performed in this study, cell culture medium was changed twice weekly unless
stated otherwise. At passage 2, cells from each donor were detached using 0.25%
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trypsin-EDTA (Invitrogen) and combined 1:1 to produce a pooled human MSC
population. MSCs were further cultured to passage 3-4.
6.2.1.2 Cell Labelling
Human MSCs were co-transduced using lentiviral vector containing green
fluorescent protein (GFP) and firefly luciferase (Luc) downstream of the ubiquitin
promoter, as previously described (Sheyn et al., 2011; Sun et al., 2009; Allen et al.,
2014). Briefly, human MSCs were suspended in polybrene and a viral vector at a
multiplicity of infection (MOI) of 20 and incubated in flasks at a density of 10,000
cells/cm2 overnight (Sigma, St. Louis, MO). Medium was changed daily for 3 days,
after which the labelling efficiency of GFP/Luc was determined using fluorescent
microscopy. GFP/Luc labelled human MSCs were replated at a seeding density of 500
cells/cm2 and were further cultured to passage 3-4. These GFP/Luc labelled human
MSCs were only used in the constructs tested for BLI. In order to have the same
amount of labelled cells in each group the only cells that were labelled were the MSCs
that were chondrogenically primed (i.e. used to generate the cartilage template). The
added HUVECs/MSCs were not labelled.
6.2.1.3 HUVECs Culture
As previously described in Chapter 5, HUVECs were purchased from Lonza
(Maryland, USA) and cultured in Clonetics Endothelial Growth Medium (EGM)
SingleQuotes (Lonza). Medium was replaced every 3 days and, upon reaching 80-90%
confluency, cells were passaged using 0.25% trypsin-EDTA (Invitrogen). HUVECs
were further cultured to passage 3.
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Aggregate Formation
Once the human MSCs (labelled and unlabelled) reached a confluency of ~80%
aggregates were formed. As stated in previous Chapters this was achieved dividing a
cell suspension of 0.25x106 cells/mL into 1.5 mL tubes, having 250,000 cells in each
tube, and these were then centrifuged for 5 minutes (Eppendorf Centrifuge 5430R;
Vashaw Scientific, Norcross, GA) at 400 g to create cell aggregates. Carefully
avoiding the newly formed aggregate, the medium was removed from each of the
aggregates and 0.5 mL of Chondrogenic Medium was added. Chondrogenic medium
was the same as described previously (high glucose DMEM, 10 ng/mL TGF-β3
(Invitrogen), 50 µg/mL Ascorbic Acid, 4.7 μg/mL Linoleic Acid, 100 nM
Dexamethasone and 1x insulin-transferrin-selenium) and the EGM medium was the
same medium that was used to culture the HUVECs (Lonza). For all experiments
aggregate cultures were fed twice per week by performing a 50% medium exchange.
During each feed the aggregates were agitated, so as to prevent them from adhering to
the micro-tube. This was achieved through aspirating the medium beneath the
aggregate with a micro-pipette.
These cells were further cultured under the same experimental conditions that
were used in Chapter 4: (1) CP21–HUVECs: Aggregates were chondrogenically
primed for a period of 21 days and then cultured in EGM medium for a further 21 days
(in the Results section this group will be hereafter known as the Cartilage Template
group). (2) CP21+HUVECs: Aggregates were chondrogenically primed for 21 days
after which 250,000 suspended HUVECs in EGM were added to the cellular aggregate
and cultured in EGM for further 21 days (hereafter known as the Co-Culture
Cartilage Template group). (3) CP21+HUVECs:MSCs: Aggregates were
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chondrogenically primed for 21 days after which 250,000 suspended HUVECs and
MSCs at a ratio of 1:1 (125,000:125,000 cells) in EGM were added and further
cultured in EGM for 21 days (hereafter known as the Prevascularised Cartilage
Template group) as seen in Figure 1.
For all groups the EGM Medium added at day 21 also contained 20% methocel
from a stock solution that was generated by dissolving 6 g of carboxymethylcellulose
(Sigma Aldrich) in 500 mL of DMEM as previously described (Korff and Augustin,
1998). After 24 hours the medium that contained methocel was removed and was
replaced with EGM medium alone and EGM medium alone was used for the further
20 days.

Construct Preparation
After 42 days of in vitro culture, the primed aggregates were prepared for
implantation. A dual syringe approach, previously described by Kolambkar et al.
(Kolambkar et al., 2011), was adapted to imbed the cellular aggregates within
hydrogels. Briefly functionalised alginate (FMC Biopolymer; Sandvik, Norway)
containing BMP-2 (Pfizer, MA, USA) at a concentration of 1.6 μg/100 μL was crosslinked by adding calcium sulphate (Sigma) to a final concentration of 8.4 mg/mL.
Constructs were prepared by injecting 100 μL into an electrospun, PCL nanofiber
mesh tube (Kolambkar et al., 2011), and two cellular aggregates from each group were
placed within each alginate/mesh, as seen in Figure 6.1. One group, which contained
no aggregates within the mesh, was used as an acellular group (known as the Alginate
group). These constructs were then incubated in culture medium within a 24-well ultra
low-attachment plate (Corning, Lowell, MA, USA) for 2-6 hours prior to implantation.
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Figure 6.1: Schematic of the Cellular Groups, Hydrogel Methodology, and
Experimental Setup.

Surgical Procedures
All animal procedures were conducted in accordance with the Georgia Institute
of Technology Institutional Animal Care and Use Committee protocol (#A13023).
Ten 11-week-old female, athymic nude rats (Charles River Labs; Wilmington, MA,
USA) were anesthetised using isoflurane. Two incisions were made in the skin slightly
lateral to the spine of each animal and a custom made tunnelling device was used to
create four subcutaneous pockets. One construct (from each of the four groups) was
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placed in each pocket. Each construct was implanted in a balanced manner, such that
each group contained an implant placed at each of the subcutaneous locations and
samples were randomly distributed across the operated animals. Once the four
constructs were implanted, incisions were closed using suture and wound clips.

Bioluminescent imaging (BLI)
Two rats received constructs with aggregates formed from GFP-Luc labelled
human MSCs (as discussed above) and were maintained under anaesthesia to perform
day 0 BLI.
BLI was performed on the animals at day 0, 7, 14, and 21, following a previously
developed approach (Allen et al., 2014). Briefly rats were anesthetised using
isoflurane and 300 μL luciferin was injected subcutaneously in close proximity to the
construct site. After 30 minutes animals were positioned with their lateral side facing
up and scanned using an IVIS Lumina machine (Caliper Life Sciences, Hopkinton,
MA, USA). The animals were then repositioned so that their other side could be
scanned. BLI images were evaluated by demarcation of a 4 cm2 elliptical region of
interest (ROI) centred on each construct using Living Image software version 3.2
(Caliper Life Sciences). BLI counts were normalised by exposure time and region of
interest (ROI) for each sample.

Microcomputed Tomography Imaging
At 4 weeks post-surgery, eight rats (each rat contained the four groups)
underwent a vascular perfusion protocol modified from that developed by Duvall et
al. (Duvall et al., 2004; Allen et al., 2014). Briefly, the rats were put under anaesthesia
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and maintained at 4% isoflurane. Once anesthetised, the thoracic cavity was opened
to insert an 18 gauge catheter (SURFLO Teflon IV catheter; Terumuo Medical;
Somerset, NJ) through the left ventricle of the heart into the ascending aorta. The
inferior cava was cut and 0.9% saline was perfused through the vasculature using a
peristaltic pump (Masterflex, Cole Parmer, Vernon Hills, IL) until the vasculature
system was completely flushed clear. A solution of 0.9% saline containing 0.4% (w/v)
papaverin hydrochloride was then perfused followed by 10% Neutral Buffered
Formalin (NBF) for 5 minutes. Animals received a final perfusion of 20-25 mL of
radiopaque contrast agent Microfil (Flow Tech, Carver, MA) and were left at 4°C
overnight. In this way, animals were euthanised by the combined effects of isoflurane
overdose and exsanguination. Explants were extracted and incubated in NBF for 24
hours before being imaged via micro-computed tomography (μCT) scans on a
MicroCT42 (Scanco Medical, Brüttisellen, Switzerland) at 55 kVp, 145 μA, and a 12
μm voxel size. The volume of interest was defined as the construct and the minimal
tissue surrounding the construct. Microfil has the same threshold as bone mineral and
therefore to segment perfused vasculature from mineralised tissue within each
construct two scans were analysed; calcified construct versus decalcified construct.
The calcified constructs were scanned and post-processed using a threshold value that
accurately depicted both the mineral content and the vessel volume by visual
inspection of the 2D grayscale tomograms (Scanco Medical MicroCT42). Noise was
removed using a low-pass Gaussian filter (sigma=1.2, support=2). Next, samples were
decalcified in Immunocal (Formic acid bone Decalcifier, Decal Chemical
Corporation) for 1 week with the decalcification solution replaced every day
(decalcified constructs). After one week these decalcified constructs were scanned
using the same settings, and post-processed at the same threshold as the calcified
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constructs to determine mineral content. Mineralised tissue content was determined
by subtracting the bone volume of the decalcified scans from the calcified scans. Next,
the decalcified scans were post-processed at a threshold value that accurately depicted
just the vessel volume upon visual inspection of the 2D grayscale tomograms.

Histochemical analysis
Following μCT scanning the samples were dehydrated and embedded in paraffin
using an automatic tissue processor (Excelsior ES tissue processor, Thermo Scientific;
Austin, TX). All samples were sectioned with a thickness of 8 μm using a rotary
microtome (Leica Microtome RM2235, Leica). Sections were stained with Masson’s
Trichrome and Alizarin Red (all Sigma Aldrich).

Immunohistochemical Analysis
Immunohistochemical analysis was used to detect CD31, CD146 and α-smooth
muscle actin. Sections were deparaffinised overnight before a series of rehydration
steps through varying ethanol grades (100-50%). The samples were then treated with
40 µg/mL of proteinase K for 20 minutes at 37 °C (Sigma Aldrich), rinsed with
PBSTween and blocked with PBS with 1% w/v Bovine Serum Albumin (BSA) and
3% w/v Normal Goat serum (NGS) (Sigma Aldrich) for 60 minutes. Sections were
then incubated overnight at 4°C with either rabbit polyclonal anti-CD31 (ab28364
Abcam, 1:50) or rabbit monoclonal anti-CD146 (ab75769 Abcam, 1:250). After an
additional three washing steps with PBS containing 1% w/v BSA the sections were
incubated with Dylight488 goat anti-Rabbit secondary antibody (Jackson
Immunoresearch, 115-485-209, 1/200), for one hour at room temperature in the dark.
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The samples were washed three times in PBS with 1% w/v BSA, and the slides were
then incubated overnight at 4 °C with mouse monoclonal anti-alpha smooth muscle
actin antibody (ab7817 Abcam, 1:50). After an additional three washing steps with
PBS with 1% w/v BSA the sections were incubated with Dylight549 goat anti-mouse
secondary antibody (Jackson Immunoresearch, 115-505-062, 1/200), for one hour at
room temperature in the dark. Finally, samples were washed three times with PBS
with 1% w/v BSA and the sections were mounted using 4',6-diamidino-2-phenylindole
(DAPI) mounting medium (Sigma Aldrich). HUVECs provided a positive control for
CD31 and CD146 staining and blood vessels provided positive control for α-smooth
actin staining.

Statistical Analysis
Results are expressed as mean ± standard error. All CT quantitative analyses
were examined using one-way analyses of variance (ANOVA) with the addition of
Tukey's correction for multiple comparisons testing. BLI quantitative analysis was
examined using two-way analyses of variance (ANOVA) with the addition of Tukey’s
correction for multiple comparisons testing. All analyses were performed using
Graphpad. For all comparisons, the level of significance was p ≤ 0.05.

Results

Construct Morphology
All aggregates were identifiable as a clear circular bundle of cells present within
the nanofiber mesh (as indicated by the letter A in Figure 6.2) after 4 weeks in vivo.
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The aggregates were predominately surrounded by alginate and host cells (see Figure
6.2). As expected there was some degradation in the constructs, which was very
evident in the Cartilage Template and the Co-culture Cartilage Template groups, as
indicated by the channels present within the centre of the aggregates (indicated by the
letter D), but in the Prevascularised Cartilage Template group the degradation was
minimal (Figure 6.2). There was also positive sGAG staining present in all of the
aggregates. Both the Cartilage Template and Co-culture cartilage groups also had a
layer of tissue rich in sGAG surrounding the aggregate (see Figure 6.2, as indicated
by the letter C), that was negligible in the Prevascularised Cartilage Template group.
There was also a fibrous tissue layer surrounding the aggregates in both the Cartilage
Template and Co-culture Cartilage template layer (as indicated by the red staining in
Figure 6.2) which was not seen in the Prevascularised Cartilage Template group.
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Figure 6.2: Masson’s Trichrome of samples from each of the groups after 4 weeks
implantation. A denotes nanofiber mesh, B denotes islands of alginate, C denotes
sGAG rich encapsulation, D denotes area of degradation and arrows denote vessels
complete with red blood cells. Images were taken at 5X and 20X.
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Mineral Formation
Quantitative mineralisation of the constructs and the surrounding tissue in the
hydrogel was analysed from the reconstructed µCT data to determine Mineral Volume.
All groups produced mineral volume between 0.5-0.8 mm3, however there was no
significant difference between any of the groups after 4 weeks of implantation (See
Figure 6.3).

Figure 6.3: Total Mineral Volume. Error bars denote standard error (n = 8).
Positive Alizarin Red staining was present in all of the groups, however the
location of the mineral differed by group. The only group to have mineralisation
nodules present within the aggregate itself was the Prevascularised Cartilage Template
group. All of the other groups only had mineralisation nodules present in the
surrounding alginate, as seen in Figure 6.4. Some of these mineralisation nodules were
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present in close proximity to mature blood vessels, as indicated in Figure 6.4 by the
arrows.

Figure 6.4: Alizarin Red staining of samples from each of the groups after 4 weeks
implantation. Red Staining denotes mineralisation nodules present, A denotes
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aggregates present within the alginate, and arrows denote vessels present. Images were
taken at 4X and 40X.

Cell Viability
BLI data obtained over the course of the study showed that the live cell number
from the original cellular aggregate decreased in all groups from the day of surgery to
2 weeks after implantation (see Figure 6.5 (A)). However, there was significantly
higher BLI signal in the Prevascularised Cartilage Template group and Co-culture
Cartilage Template group (p < 0.05) compared to the Alginate group at both day 0 and
day 7. The Prevascularised Cartilage Template group also retained more cells
compared to the other groups at day 7 (88% vs. 82-20.5%) and day 14 (27.4% vs. 18.31.7%) and by day 21. There were more viable human MSCs present in the
Prevascularised Cartilage Template group compared to both the Alginate (p = 0.1) and
Co-culture Cartilage Template groups (p = 0.13) (see Figure 6.5 (B)).
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Figure 6.5: (A) Representative BLI heat-maps for representative rat over the time
course of the study (B) Total BLI count of all the groups over the course of the study.
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Vessel Infiltration
μCT reconstruction of the explant vasculature illustrated the presence of host
blood vessels surrounding the construct and infiltrating the construct through the holes
present within the nanofiber mesh (Figure 6.7 (A)). Vessel volume was quantified in
two ways; (1) Total Vessel Volume and (2) Average Vessel Diameter. After four
weeks in vivo there was no significant difference in Total Vessel Volume or Average
Vessel Diameter between any of the groups (Figure 6.6 (A, B)). However, for both the
Cartilage Template and the Prevascularised Cartilage template groups a large
proportion of the vessels were thicker than 0.15 mm. When only vessels with a
diameter greater than 0.15 mm are considered, in both the alginate and the Co-culture
Cartilage Template group only 3 out of 8 rats had vessels greater than 0.15 mm. These
vessels only accounted for 7% of the overall vessels within the construct. However, in
both the Cartilage Template and Prevascularised Cartilage Template group 5 out of 8
rats had vessels present with a greater diameter than 0.15 mm and these vessels
accounted for up to 14% of the overall vessels seen within the construct (see Figure
6.7 (B)).

168

Chapter 6

Figure 6.6: (A) Total Vessel volume, and (B) Average Vessel Diameter
demonstrating the level of vessel formation within the implanted constructs after 4
weeks (n = 8).
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Figure 6.7: (A) Microcomputed tomography angiography representative images of
vessel diameter and (B) Histograms of Vessel Diameter for each group demonstrating
location of the varying vessel thickness of the vessels present within each of the
implanted constructs after 4 weeks.
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Histological staining revealed that there was little vessel formation present
within the Cartilage Template and Co-culture Cartilage Template aggregates, but most
of the vessels were found outside the aggregates within the alginate (see Figure 6.2).
However, the Prevascularised Cartilage Template group was the only group to contain
vessels within the aggregate itself complete with red blood cells (see Figure 6.2
denoted by the arrows).
Immunohistochemical analysis confirmed that mature vessels were present in
the surrounding alginate in all of the groups, as indicated by the α-smooth actin
staining. In contrast, the Prevascularised Cartilage Template group had mature vessels
present within the centre of the aggregates, rather than around the periphery in the
surrounding alginate. CD146 and CD31 staining, which are an endothelial cell marker
and pericyte marker respectively, revealed that, for both the Co-culture Cartilage
Template and the Prevascularised Cartilage Template groups, endothelial cells and
pericytes were involved in the formation of these vessels (see Figure 6.8 and Figure
6.9). Moreover, CD31 positive stained cells were present within the structure of some
of the vessels (Figure 6.8) indicating that the implanted human endothelial stem cells
were involved in the formation of these vessels as CD31 is only present in human
endothelial cells. The staining also showed CD31 positive stained cells were not only
present on the periphery of the aggregates but were also present within the surrounding
alginate.
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Figure 6.8: Immunohistochemical staining of the groups after 4 weeks implantation.
CD31 stained in green, Nucleus stained in blue, α-smooth actin stained in red. Boxes
denote area of magnification. Arrows denote presence of CD31 (green) within vessel
formation. Images were taken at 10X and 60X.
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Figure 6.9: Immunohistochemical staining of the groups after 4 weeks implantation.
CD146 stained in green, Nucleus stained in blue, α-smooth actin stained in red. Boxes
denote area of magnification. Arrows denote presence of CD146 within vessel
formation. Images were taken at 10X and 60X.

Discussion
This Chapter investigated whether a tissue regeneration approach that
incorporates both chondrogenic priming of MSCs, to first form a cartilage template,
and subsequent pre-vascularisation of the cartilage constructs, through the co-culture
of HUVECs in vitro, would improve cell survival, vessel infiltration and thus mineral
formation once implanted subcutaneously in vivo. The results from this Chapter
showed that prevascularised cartilaginous aggregates successfully developed mature
vessels (as indicated by α-smooth muscle actin walls and erythrocytes) within the
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aggregates and retained viable cells from the original aggregate (as indicated by BLI
signalling) 21 days after subcutaneous implantation. The prevascularised cartilaginous
aggregates were also the only aggregates to have mineralisation nodules present within
the aggregates. In contrast, chondrogenically primed aggregates, with and without
HUVECS, did not have viable cells remaining from the original aggregate after 14
days, had a high vessel volume but these vessels were not present within the aggregate,
and only had mineralisation nodules present in the alginate surrounding the
aggregates.
One limitation of the study is the use of pooled MSCs from two male donors
and the fact that the author did not directly explore whether the human MSCs
displayed a donor dependent response to mineral formation. However, as the control
groups also contained pooled cells, the differences observed between the groups
cannot be explained by donor variability. A second potential limitation was the length
of time the samples were examined for mineral formation (4 weeks). Previous ectopic
bone formation models indicate that little to no bone formation will occur until
approximately 8 weeks (Farrell et al., 2011; Farrell et al., 2009; Jukes et al., 2008;
Oliveira et al., 2009b; Scotti et al., 2013; Scotti et al., 2010). The choice of the 4 week
time point permitted the observation of both early mineral formation and vessel
infiltration, and differences were distinguishable at this early time point. Future studies
should investigate the long-term effect of subcutaneous implantation of the
prevascularised cartilaginous aggregates in order to fully understand their
mineralisation potential. Another possible limitation was the nanofiber mesh/alginate
delivery system with osteogenic growth factors (BMP-2) used to ensure the retrieval
of the aggregates after 4 weeks in vivo, which has proved challenging in other
subcutaneous implantation studies (Farrell et al., 2011; Farrell et al., 2009; Scotti et
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al., 2010). However, due to the fact that an acellular control group was included, the
results obtained could not be explained by the addition of BMP-2 alone, but rather the
addition of the cells leads directly to the differences seen between the groups. Finally,
the animal model chosen for this study was a subcutaneous delivery method. This
animal model has its advantages and disadvantages. The main advantages to using the
subcutaneous model was that it was a relatively non-invasive surgery for the animals,
all four groups could be placed in each animal which reduced animal numbers, and it
provided an initial understanding of the in vivo potential of the experimental groups.
There are also some disadvantages to subcutaneous implantation, it has large animal
variability, the exact location of the construct cannot be kept constant and as such
some constructs could be placed closer to host vessels than other and therefore further
increase the variability between the groups. However, for the purpose of this study,
the subcutaneous model provided an initial understanding of the in vivo potential of
my aggregates. Further studies are needed to investigate the bone regeneration
potential in a large bone segmental defect. As stated previously, current bone tissue
engineering strategies are limited by the lack of nutrient delivery and waste removal
arising from the lack of vasculature (Amini et al., 2012; O'Brien, 2011; Lyons et al.,
2010; Phelps and Garcia, 2009; Ko et al., 2007; Krishnan et al., 2014; Farrell et al.,
2011; Farrell et al., 2009).

The results from Chapter 4 and 5 reported that a

combination of chondrogenic priming and co-culture of human MSCs and HUVECs
can lead to the formation of rudimentary vessels and significantly increased the in vitro
osteogenic potential of MSC aggregates (Freeman et al., 2015b). Other studies have
investigated whether pre-vascularising trabecular bone (Correia et al., 2011), PCL
(Ghanaati et al., 2011), poly(LLA-co-DXO) (Pedersen et al., 2013), collagen GAG
(McFadden et al., 2013; Duffy et al., 2011), and hydroxyapatite (Scherberich et al.,
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2007) scaffolds in vitro would allow faster angiogenesis in vivo and have reported that
microvascular networks established in vitro can be maintained when implanted in vivo
(Correia et al., 2011; Scherberich et al., 2007; Pedersen et al., 2013; Duffy et al., 2011;
McFadden et al., 2013; Ghanaati et al., 2011). In this Chapter the author investigated
whether prevascularisation of chondrogenically primed constructs in vitro prior to
implantation could overcome limitations of vascularisation and thus core degradation
and uneven mineral distribution. The results from this Chapter show that vessel
formation was achieved within the constructs of all groups after 4 weeks implantation
(as indicated by µCT angiography, Masson’s Trichrome and α-smooth actin staining).
However, the only group to have vessel formation within the aggregates, and not just
in the surrounding alginate or in the periphery of the aggregate, was the
prevascularised cartilaginous aggregates. This may be due to the fact that the vessels
present within the centre of the constructs were mature vessels complete with a smooth
muscle lining (as indicated by α-smooth actin staining) and red blood cells (as
indicated by Masson’s Trichrome). The prevascularised cartilaginous aggregates also
had the thickest vessel diameters present within the constructs as a whole (as indicated
by µCT angiography), with 5 out of 8 of the rats having vessels with diameters
between 0.15 – 0.35 mm and these vessels accounted for up to 14% of the overall
vessels present within the constructs. Moreover, the prevascularised cartilaginous
aggregates were the only group to have significantly more viable cells 21 days after
implantation than other groups. Previous studies have only shown maintenance of
viable MSCs to 7 days (Allen et al., 2014). These results indicate that
prevascularisation of the cartilaginous aggregates prior to implantation exerts a
positive effect on maintenance of MSC viability in aggregates implanted for 4 weeks
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in vivo, and this is directly associated with the formation of mature vessels present
within the centre of the aggregates.
Previous studies have shown that MSCs themselves are a perivascular cell type
(Caplan, 2008; Crisan et al., 2008; Melero-Martin et al., 2008), and have been shown
to have pro-angiographic effects on endothelial cells when co-cultured in vitro (Hung
et al., 2007; Freeman et al., 2015b). The results presented in this Chapter show the
perivascular role of MSCs in vivo, through the CD146 staining, known surface marker
for pericytes. The results also show MSCs have a pro-angiographic effect on
endothelial cells, as the only group to form vessels within the cellular aggregates were
the prevascularised cartilaginous group, which had both MSCs and HUVECs added
to the cartilage template. Interestingly, immunohistochemical staining also revealed
that the HUVEC cells that were added to the already formed cartilage template (in the
Co-culture Cartilage Template group and the Prevascularised Cartilage Template
group) were not just present around the periphery of the aggregates but were also
present within the surrounding alginate. Moreover these HUVECs were shown to play
a role in the formation of the mature vessels and integrate with the host cells to form
vessels (as indicated by CD31 staining). However, whether it is the human MSCs
added during the co-culture or the human MSCs used to form the cartilage template,
that are involved in the formation of these vessels is still unknown. The CD31 stain
used was specific for human cells and the persistent staining by 4 weeks after
implantation confirms that human cells did persist and may be involved in the
formation of the vascular networks but further studies are needed to elucidate exactly
which exact cells are involved in forming the vessels observed here.
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Unlike other studies (Correia et al., 2011; Scherberich et al., 2007; Pedersen et
al., 2013; Duffy et al., 2011; McFadden et al., 2013; Ghanaati et al., 2011) a scaffold
was not used in this study. The current limitations to scaffold tissue engineering
studies include inhomogeneous distribution of cells within the construct (Chan and
Leong, 2008). This uneven distribution can then lead to heterogeneous properties,
fibrous tissue encapsulation (Lyons et al., 2010), and core degradation of the construct,
which ultimately leads to the degradation of the scaffold itself (Amini et al., 2012;
O'Brien, 2011; Lyons et al., 2010; Phelps and Garcia, 2009; Ko et al., 2007; Krishnan
et al., 2014; Farrell et al., 2011; Farrell et al., 2009). The approach presented in the
Chapter allows the cells to form their own scaffold, mimicking native endochondral
ossification, therefore ameliorating inhomogeneous distribution of cells. The results
from Chapter 4 and 5 showed that chondrogenically priming MSCs in vitro, to form a
cartilage template, provides a suitable scaffold for HUVEC and MSC cells to attach,
proliferate, infiltrate, and ultimately form rudimentary vessels (Freeman et al., 2015b).
This study not only verifies the benefits of this scaffoldless approach but shows that,
even after being implanted for 4 weeks, there was minimal core degradation in the
cartilage template of the prevascularised cartilaginous aggregates. In contrast, the nonprevascularised groups had fibrous tissue present surrounding the aggregates, which
can lead to hypertrophy of the cells in the centre of the aggregate and hence core
degradation (seen in the Masson’s Trichrome).
As previously described, angiogenesis only occurs once the cartilage template
has formed, during endochondral ossification. This process involves endothelial cells
invading through the cartilage canals already present in the developing bone tissue
(Mackie et al., 2008; McNamara, 2011; Kronenberg, 2003; Gerber and Ferrara, 2000),
and typically occurs between 14 and 18 days of embryogenesis of mice (Gerber and
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Ferrara, 2000; Carlevaro et al., 2000). Therefore, in order for mineralisation to occur,
the cartilage template must be formed, and vessel infiltration must then occur.
Previous studies, which have looked at just the formation of the cartilage template
through the subcutaneous implantation of either chondrogenically primed construct
(Jukes et al., 2008; Farrell et al., 2011; Farrell et al., 2009; Oliveira et al., 2009b) or
hypertrophic constructs (Scotti et al., 2013; Scotti et al., 2010), have found little to no
mineral formation before 8 weeks in vivo. This study found that there was
mineralisation present in all of the groups after 4 weeks in this ectopic bone model.
Alizarin Red staining of the groups also shows that mineralisation nodules were
present predominately in the surrounding Alginate. As the alginate contained BMP-2
this was to be expected. However, the only group that had mineralisation nodules
present within the centre of the aggregates was the prevascularised cartilaginous
aggregates. The results from Chapter 4 found that when both MSCs and HUVECs
were added to a chondrogenically primed aggregate, mineralisation was characterised
by the formation of discrete mineralised nodules (Freeman et al., 2015b). The results
from Chapter 5 found that the same group cultured without osteogenic supplements
showed mineralisation present throughout the aggregate. Even though the aggregates
used in this study were co-cultured without the presence of osteogenic supplements,
the mineral was found to deposit in the formation of discrete mineralisation nodules
similar to those seen in Chapter 4, rather than homogenous mineralisation deposition
seen in Chapter 5. Previous studies (Correia et al., 2011; Gerber and Ferrara, 2000;
Freeman et al., 2015b) have postulated that, in order to mimic bone formation that
occurs naturally during the early fetal development, vasculogenesis should be induced
prior to osteogenesis in vitro in order to obtain functional bone tissue when implanted
in vivo. The results from this study are in agreement as the only aggregates to have
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mineralisation nodules present within the aggregates were also the only group to have
mature vessels present within the aggregate. The author proposes that during the
process of vessel formation mineralisation did not proceed, and as a result
mineralisation was not seen in the chondrogenically primed aggregates, without and
with HUVECS alone, as vascularisation was not induced in these aggregates.
However, mineralisation nodules were beginning to form in the prevascularised group
but only once mature vessels had formed within the aggregates. Moreover,
mineralisation only occurred within close proximately of these vessels. Therefore, it
is possible that culturing this group in vivo for longer than 4 weeks will ultimately
allow for enhanced mineralisation, but this cannot be verified from the results of the
current study and future in vivo investigations are required.

Conclusions
This Chapter shows for the first time that a tissue regeneration approach
incorporating both chondrogenic priming of MSCs, to first form a cartilage template
and subsequent pre-vascularisation of the cartilage constructs, through the co-culture
of HUVECs and MSCs in vitro, improves cell viability, vessel infiltration and mineral
formation once implanted in vivo. Specifically, the results from this study show that
the only group to have mature vessels present within the aggregates after 4 weeks in
vivo was the prevascularised cartilaginous aggregates. The author proposes that this
vascularisation exerted a positive effect on the viability and mineralisation potential
of the aggregate, as it was also the only group to have both viable cells 21 days after
implantation and mineralisation nodules present within the aggregates. Taken
together, these results indicate that, endochondrally priming constructs might have a
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beneficial role on the constructs once implanted in vivo, however further studies are
needed to fully verify this. Future bone tissue engineering strategies could be designed
with these conditions in mind such that the factors needed to mimic the endochondral
ossification process are incorporated to the point where the constructs themselves can
autonomously progress to engraftment, remodelling and ultimately tissue
regeneration.
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Chapter 7: Discussion and
Conclusion
Introduction
This Chapter summarises the main findings of this Thesis, drawing together the
insight gained from the in vitro and in vivo studies performed to provide a greater
understanding of whether an in vitro tissue regeneration approach that mimics
endochondral ossification could serve as effective bone tissue engineering approach.
The results of the individual Chapters of this Thesis are summarised in Section 7.2 and
are graphically represented in Figure 7.1. This figure also illustrates how these results
build upon the current understanding of this topic from studies conducted by other
researchers prior to this Thesis, as is discussed in detail in Section 7.3. The key
findings of the Thesis are discussed in the context of other relevant studies, and the
implications of the findings of this Thesis for the field of bone tissue regeneration, and
clinical treatment of non-union fractures are explored. Finally, recommendations for
further work and future perspectives in the bone tissue engineering field are discussed.

Main Findings of the Thesis
The research described in this PhD Thesis has sought to identify whether an in
vitro priming approach, which mimics certain aspects of the endochondral ossification
process, can enhance the mineralisation potential of MSCs both in vitro and in vivo.
In particular the results from this Thesis sought to determine the optimum priming
conditions (timing, type of culture medium) for enhancing osteogenesis, angiogenesis
and survivability once implanted in vivo. In vitro cell culture experiments were
conducted to determine the optimum chondrogenic and vascular priming conditions
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in vitro. An in vivo model was then used to investigate whether these optimum
conditions had an effect on the survivability and thus vascularisation and
mineralisation potential once implanted in vivo. The key contributions of each
hypothesis are summarised below.
Hypothesis 1: There is an optimum duration for chondrogenic priming of MSCs
that will enhance osteogenic differentiation of MSCs in vitro.
The first study, presented in Chapter 3 of this Thesis, demonstrated that
chondrogenic priming for specific durations (14, 21 days), prior to being exposed to
osteogenic supplements, can enhance the osteogenic differentiation of both murine
MSCs and human MSCs. Chondrogenic priming also induced more mineralisation by
MSCs compared to culture with osteogenic supplements alone. As such, the results of
this study provided evidence that supported Hypothesis 1. Furthermore, it was
demonstrated that chondrogenic priming for 21 days enhanced the distribution of
mineral and resulted in an aggregate with mineralisation throughout, rather than
around the periphery. By investigating different time periods for chondrogenic
priming, this Chapter provided an insight into the optimum chondrogenic priming
conditions needed to enhance osteogenic differentiation and thus produce a construct
mineralised throughout the construct rather than just around the periphery. The
optimum time (21 days) for chondrogenic priming determined from this Chapter was
implemented in all of the subsequent studies investigated in this Thesis.
Hypothesis 2: A tissue regeneration approach that incorporates both chondrogenic
priming of MSCs, to first form a cartilage template, and subsequent prevascularisation of the cartilage aggregates, through the co-culture of HUVECs in
vitro, will serve as an effective in vitro bone regeneration approach.
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The second study, presented in Chapter 4, demonstrated that allowing MSCs
to first form a cartilage template, not only enhances the mineralisation potential of the
MSCs, but also provides a suitable template for both MSCs and HUVECs to attach,
proliferate and invade. Furthermore, the results from this Chapter also showed that the
highest amount of mineralisation was seen when HUVECs alone were added to the
cartilage template, whereas the addition of both MSCs and HUVECs led to lower
levels of mineralisation albeit that these were higher than the condition of
chondrogenic priming alone. However, rudimentary vessels were only formed within
the aggregates in which both MSCs and HUVECs were added to the already formed
cartilage template. Together, the results obtained from this Chapter indicated that the
application of both chondrogenic and vascular priming of MSCs enhanced the
mineralisation potential of MSCs, compared to chondrogenic priming alone, whilst
also allowing for vessel formation, and as such validated Hypothesis 2. More
importantly, the results from this study indicated for the first time that there may be a
trade-off between mineralisation and vascularisation for in vitro bone regeneration
strategies, whereby osteogenic differentiation does not proceed during vascularisation
of the template, at least for the time periods investigated during the course of this
Thesis.
Hypothesis 3: An in vitro bone regeneration strategy that mimics the cellular niche
of the endochondral template will provide an alternative strategy for in vitro
mineralisation of MSCs, and thereby obviate the need for external osteogenic
growth factors.
The third study of this Thesis, presented in Chapter 5, demonstrated that the
application of both chondrogenic priming and vascular priming not only enhanced the
mineralisation potential of MSCs in vitro, but also induced osteogenesis in MSCs
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without the need for the addition of osteogenic supplements, and as such, the results
of this study provided evidence in support of Hypothesis 3. Furthermore, similar to
the results of Chapter 4, rudimentary vessels were only present in the aggregates in
which both MSCs and HUVECs were added, even without the addition of osteogenic
supplements. Unlike the results of Chapter 4, the results from this Chapter also showed
that without the addition of osteogenic supplements the highest amount of
mineralisation was seen in the group in which both HUVECs and MSCs were added.
Moreover, the results actually indicated that the addition of osteogenic supplements
inhibits early osteogenic markers (ALP expression), promotes late osteogenic markers
(calcium content), and produces mineral deposition in the form of discrete
mineralisation nodules. The results from this Chapter provided further insight into coculture effect as the results also showed that this promotion of late osteogenic markers
(Calcium content) also has an inhibitory effect on the vascularisation potential of the
aggregates. This was seen in both VEGF expression, and the fact that the crosssectional areas of the rudimentary vessels present within the aggregates were
significantly smaller than those found in the same group without osteogenic
supplements. Together, these results indicate that it is more beneficial to co-culture
without osteogenic supplements as both vasculogenesis and osteogenesis is improved.
Hypothesis 4: A tissue regeneration approach that incorporates both chondrogenic
priming of MSC aggregates and subsequent pre-vascularisation of the cartilage
aggregates, will improve cell viability, vessel infiltration and thus mineral formation
once implanted in vivo.
The final study of this Thesis, presented in Chapter 6, validated the in vivo
potential of the endochondrally primed aggregates from Chapter 5, in an ectopic bone
formation model. Specifically, the results from this Chapter demonstrated that
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aggregates that had been both chondrogenically primed and prevascularised had
enhanced cellular viability. Moreover, the results showed that, when the constructs
were prevascularised in vitro prior to implantation, enhanced vessel infiltration and
formation of mature vessels (smooth actin walls and erythrocytes) and mineralisation
nodules were observed within the prevascularised aggregates, and as such
corroborated Hypothesis 4.
These findings are further considered in the context of the current
understanding of bone tissue engineering, and the optimum conditions needed to
design a construct that will rapidly heal a large bone defects.

Implication for the Bone Tissue Engineering Field
The findings of this Thesis provide a novel insight into the priming conditions
needed to produce constructs that can autonomously engraft, remodel, and ultimately
lead to enhanced bone healing in a non-union defect. To date, many bone tissue
engineering strategies have either designed scaffolds that mimic the mechanical
properties of natural bone tissue (Heise et al., 1990; Sartoris et al., 1991; Marcacci et
al., 1999; Elsinger and Leal, 1996; Ge et al., 2004; Mastrogiacomo et al., 2006; Kruyt
et al., 2004; Rezwan et al., 2006; Ramay and Zhang, 2004; Quarto et al., 2001;
Marcacci et al., 2007; Hibi et al., 2006; Meijer et al., 2007; Lee et al., 2010; Meijer et
al., 2008; Shayesteh et al., 2008) or have designed scaffolds that incorporate the cells
or necessary growth factors to induce osteogenesis and then degrade (Rose and
Oreffo, 2002; Burg et al., 2000; Liu and Ma, 2004; Athanasiou et al., 1996; Prestwich
and Matthew, 2002; Wang et al., 2006; Meinel et al., 2004a; Li et al., 2006b; Shin et
al., 2004; Williams et al., 2005; Hollister, 2005; Yoshimoto et al., 2003; Meinel et al.,
2005; Meinel et al., 2004b; Farrell et al., 2006; Farrell et al., 2007; Hofmann et al.,
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2007; Martin et al., 1998; Lyons et al., 2010; Middleton and Tipton, 2000; Agrawal
and Ray, 2001; Hutmacher, 2000; Rezwan et al., 2006; Wei and Ma, 2004; Zhang and
Ma, 1999; Li et al., 2006a; Ma et al., 2001; Lyons et al., 2014; Murphy et al., 2014;
Gleeson et al., 2010; d'Aquino et al., 2009). However, recently researchers have sought
to design constructs that replicate aspects of the bone formation process that arise
during bone development, specifically the formation of the cartilage template during
endochondral ossification (Scotti et al., 2010; Scotti et al., 2013; Farrell et al., 2011;
Farrell et al., 2009; Harada et al., 2014; van der Stok et al., 2014; Gawlitta et al., 2015;
Visser et al., 2015) and prevascularisation of the construct (Correia et al., 2011;
Ghanaati et al., 2011; Pedersen et al., 2013; McFadden et al., 2013; Scherberich et al.,
2007; Duffy et al., 2011; Saleh et al., 2011; Fuchs et al., 2007). Each of these studies
has advanced the understanding of in vitro and in vivo factors that can govern bone
regeneration, see Figure 7.1.
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Figure 7.1: Graphical representation of the work conducted as part of this PhD Thesis
in context with previous studies.
Farrell et al. was the first to investigate whether chondrogenic priming, for a
period of 21 days, could enhance the osteogenic potential of MSCs in vitro. The results
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of this study could not distinguish any significant differences in the
expression/production of osteogenic markers (ALP, Collagen type II) between the
chondrogenically primed group and the osteogenic group (Farrell et al., 2009). Scotti
et al. reported that the duration of the chondrogenic priming period had a significant
effect on the in vivo survivability (Scotti et al., 2010), but did not explore the effects
of different time periods for osteogenic differentiation of MSCs in vitro. The results
of Chapter 3 of this Thesis demonstrated the importance of the duration of
chondrogenic priming for in vitro osteogenic differentiation potential of both human
and murine MSCs, and also mineral deposition within the aggregate, see Figure 7.2.
Future studies could implement these findings by chondrogenically priming
aggregates for times (14-21 days) deemed appropriate from this Chapter to avoid a
bone tissue engineered construct with uneven mineral deposition in vitro.
One of the most common methodologies used to overcome the issue of core
degradation is to prevascularise constructs prior to implantation (Correia et al., 2011;
Ghanaati et al., 2011; Pedersen et al., 2013; McFadden et al., 2013; Scherberich et al.,
2007; Duffy et al., 2011). However, to date, no approach has sought to incorporate
both chondrogenesis and vascularization simultaneously to produce a pre-vascularized
cartilaginous construct in vitro, even though both stages are crucial for bone
development by endochondral ossification and during fracture healing in vivo.
Therefore, despite the novel understanding gained from Chapter 3 and other important
studies (Scotti et al., 2010; Scotti et al., 2013; Farrell et al., 2011; Farrell et al., 2009;
Harada et al., 2014; van der Stok et al., 2014; Gawlitta et al., 2015; Visser et al., 2015),
a clear deficiency in knowledge regarding the ideal priming conditions still existed.
The experimental studies from both Chapter 4 and 5 aimed to address this deficit of
knowledge. Indeed these studies demonstrated for the first time that the application of
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both chondrogenic and vascular priming improved osteogenesis and vasculogenesis,
compared to chondrogenic priming alone, see Figure 7.2. Moreover, the results from
Chapter 5 indicate that direct co-culture can even promote osteogenesis without the
use of any supplementary osteogenic growth factors, and that the addition of these
supplements actually inhibits both vasculogenesis and osteogenesis. These results
indicate that the application of both chondrogenic priming and vascular priming
(through the co-culture of both MSCs and HUVECs) can provide a bone tissue
engineered aggregate that is mineralised throughout, complete with rudimentary
vessels, all without the use of any external osteogenic supplements in vitro. A
summary of all the results generated due to the application of chondrogenic and
vascular priming can be seen in Figure 7.2. However, whether endochondrally priming
MSCs would lead to enhanced mineralisation once implanted in vivo was still
unknown.
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Figure 7.2: Graphical representation of cellular responses due to the application of
chondrogenic and vascular priming in vitro as determined in Chapter 3, 4, 5 and 6.
Previous studies (Correia et al., 2011; Gerber and Ferrara, 2000; Freeman et al.,
2015b) have postulated that, in order for bone to form in vivo vasculogenesis should
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be induced prior to osteogenesis in vitro to obtain functional bone tissue when
implanted in vivo. The results from Chapter 6 of this Thesis showed that the only
aggregates to have mineralisation nodules present were the prevascularised
cartilaginous aggregates. Moreover, the results from this Thesis show that they were
also the only group to have viable human MSCs still present 21 days after implantation
and mature vessels present within the aggregate. Taken together, the results from this
Thesis found that endochondrally priming MSCs not only enhanced vasculogenesis
and osteogenic differentiation potential of MSCs in vitro but also induced
angiogenesis and thus mineralisation once implanted in vivo.
The provision of bone tissue constructs appropriate for clinical use are limited,
due to issues with core degradation and an uneven distribution of bone mineral
throughout the construct (Farrell et al., 2009; Scotti et al., 2010; Farrell et al., 2011).
In particular no study has managed to design an in vitro bone tissue engineering
construct that can ensure osteogenesis, angiogenesis and survivability once implanted
in vivo. The individual studies reported in this Thesis built upon these previous studies
and provided a novel understanding of potential endochondral priming conditions that
might serve this purpose, as shown in Figure 7.1. When analysed together, the findings
of this these provide a novel insight into how future bone tissue engineered constructs
might be designed.

Recommendations for Future Work
The studies described in this Thesis provide a novel insight on the optimum
conditions needed to create a prevascularised mineralised aggregate that once
implanted in vivo has enhanced survivability. Based on the findings of this Thesis the
following recommendations are made for future research;
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Experimental characterisation of the signalling pathways as a
results of the co-culture of MSCs and HUVECs
The optimum conditions needed to enhance mineral deposition and vessel
formation within a cellular aggregate both with (Chapter 4) and without (Chapter 5)
the presence of osteogenic supplements were determined in this Thesis. Both studies
showed that the addition of HUVECs and MSCs had a significant effect on the
mineralisation and vascularisation potential of MSC aggregates. These studies also
showed that this effect differed due to the inclusion or exclusion of osteogenic growth
supplements. Future studies should investigate the exact signalling pathways that are
activated due to the co-culture of HUVECs and MSCs both with and without the
addition of osteogenic growth supplements to fully understand the direct cell-cell
interaction between hMSCs and endothelial cells, and thus giving a deeper
understanding of the interaction between these cells during the endochondral
ossification process in vivo which is currently unknown. Specific pathways which
have been shown to have an effect on the endochondral ossification process include
Wnt/β-catenin (Day et al., 2005), FGF (Ornitz and Marie, 2002), Indian hedgehog
hormone/parathyroid hormone related protein (St-Jacques et al., 1999), and TGF-β
family (Sakou et al., 1999) signalling pathways (Kronenberg, 2003).

Understanding the effect of long term subcutaneous implantation of
prevascularised cartilaginous cellular aggregates.
The results from Chapter 6 demonstrated that cell viability and mature vessel
formation was enhanced after 4 weeks subcutaneous implantation within cellular
aggregates that were first chondrogenic and vascular primed in vitro. However, micro
computed tomography (µCT) and Alizarin Red staining (mineralisation) showed no
significant difference in mineralisation between any of the groups including the
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control group other than the location of the mineralisation nodules. The choice of the
4 week time point allowed the author to see both early mineral formation and vessel
infiltration to explore the in vivo potential of the prevascularised aggregates. However,
the short duration of implantation (4 weeks) did not allow for significant
mineralisation to occur. Future studies could expand on these results by implanting
cellular aggregates subcutaneously for periods of 8 weeks or more.

Understanding the effects the application of mechanical stimulation
in vitro will have on the cellular aggregates when implanted in vivo.
Mathematical and computational models have predicted that a variety of
stimuli can both promote and inhibit cells to undergo chondrogenic and osteogenic
differentiation during bone development (Carter et al., 1987; Carter and Wong, 1988;
Wong and Carter, 1990a; Nowlan et al., 2008) or fracture healing (Blenman et al.,
1989; Lacroix and Prendergast, 2002; Isaksson et al., 2006; Lacroix et al., 2002).
Experimental studies have found that the application of cyclic hydrostatic pressure can
influence the rate of endochondral ossification (Claes et al., 1998; Wong et al., 2003;
Wong and Carter, 1990b), specifically, experimental studies have shown that the
application of hydrostatic pressure can significantly enhance the chondrogenic
differentiation process of stem cells and thus influence the rate of endochondral
ossification (Miyanishi et al., 2006b; Miyanishi et al., 2006a; Finger et al., 2007;
Ogawa et al., 2009; Vinardell et al., 2012; Luo and Seedhom, 2007; Angele et al.,
2003; Wagner et al., 2008; Meyer et al., 2011). However, the ideal level of hydrostatic
pressure and other physical parameters that will drive bone regeneration by
endochondral ossification are still unknown. Endogenous cartilage within a joint is
typically exposed to stresses between 3 and 10 MPa and can experience stresses as
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high as 18 MPa (Afoke et al., 1987; Hodge et al., 1986), while a typical human’s
cadence is generally up to 1 Hz (Waters et al., 1988). Recent studies have looked at
applying pressures between 0.1 – 10 MPa to MSCs either in cellular aggregates or
seeded on biomaterial scaffolds, these studies have suggested that chondrogenesis of
MSCs exhibited the best response to applied loads of 10 MPa (Miyanishi et al., 2006b;
Miyanishi et al., 2006a; Finger et al., 2007; Ogawa et al., 2009; Vinardell et al., 2012;
Luo and Seedhom, 2007; Angele et al., 2003; Wagner et al., 2008; Meyer et al., 2011).
During the course of this Thesis a bioreactor was designed to apply hydrostatic
pressure to the cellular aggregates developed in Chapters 3 – 5 of this Thesis, during
the chondrogenic priming process, see Figure 7.3 (A)). A preliminary study was
conducted in which 10 MPa of hydrostatic pressure was applied to human MSC
cellular aggregates, for the 14 day chondrogenic priming period at 1 Hz for 1 hr/day.
The results from this preliminary study show the positive potential of applying
hydrostatic pressure, see Figure 7.3 (B) and (C). However, to date no study has sought
to recreate the presence of multiple cell populations, their spatiotemporal
differentiation and the extracellular mechanical environment that exists during
endochondral ossification in vivo. Therefore, future studies should investigate an in
vitro tissue regeneration strategy that not only mimics the cellular and biochemical
environment, but also the mechanical environment applied during endochondral
ossification in vivo.
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Figure 7.3: (A) Photograph of bioreactor setup. (B) sGAG/DNA content and (C)
ALP Activity of aggregates chondrogenically primed for 14 days with (+HP) and
without hydrostatic pressure (-HP) applied at both Pre-Medium Switch, 1 and 2
weeks Post Media Switch. Error bars denote standard deviation.

Applying the optimum priming conditions in vitro and investigating
the regeneration potential of aggregates in a large bone defect
model.
Once the optimum priming conditions, which mimic the cellular, biochemical
and mechanical environment of endochondral ossification, have been established
studies could investigate what effect these endochondrally primed aggregates would
have at healing a large (5 – 15 mm) segmental bone defect. Using in vitro
chondrogenic and vascular priming techniques, described in Chapters 3, 4, and 5,
combined with the application of hydrostatic pressure and the techniques outlined in
Chapter 6 of this Thesis, the viability, mineralisation capacity and overall bone tissue
regeneration potential of these aggregates can be investigated. Taken together, the
results from this Thesis and future studies on the application of mechanical stimuli can
provide a novel insight into the design of future bone tissue engineered constructs.

Conclusions
In conclusion, this Thesis has presented experimental studies performed
throughout the course of the author’s PhD studies to investigate whether an in vitro
tissue regeneration approach that mimicked endochondral ossification could serve as
an effective approach to enhance osteogenic differentiation of MSCs in vitro and
ultimately once implanted in vivo. In vitro cell culture methods were used to
investigate the effect of chondrogenic and vascular priming on both the osteogenic
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and vasculogenic potential of MSCs in vitro. The results from these studies
demonstrated that allowing cells to first form a cartilage template, and sequentially
prevascularising this template, through the co-culture with HUVECs and MSCs,
actually enhanced the mineralisation potential of MSCs compared to allowing them to
mineralise straightaway (following an intramembranous ossification-like pathway).
Moreover, these results revealed that the optimum conditions needed to produce a fully
mineralised prevascularised construct in vitro, which include chondrogenic priming
for 21 days plus the co-culture with HUVECs and MSCs for 3 weeks without the
addition of any osteogenic supplements. Finally, an in vivo animal model was
developed to examine if applying these optimum conditions would produce a
construct, when implanted in vivo, will mineralise down the endochondral ossification
pathway. These results also gave a novel insight into the effect of direct interaction
between hMSCs and endothelial cells, which naturally occurs during endochondral
ossification in vivo. The results from the final study of the Thesis showed that the
prevascularised cartilaginous aggregates had enhanced cellular viability, vessel
infiltration and thus mineralisation when implanted in an ectopic bone formation
model. The results from this Thesis provide a novel understanding of the optimum
conditions needed to regenerate bone tissue for treatment of a large bone defects.
Future bone tissue engineered constructs could be designed with these conditions in
mind such that the constructs themselves can autonomously progress to engraftment,
remodelling and ultimately lead to the regeneration of bone tissue after implantation.
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