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Abstract 

The therapeutic potential of mesenchymal stem cells (MSCs) is recognised in 

treating a wide range of debilitating diseases. For clinical-scale manufacturing, 

serum-free and xenogenic-free media formulations have been proposed as 

alternatives to the use of foetal bovine serum (FBS), an undefined product with 

significant safety concerns. Previously, the orthobiologics laboratory had developed 

a novel xeno- and serum-free media formulation for the isolation of bone marrow-

derived MSCs. The overall goal of this project was to identify the optimal cell 

culture conditions for both the isolation and expansion of bone marrow derived 

mesenchymal stem cells for orthopaedic use. This included assessing the effect of 

varying the oxygen tension during culture and the use of the novel xeno- and 

serum-free (SF) medium. Specifically, this was determined by assessing the efficacy 

of SF medium-isolated and cultured bone marrow-derived MSCs for their ability to 

contribute to bone repair in pre-clinical orthotopic models of bone regeneration 

namely a mouse ectopic model of bone formation and a rat femoral critical size 

bone defect model. These cells were compared to conventional FBS-isolated cells to 

determine if the novel SF medium was a suitable alternative for the manufacture of 

MSCs. Subsequently, evaluation of the SF medium in comparison to commercially 

available serum-ŦǊŜŜ ƳŜŘƛŀ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ŀƴŘ ǘƘŜ ƳŜŘƛǳƳΩǎ ŦǳƴŎǘƛƻƴŀƭƛǘȅ ƛƴ ŀ о5 

macrocarrier bioreactor system for the manufacture of MSCs was also performed. 

The specific aims of this PhD were as follows;  

In vitro characterisation of xeno and serum-free MSCs (MSC-SF) and serum-cultured 

MSCs (MSC-SC) in hypoxia (2% O2) and normoxia (21% O2) were assessed in chapter 

3. SF MSCs isolated and cultured in hypoxia underwent increased proliferation in 

comparison to their SC counterparts whiles maintaining their tri-lineage 

differentiation potential. In addition, hypoxia-cultured SF MSCs demonstrated an 

increased chondrogenic potential in comparison to normoxia-cultured SF MSCs 

which had an increased osteogenic phenotype. These data indicated differences in 

the phenotype of the cells that may alter the efficacy of these cells to repair bone. 
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In chapter 4, SF and SC MSCs cultured in either hypoxia or normoxia were 

implanted subcutaneously on an osteoconductive biomaterial in CD1-nude mice for 

8 weeks and bone formation was assessed. No difference was observed between 

the various treatment groups. In addition, no difference in level of bone tissue was 

observed between treatment groups and vehicle control which received a cell-free 

material. This data indicated that bone formed was due to recruitment of 

endogenous cells to the implants. 

To assess the ability of SF MSCs to repair bone in a clinically relevant model of bone 

repair, MSCs were implanted into a rat femoral critical size bone defect model for 8 

weeks and their bone repair ability was assessed in vivo and ex vivo (Chapter 5). 

Micro-computed tomography (µCT) analysis of bone regeneration was assessed at 4 

and 8 weeks. Subsequently, histological analysis of bone repair was also assessed. 

These data indicated superior bone repair in groups which received SC MSCs 

cultured in normoxia with minimal repair in groups which received SF MSCs.  

Consequently to this, in vitro comparison of the SF media with commercially 

available media was performed (Chapter 6). Here, equivalent growth kinetics were 

observed in all media formulations. Increased differentiation potential was 

observed in commercial media groups, specifically Xuri produced by GE Healthcare 

and Mesencult produced by Stemcell Therapeutics. Superior production of pro-

angiogenic factors were observed in SF medium groups. SF and Xuri media met the 

international society for cell therapy (ISCT) guidelines for surface marker profile of 

MSCs while Mesencult-MSCs maintained expression of HLA-DR.  

The ultimate success of the SF media will depend on its ability to function in 

scalable processes for large scale production of cell therapies. In chapter 7, the 

function of the SF medium in a 3D spinner-flask bioreactor system was assessed 

and demonstrated that SF MSCs maintained their growth kinetics in addition to 

maintaining their tri-lineage differentiation potential when cultured in the 

bioreactor system.  

Together, these data suggest that the SF medium is a suitable alternative to the 

large scale production of bone marrow-derived MSCs for cell based therapies. 
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1.1 Regenerative Medicine 

Regenerative medicine (RM) is a rapidly developing field tasked with the repair, 

replacement and regeneration of cells, organs and tissues (Bajada et al., 2008). 

Although the term has been around for a long time, RM is still very much in its 

infancy in terms of how far research has progressed into mainstream clinical use. 

Although some of this may be due to issues in terms of our understanding of the 

biology of stem cells, the interactions with biomaterials and their mechanism of 

action, another major hurdle for the transition of regenerative medicine from the 

bench to the bedside is a poorly defined translational route consisting of a number 

of practical hurdles that must be overcome. These include a lack of large-scale, 

economically-viable cell therapy manufacturing processes. Currently, the majority 

of cell culture is done in 2D monolayer and is extremely labour intensive. In 

addition, the current dependence on foetal bovine serum (FBS) is a major hurdle to 

the translation of cell therapies with fluctuating costs and issues with availability 

(Brindley et al., 2012). To address this need, a major effort has been made by those 

in the industry to progress past 2D culture into larger 3D, ultimately scalable, 

bioreactor systems for the production of cells for therapies. Additionally, increasing 

our understanding of cell biology to replace conventionally used foetal bovine 

serum for the production of stem cell products towards more chemically defined, 

large scale systems of manufacturing is also essential to realise the clinical potential 

of stem cell therapy.  Finally, standardisation of the cells used needs to be achieved. 

Ideally this would be by the identification of novel cell specific markers.  

1.2 Stem cells 

Towards the end of the 19th century the concept of stems cells as a mechanism by 

which organs and tissues of the body could repair itself was first proposed (Bianco 

et al., 2008). Unlike other cells in the body, stem cells possess the unique ability to 

differentiate into specialised cells when stimulated to do so by their environment 

such as injury to a tissue (Wan et al., 2012, Rennert et al., 2012). Otherwise these 

cells remain in a quiescent stem cell state. Stem cells can also be recruited to other 

tissues to contribute to the repair of that tissue (Sasaki et al., 2008, Chen et al., 
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2010, Kitaori et al., 2009a). They can also produce factors which direct other cells 

for the repair of tissues. Based on this ability, the therapeutic application of stem 

cells is enormous and has been explored in great detail (Aziz et al., 2007, Picinich et 

al., 2007). Of all the stem cell types within the body, there are three types which 

have been given particular attention. These are embryonic stem cells (ES), adult 

mesenchymal stem or stromal cells (MSCs) and induced pluripotent stem cells (iPS). 

All of these cells have a number of advantages and limitations but have been 

considered as either a direct therapeutic tool, as is the case with many adult stem 

cells such as MSCs, or as a means of disease modelling which is more typically the 

case with iPS cells. These stem cells are also being investigated with clinical 

applications in mind. 

1.2.1 Embryonic Stem Cells 

ES cells were first identified in murine models over 30 years ago after they were 

isolated from developing blastocysts and successfully grown in culture (Evans and 

Kaufman, 1981). Although these cells are short lived in vivo, they can be propagated 

in an undifferentiated state indefinitely when cultured in the presence of leukaemia 

inhibitory factor (LIF) on a feeder layer of murine embryonic fibroblasts (MEF) for 

example (Williams et al., 1988, Smith et al., 1988). ES cells have the potential to 

differentiate into the three embryonic germ layers; endoderm, mesoderm and 

ectoderm and thus can ultimately give rise to every tissue of the embryo. 

Therapeutically, ES cells have been given much attention due to their pluripotency 

(Martin, 1981). However, ethical issues with obtaining these cells have greatly 

hampered their use with many countries making the use of these cells for research 

illegal (Robertson, 2001). Even in countries where the use of these cells is legal, 

generation of ES cells purely for research is often restricted and thus supply 

becomes an issue, often relying solely on discarded material from in vitro 

fertilisation (IVF) treatment.  

1.2.2 Induced Pluripotent Stem cells 

Despite the issues limiting ES cell research, understanding the basic biology of these 

cells and advancements in technologies resulted in the generation of induced 

pluripotent stem (iPS) cells. These are embryonic like cells derived from adult 
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ǎƻƳŀǘƛŎ ŎŜƭƭǎ ŀƴŘ ǿŜǊŜ ŦƛǊǎǘ ƎŜƴŜǊŀǘŜŘ ōȅ {Ƙƛƴȅŀ ¸ŀƳŀƴŀƪŀΩǎ ƎǊƻǳǇ ƛƴ YȅƻǘƻΣ WŀǇŀƴ 

and would result in him being awarded the Nobel prize for this work (Takahashi and 

Yamanaka, 2006). iPS cells are generated by introducing four transcription factors; 

octamer-binding transcription factor 4 (OCT4), sex determining region-Y-Box2 

(SOX2), Kruppel-like factor 4 (KLF4) and c-MYC. Over-expression of these four 

factors in mouse embryonic fibroblasts resulted in generation of colonies of cells, 

morphologically similar to that of ES cells (Takahashi and Yamanaka, 2006). Initially, 

24 factors were tested and by a process of elimination, these four factors were 

shown to be sufficient for the process. These cells share similar characteristics to ES 

cells in their self-renewal capacity, morphology, surface marker phenotype and 

gene expression. Additionally, iPS cells have been shown to be capable to 

differentiate into tissues of all three germ layers; the mesoderm, endoderm and 

ectoderm in both in vitro assays as well as the in vivo formation of teratomas (Abad 

et al., 2013). These cells are now being used largely for research purposes, 

specifically the development of in vitro models of disease and drug discovery with 

particular focus given to diseases where isolation of the primary cells is not possible 

due to the anatomical location e.g. neural cells (Cai et al., 2014). 

1.2.3 Mesenchymal stem cells  

Bone marrow was first reported to contain two distinct populations of stem cells 

(Ford et al., 1956). The first population was haematopoietic stem cells (HSCs) which 

give rise to the various blood cell types of both lymphoid and myeloid lineages 

(Muller-Sieburg et al., 2002). The second population were MSCs which were 

originally investigated for their role in the maintenance of the haematopoietic stem 

cell niche. More recently, they were suggested to act as a source of cells that could 

contribute to tissue repair of a number of secondary tissues (Prockop, 1998). Since 

then, vast arrays of studies have, and continue to, investigate their basic biology, 

therapeutic potential and possible mechanism of action for a variety of disease 

types. MSCs were first described by Friedenstien et al as plastic adherent cells 

capable of differentiation towards the osteogenic lineage (Friedenstein et al., 1976, 

Friedens.Aj et al., 1966). Subsequently, the ability of MSCs to differentiate towards 

the chondrogenic lineage was shown, identifying a role of the cells in cartilage as 
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well as endochondral bone formation (Johnstone et al., 1998, Mackay et al., 1998). 

Similarly, the osteogenic differentiation of MSCs facilitates direct bone formation 

via intramembranous ossification. This ability to form bone via multiple lineages has 

led to extensive research into these cells for orthopaedic tissue engineering 

applications as well as many other areas. Theoretically these cells can differentiate 

down each of the mesenchymal lineages as proposed by Arnold Caplan (Figure 

1)(da Silva Meirelles et al., 2008).  Since their discovery in bone marrow, MSCs have 

been identified in virtually every tissue within the body including adipose tissue (De 

Ugarte et al., 2003), synovium (De Bari et al., 2001b, Djouad et al., 2005), skeletal 

muscle (Bujan et al., 2006), umbilical cord (Bieback et al., 2004) and placenta 

(Prather et al., 2009).  

Interestingly, the location of MSCs within each tissue seems to affect their 

physiological function and differentiation capabilities. Nowhere is this more evident 

than within bone and bone marrow where MSCs occupy two distinct stem cell 

niches. 

 

Figure 1Υ /ŀǇƭŀƴΩǎ ǇǊƻǇƻǎŜŘ ƘȅǇƻǘƘŜǎƛǎ ƻŦ ƳŜǎŜƴƎŜƴƛŎ ǇǊƻŎŜǎǎ ŦǊƻƳ ƳŜǎŜƴŎƘȅƳŀƭ 
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stem cells to terminally differentiated tissue (Reprinted with permission from 

(Caplan, 1990), see appendix II)  

 

The perivascular niche where MSC precursors known as pericytes exist in 

association with blood vessels (Shi and Gronthos, 2003) and the endosteal or bone 

lining niche where MSCs are found on the surface of bone (Mitsiadis et al., 2007, 

Sacchetti et al., 2007b, da Silva Meirelles et al., 2008). MSC progeny such as 

osteoblasts and fibroblasts are found at the endosteal niche (da Silva Meirelles et 

al., 2008). Additionally, lining the surface of bone is a thin layer of connective tissue 

known as the periosteum which has also been identified as a source of MSCs 

(Nakahara et al., 1991, Yoshimura et al., 2007, Chang and Knothe Tate, 2012). It is 

unclear which endogenous cell population contributes towards tissue repair post-

fracture with no literature to date definitively identifying the fraction of MSCs 

responsible for bone repair. A comprehensive review on post-natal fracture healing 

by Gerstenfeld et al. highlighted this issue (Gerstenfeld and Einhorn, 2003).  During 

fracture healing, bone repair is initiated in distinct crescent-shaped cartilaginous 

centres. Two centres develop symmetrically to the fracture line with 

intramembranous bone formation occurring concurrently at separate centres 

proximally and distally. These two distinct bone healing responses initiated upon 

injury may be induced by different cells located in the surrounding tissue. The bone 

marrow itself, and the surrounding periosteum and soft tissue may all be sources of 

these reparative cells (Gerstenfeld and Einhorn, 2003). The periosteum is believed 

to be the primary source of stem cells required to form the callus (Murao et al., 

2013), with removal of the periosteum resulting in incomplete fracture callus 

formation (Gerstenfeld and Einhorn, 2003). The periosteum has also been proposed 

as a novel source of progenitor cells capable of contributing to bone regeneration 

(Chang and Knothe Tate, 2012). In a direct comparison, periosteal-derived rat MSCs 

produced 100-fold more colonies than bone marrow-derived MSCs and had higher 

proliferative and tri-lineage differentiation potential [20]. Periosteal cells also 

maintained in vitro chondrogenic differentiation potential after prolonged culture 

(De Bari et al., 2001a). Human studies on the periosteum as a source of stem cells 



Chapter One  

  
Page 7 

 
  

have also identified this tissue as being superior to other sites based on in vitro 

differentiation and proliferation potential (Sakaguchi et al., 2005). Skeletal muscle is 

also being explored as a potential source of osteoprogenitors that contribute to 

bone formation. Ectopic bone formation can occur within muscle (Bosch et al., 

2000) and a subpopulation of muscle progenitor cells, identified by expression of 

alkaline phosphatase (ALP) after exposure to BMP-2, was observed in lacunae of 

newly formed bone matrix when injected into the hind limb of severe combined 

immunodeficiency (SCID) mice. These cells co-localised with osteocalcin (OC)-

producing cells indicating potential differentiation to osteoblasts and osteocytes 

(Bosch et al., 2000).  

However, identification of a definitive cell source for endochondral ossification in 

fracture callus has not been described. Notwithstanding, a number of MSC 

populations within the bone marrow which may contribute to bone repair have 

been identified based on expression of surface markers. Sacchetti et al identified a 

population of osteoprogenitors based on CD146, melanoma cell adhesion molecule 

(MCAM) expression (Sacchetti et al., 2007b). These cells were deemed to be bona 

fide stem cells after subcutaneous transplantation into nude mice resulted in 

formation of bone and induced the haematopoietic stem cell niche (Sacchetti et al., 

2007b). Prior to this, CD271, also known as low affinity nerve growth factor 

receptor (LNGFR) was shown to select for the entire fibroblastic colony-forming 

unit (CFU-f) population, or MSC fraction, within bone marrow (Jones et al., 2002). 

CD271-positive cells were subsequently shown to reside in the intramedullary 

cavity of long bones (Cox et al., 2012). Combining both CD146 and CD271 

expression resulted in the identification of the two distinct MSC niches described 

above, the endosteal niche and the perivascular niche with CD271+ CD146+ cells 

residing in the perivascular niche and CD271+ CD146- residing in the endosteal 

niche (Tormin et al., 2011a). The presence of MSCs at a bone lining niche and their 

osteogenic potential suggests a role for these cells in maintaining bone 

homeostasis.  
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1.2.3.1 Therapeutic Potential of MSCs 

MSCs have been deemed to have a high therapeutic potential since they were first 

discovered. To date, both autologous and allogeneic MSCs from a variety of sources 

have been delivered to a multitude of tissues or also systemically due to their 

ability to home to sites of injury (Barry and Murphy, 2013, Pers et al., 2016, Zhao et 

al., 2010, Wagner et al., 2005, Dai et al., 2005, Bang et al., 2005, Tang et al., 2004).  

Original studies were based on their reported potential to be able to differentiate 

into cell types along the mesenchymal lineage i.e. the ability to differentiate into 

chondrocytes, adipocytes and osteocytes. Since then, a far wider therapeutic 

potential of these cells has been identified since the discovery of paracrine factors 

produced by these cells having effects on immune cells (Singer and Caplan, 2011, 

Beggs et al., 2006, Devine et al., 2001, Aggarwal and Pittenger, 2005). A number of 

key mechanisms of action of MSCs can be clearly identified. They include direct 

differentiation or support of differentiation of local stem/progenitor cells, 

chemoattraction, immunomodulation, angiogenesis, anti-apoptosis and anti-

scarring (Figure 2) (Singer and Caplan, 2011). Indeed, the ability of MSCs to 

modulate the immune system has been given particular focus with several studies 

reporting the ability of MSCs to modulate T-cell activation and proliferation (Beyth 

et al., 2005, Duffy et al., 2011, Griffin et al., 2010, Keyser et al., 2007, Le Blanc and 

Ringden, 2005, Le Blanc et al., 2003, Uccelli et al., 2006). Based on this ability of 

MSCs to suppress T-cells, the use of MSCs in inflammatory diseases such as graft-

versus-host disease and organ transplantation are being explored (Ely et al., 2008).  



Chapter One  

  
Page 9 

 
  

Figure 2: Known paracrine factors produced by cultured MSCs (Reprinted with 

permission from (Singer and Caplan, 2011), see appendix II)    
 

1.2.3.2 Identifying the MSC 

A large variation between MSC preparations remains one of the largest issues with 

the translation of these cells into the clinic. Factors that contribute to this include 

alterations in isolation and expansion methods which include the use of various 

media, culturing cells at various oxygen tensions and huge variation in criteria used 

by different groups to define an MSC. Overcoming the problems associated with 

each of these issues is incredibly challenging. However, as MSCs progress ever 

closer to clinical use, increased efforts have been taken to unify what MSCs are and 

how we use them. In 2006, the International Society for Cell Therapy (ISCT) 

published a definition of MSCs which they described as the minimal criteria a cell 

must past to be deemed a MSC (Dominici et al., 2006a). The first criterion was the 

ability to the cells to adhere to uncoated tissue culture plastic under standard 

culture condition i.e. medium containing 10% FBS. Secondly the cells must express 

CD105, CD73 and CD90 while also not expressing CD45, CD34, CD14 (or CD11b), 

CD19 (or CD79h) and HLA-DR. Finally MSCs must be capable of tri-lineage 

differentiation, namely being able to differentiate into osteoblasts, chondrocytes 
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and adipocytes. These criteria were based on characteristics of the cells during in 

vitro culturing and thus may not be a true representative of the cell phenotype in 

vivo. However, many studies have reported high levels of heterogeneity in cells that 

have met this ISCT standard (Phinney, 2012, Tormin et al., 2009). This 

heterogeneity appears to be indicative of MSCs with even single-cell derived 

colonies resulting in three morphologically distinct populations of cells (Colter et al., 

2001, Prockop et al., 2001). The first cell type visible is a small rapidly dividing cell, 

an elongated spindle-like fibroblastic cells and a larger, slower replicating flattened 

cell. The smaller sized cell displays greater tri-lineage potential and proliferation. 

This population also had increased migratory and engraftment potential. Prolonged 

culturing of the cells resulted in a loss of this population (Lee et al., 2006, Prockop 

et al., 2001, Colter et al., 2001). Another factor which may contribute to the 

heterogeneity of MSCs could be due to variations in isolation processes which have 

been shown to affect the differentiation potential of these cells (Lane et al., 2014, 

Jiang et al., 2002, Kuroda et al., 2010). This heterogeneity within batches of MSCs 

may lead to discrepancies between studies and thus result in false reporting of 

efficacy or lack thereof of the cells themselves (Phinney, 2012). Two key ways to 

overcome this heterogeneity which is impeding the progression of MSC therapies 

would be the identification of a cell specific marker universally accepted for the 

selection of MSCs. The second would be the standardisation of the in vitro culture 

conditions of these cells which includes standardisation of the isolation process, 

culture medium used and physical and chemical factors such as oxygen tension, and 

type of culture vessel used.  Although this would not entirely remove the donor 

variation typically observed currently.  

1.2.3.3 Markers for the Identification of MSCs 

As outlined previously, due to the lack of markers specific to MSCs, the 

identification and selection of these cells is difficult and leads to inconsistencies. A 

number of antigens have been found on the surface of MSCs; unfortunately, none 

of them are specific to MSCs (Lv et al., 2014, Rostovskaya and Anastassiadis, 2012). 

CD271 was originally reported by Jones et al (Jones et al., 2002) as a marker 

capable of selecting the entire CFU-f fraction of bone marrow-derived MSCs. CD271 
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is present on other bone marrow cells such as HSC but since these cells are non-

plastic adherent, they result in only minimal contamination of isolated MSC 

populations (Iso et al., 2012, Cuthbert et al., 2012). CD271+ MSCs also have an 

increased osteogenic and chondrogenic differentiation capacity compared to plastic 

adherent MSCs (Cuthbert et al., 2015, Churchman et al., 2012, Mifune et al., 2013). 

They have also shown improved therapeutic efficacy in a rat chondral repair model 

(Mifune et al., 2013) and a mouse cardiac infarct model (Noort et al., 2012). CD146 

has also previously been identified as a marker for the selection of MSCs (Shi and 

Gronthos, 2003). CD146+ MSCs are considered to be pericytes due to being located 

around capillaries and sinusoids in many tissues such as bone marrow, adipose 

tissue, muscle and placenta (Crisan et al., 2008). CD146+ cells are capable of tri-

lineage differentiation and also co-express neuronal glial antigen 2 (NG2) and 

platelet derived growth factor beta (PDGFR̡) further supporting their perivascular 

origin (Crisan et al., 2008, Sacchetti et al., 2007b). Therapeutically in a model of 

inflammatory arthritis, CD146+ MSCs offered greater cartilage protection and 

increased immunosuppression compared to CD146- cells indicating a potential role 

of these cells in the treatment of immune-mediated diseases (Wu et al., 2016). 

Stro-1 was one of the first markers to identify MSCs in bone marrow (Ning et al., 

2011, Simmons and Torok-Storb, 1991). Stro-1 identifies a population of MSCs with 

a high CFU-f efficiency and is expressed on 11.2% of unfractionated mononuclear 

cells and 6% of cultured MSCs (Psaltis et al., 2010, Bensidhoum et al., 2004). These 

cells are deemed therapeutically appealing due to their enhanced trafficking and 

engraftment ability. Stro-1+ cells showed greater trafficking ability to the bone 

marrow, kidneys, liver, muscles and spleen compared to Stro-1- cells with a 

reduction in the number of cells trapped in the lungs (Bensidhoum et al., 2004). 

Other markers being tested for the enrichment of a MSC population are CD106 

(Vascular cell adhesion protein 1, VCAM-1) which is expressed highly in bone 

marrow and placenta and at lower levels in umbilical cord and adipose tissue (Yang 

et al., 2013b, Arufe et al., 2010, Alon et al., 1995, Schaffler and Buchler, 2007). 

CD106 has been reported to enrich for cells with increased multipotent potential 

(Mo et al., 2016). CD106 in combination with CD271 select a bone marrow MSC 

with faster proliferation, tri-lineage differentiation and migratory potential 
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compared to the CD271+CD106- population (Mabuchi et al., 2013). In addition 

CD106+ MSCs have an increased immunoregulatory phenotype which has been 

associated with the higher expression of COX-2 suggesting a role for immune 

diseases (Yang et al., 2013b). There are many other MSC markers which have also 

been identified which all select for MSCs with a specific phenotype above that set 

out by the ISCT (Mo et al., 2016). Although, the pursuit of a definitive marker for 

the identification is key to the standardisation of batches of MSCs, some of the 

inherent heterogeneity in MSCs may be due to the heterogeneity in the 

components used to culture the cells, for example foetal bovine serum. For this 

reason, to truly define MSCs the combination of both a defined population with a 

defined culture system is essential.   

1.3 Foetal Bovine Serum 

1.3.1 The Beginning of the Story 

In 1955, Henry Eagle first showed that the substitution of medium with animal sera 

could be used to improve cell proliferation (Eagle, 1955). Over 60 years later, the 

use of animal serum, namely foetal bovine serum (FBS), is still considered the gold 

standard for cell culture of most mammalian cells. However, there is increasing 

pressure on those involved in the translation of cell therapy into the clinic to move 

away from the use of animal products for a number of reasons. These include 

ethical concerns related to the process of FBS production, health and safety 

concerns for recipients who receive products manufactured using FBS and an ever 

increasing global shortage which threatens to bring the cell therapy industry (CTI) 

to a grinding halt (Table 1). There are also practical limitations with the use of FBS 

including the requirement to perform a serum screen to determine the most 

suitable serum for use with specific cell types due to the batch-to-batch variation 

between serum lots (van der Valk et al., 2004, Jayme and Smith, 2000). 
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 Disadvantages/Limitations Reference 

1 High and increasing cost of FBS due to 

global shortage of supply and increased 

demand 

(van der Valk et al., 2004, 

Brindley et al., 2012) 

2 Undefined composition with lot-to-lot 

variation 

(Jayme and Smith, 2000) 

3 High contamination risk i.e. bacteria, 

viruses and mycoplasma 

(Levings and Wessman, 1991) 

4 Need for serum screening ς some lots 

incapable of MSC isolation, proliferation 

and differentiation 

(van der Valk et al., 2004) 

5 FBS internalisation by MSCs and risk of 

disease transmission 

(Dimarakis and Levicar, 2006) 

6 Ability of non-MSC cells to attach and 

proliferate due to presence of FBS at 

isolation stage 

(Tekkatte et al., 2011, 

Shahdadfar et al., 2005) 

7 FBS cultured cells undergo senescence with 

progressive loss of differentiation capacity 

(Bieback et al., 2012) 

8 Bovine protein attachment to cells triggers 

xenogenic immune response affecting the 

viability efficacy and safety of transplanted 

MSCs 

(Heiskanen et al., 2007) 

9 Requirement for adventitious agent testing 

of raw material and final product 

(Erickson et al., 1991) 

Table 1: Potential limitations associated with the use of FBS in cell product 

preparation.  
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1.3.2 Peak Serum ς A looming global shortage  

The driving force for FBS production is not demand for FBS but rather is dependent 

on the state of the cattle industry (Brindley et al., 2012). The majority of FBS used 

for research purposes is not primarily derived from dedicated manufacturers of FBS 

but rather as a by-product of the beef industry and so inherent instability in the 

supply of FBS is an issue which ultimately leads to fluctuations in the cost of FBS, a 

major barrier to the ultimate translation of cell therapies manufactured using this 

component into the clinic. FBS may be considered a renewable resource in that it 

can be constantly produced. However despite this, a constant low level of serum 

has been produced for the last number of years. It is estimated that 600,000L of 

ǎŜǊǳƳ ŀǊŜ ǇǊƻŘǳŎŜŘ ŀƴƴǳŀƭƭȅΣ ŀ ƴǳƳōŜǊ ǿƘƛŎƘ ǿŜ Ŏŀƴ ŎƻƴǎƛŘŜǊ ΨtŜŀƪ {ŜǊǳƳΩΣ ǘƘŜ 

maximal level of serum produced based per year (Festen, 2007, Brindley et al., 

2012) based on limiting factors such as cattle being used for other purposes such as 

beef manufacturing. An estimated mere one third of that volume is produced at a 

grade suitable for GMP manufacture and thus for use in cell therapies. Currently all 

GMP-grade FBS is produced in either Australia or New Zealand as these countries 

have not been exposed to bovine spongiform encephalopathy (BSE) like most of 

Europe and America.  There are currently 30 major countries in the world (Table 2) 

that produce FBS and there is a global misconception that Australia and New 

Zealand produce FBS with a reduced viral load and thus are safer for clinical use 

than these countries, which will be discussed later (Hawkes, 2015). In fact, sera 

originating in Australia have on average one of the higher viral loads compared to 

some European countries which have been excluded from distributing sera since 

the BSE outbreak (Table 2).  These safety concerns will be discussed in greater 

detail later. 

1.3.3 Insufficient Regulation of FBS Industry 

For the vast majority of its existence, the FBS industry has been largely unregulated 

and this has led to a number of abuses by companies which have potentially 

devastating consequences for the cell therapy industry (CTI). In 1994, an estimated 

30,000L of FBS from New Zealand were sold globally (Hodgson, 1995). This was 

despite the fact that only 15,000L of FBS were produced there in this same time 
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period. To this day, the identity of the components used to supplement the FBS 

supply has never been disclosed.   This is an inexcusable breach of industry ethics 

which has been mirrored more recently in 2011 when GE healthcare acquired PAA 

laboratories. After an  internal audit, GE  issued an  Urgent Field Safety  Notice 

(GEHC Ref #90200) indicating that batches of FBS sold between 2003 and 2011  may 

have been supplemented with bovine serum albumin (BSA), water or cell growth 

promoting additives.  This diluting or modifying of the FBS product which was being 

sold as clinical grade FBS exposed countless people around the world to a variety of 

unknown effects and highlights the utter lack of effective regulation of this industry 

considering two major breaches of industry standards occurred in two separate 

companies within the same decade.  

1.3.4 Concerns over safety 

Currently, only FBS supplied from either Australia or New Zealand is allowed for use 

in clinical production for cell therapies. This is due to misconceptions over the 

safety status of these countries and those deemed to produce FBS of a lower 

quality (Siegel W, 2013). Not every country is permitted to export FBS due to the 

presence of certain diseases in the cattle population and as a consequence 

restrictions are imposed on these countries due to the viral content (Table 2) 

(Hawkes, 2015). Viruses of concern are those which are known to be capable of 

passing the placental barrier and infecting the calf. Current exporting rules are in 

ǇƭŀŎŜ ŘǳŜ ǘƻ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǾŀǊƛƻǳǎ ǾƛǊǳǎŜǎ ƛƴ ǘƘŜ ǎǳǇǇƭȅƛƴƎ ŎƻǳƴǘǊȅΩǎ ŎŀǘǘƭŜ ǎǘƻŎƪ 

and a perceived concern of the potential effect of these viruses by the receiving 

countries. Considering that the two largest markets for FBS are Europe and the 

United States of America (USA), the standards set out by both the US department 

of Agriculture (USDA) and the European commission (EC) have become the 

standards for the global FBS industry (Hawkes, 2015). The EU (EMEA-CPMP-BWP-

1793-02) and the USDA (USDA 9 CFR 113.46-53) regulations require that FBS from 

all sources/countries be tested for eight viruses of adventitious concern (Hawkes, 

2015). All samples must be either heat-treated or gamma-irradiated to insure 

absence of these viruses in imported FBS batches. The eight viruses are; rabies, 

bovine viral diarrhoea (BVD), parainfluenza 3 (PI3), infectious bovine rhinotracheitis 
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(IBR), reovirus (REO3), bovine paravirus (BPV), bovine adenovirus (BAV) and bovine 

respiratory syncytial virus (BRSV).  Although these viruses are assumed to be 

present in essentially every region, Scandinavian countries have made progress in 

recent years eliminating their presence (Figure 4)(Hawkes, 2015).  Also of concern 

are viruses of importation concern. These are viruses not globally distributed. There 

have been six such infectious agents identified by the USDA (Veterinary Services 

Notice 1998) and EU (Regulation EC No. 294-2013): the human form of BSE, Foot 

and Mouth disease (FMD), Vesicular Stomatitis, Blue Tongue (BT), Akabane, Aino 

and Schmallenberg (Hawkes, 2015). These are all insect vectored diseases except 

for BSE. In all 30 countries are currently listed as being free of FMD, with some 

eradicating the virus more recently (Table 2). Of the remaining  viruses on this list, 

Scandanavian countries are deemed free of all except Schmallenberg virus but are 

still not granted permission to produce GMP grade FBS. Conversely Australia, one of 

the two only global suppliers of GMP-grade FBS is positive for BT, Akabane and Aino 

virus raising concerns over its eligibility as a supplier of GMP grade FBS. This could 

put major pressure on New Zealand to meet global demand and may further 

increase the cost of FBS for clinical use. Even if permission were to be granted to 

Scandinavian countries to produce GMP grade FBS, it is unclear whether their 

production rates could replace that lost by exclusion of Australia as a producer. This 

of course, makes the state of the GMP supply for clinical use even more 

unpredictable and could be crippling for translation of cell therapies into the clinic.   

   



 

  
 

 
  

Table 2: 

Presence /Absence of viruses of concern to Recipients of FBS-based products from the 30 global FBS supplying countries. (+) indicates the 

continued detection of virus in FBS preparations. (-) indicates the absence of detection of virus in the designated country. (Year) indicates the 

last year the virus was detected within each country (Modified from open access source (Hawkes, 2015)). 

Para 

influenza 

3

Reovirus 

3

Bovine 

adenoviru

s

Bovine 

parvoviru

s

Bovine 

respirator

y syncytial 

virus 

Bovine 

viral 

diarrhea 

(BVD)

Infectious 

bovine 

rhinotrac

heitis 

(IBR)

Rabies

Total 

adventitio

us viruses

Foot and 

mouth 

disease 

(FMD)

Vesicular 

stomatitis 

(VS)

Bluetongu

e (BT)
Akabane Aino virus

Schmallen

berg virus

Total 

Imported 

viruses of 

Concern

Total 

viruses of 

FBS 

Concern

Finland + + + + + 2010 1994 2007 5 1959 - - - - + 1 6
Norway + + + + + 2005 1992 2011 5 1952 - 2010 - - + 1 6
Sweden + + + + + 2011 1995 1886 5 1966 - 2009 - - + 1 6
Denmark + + + + + + 2005 2002 6 1983 - 2009 - - + 1 7

New Zealand + + + + + + + - 7 - - - - - - 0 7
Belgium + + + + + + + 2008 7 1976 - 2008 - - + 1 8

Chile + + + + + + + + 8 1987 - - - - - 0 8
Germany + + + + + + + 2005 7 1988 - 2009 - - + 1 8
Ireland + + + + + + + 1903 7 2001 - - - - + 1 8

Uruguay + + + + + + + + 8 2001 - - - - - 0 8
Argentina + + + + + + + + 8 2006 1986 + - - - 1 9
Canada + + + + + + + + 8 1952 1949 + - - - 1 9

Colombia + + + + + + + + 8 2009 + 2007 - - - 1 9
Dominician Republic + + + + + + + + 8 - - + - - - 1 9

El Savador + + + + + + + + 8 - + 1997 - - - 1 9
Guatemala + + + + + + + + 8 - + 1998 - - - 1 9
Honduras + + + + + + + + 8 - + 2004 - - - 1 9
Holland + + + + + + + + 8 2001 - 2009 - - + 1 9
Mexico + + + + + + + + 8 1954 + 2010 - - - 1 9

Nicaragua + + + + + + + + 8 - + 2009 - - - 1 9
Panama + + + + + + + + 7 - + + - - - 2 9
Paraguay + + + + + 2007 + + 8 2012 - - - - - 1 9

Peru + + + + + + + + 8 2004 + 2004 - - - 1 9
Poland + + + + + + + + 8 1971 - - - - + 1 9

Australia + + + + + + + 1867 7 1871 - + + + - 3 10
Brazil + + + + + + + + 8 2006 + + - - - 2 10

Costa Rica + + + + + + + + 8 - + + - - - 2 10
France + + + + + + + + 8 2001 - + - - + 2 10
Spain + + + + + + + + 8 1986 - + - - + 2 10

United States + + + + + + + + 8 1929 + + - - - 2 10

Adventitious Viruses of Concern Imported Viruses of Concern
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1.3.5 FBS Replacement 

For many years, there has been much effort focused on replacing the use of FBS 

ǿƛǘƘ ŀƭǘŜǊƴŀǘƛǾŜǎ ǘƘŀǘ ǿƻǳƭŘƴΩǘ ǇƻǎŜ ǎǳŎƘ ŀ ǇƻǘŜƴǘƛŀƭ ƘŜŀƭǘƘ Ǌƛǎƪ ǘƻ ǇŀǘƛŜƴǘǎ ŀƴŘ 

would be more suitable for large scale production and thus ultimately far cheaper 

than relying on the expensive, unstable and volatile supply of FBS. These included 

replacing FBS with alternatives such as human platelet lysate, human autologous 

serum and the development of chemically defined serum-free and xeno-free media 

capable of supporting the isolation and long term propagation of stem cells, 

specifically MSCs. Despite this, making the transition away from FBS appears to be 

very slow with over 80% of MSC clinical trials submitted to the FDA describing the 

use of FBS in their manufacturing process (Mendicino et al., 2014). Although there 

is a global perception that efforts are being made to move away from the use of 

FBS, such a change is not being observed at a clinical level or in fact even at a 

research level where the majority of papers describing MSC work still utilise FBS for 

their cultures. This slow progression towards FBS alternatives may be due to some 

pressing practical reasons including excessive costs of alternatives such as platelet 

lysate in addition to concerns specific to the alternatives.   

1.4 Alternatives to FBS 

1.4.1 Human Platelet Lysate 

Human platelet-derived products have emerged as the most heavily investigated 

alternative to the use of FBS. Human platelet lysate (HPL) has been previously 

shown to promote growth of MSCs as well as other cells types (Gruber et al., 2004). 

This is due to the presence of a whole cohort of growth factors (Figure 3) contained 

within platelets which contain essential growth factors such as FGF, attachment 

factors such as fibronectin and many more factors including chemokines. Platelet 

releasate is one such platelet derived product that contains all the factors released 

by platelets upon activation by calcium and thrombin (Kilian et al., 2004, Gruber et 

al., 2004). HPL, however, contains all the factors contained within platelets than can 

be obtained upon mechanical destruction of the cell itself. Where platelet releasate 

requires chemical activation of cells, HPL is easier to produce as it only requires 
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mechanical lysis of the cells (Bieback, 2013).  There are a number of advantages to 

the use of platelet lysate compared to FBS. These include a lack of ethical concerns 

associated with the harvesting of HPL as it can be donated by willing volunteers 

negating any animal rights issues. As a result of it being a human product, there is 

no possibility of xenogenic transmission of viruses or prions (Walenda et al., 2012). 

HPL has also been used in clinical trials without adverse effects being reported 

(Kuznetsov et al., 2000). HPL was first reported in 2005 for the expansion of MSCs 

(Doucet et al., 2005). Since then a number of papers have reported data indicating 

HPL is equivalent or even superior to the use of FBS in terms of proliferation, 

differentiation and genetic stability (Chen et al., 2012a, Doucet et al., 2005, 

Abdelrazik et al., 2011, Crespo-Diaz et al., 2011). The key limitation of HPL is the 

batch-to batch variability associated with batches as they come from different 

pools of donors (Burnouf et al., 2016). This pooling of HPL donors also increases the 

risk of transmission of unknown viruses. With each additional donor used to 

generate a pool, the risk of transmission of untested viruses increases. This lack of 

definition of the constituents of HPL is similar to that observed in FBS. Although HPL 

is a welcome step forward from FBS, this variation in batches may continue to 

contribute to the heterogeneity observed in MSCs. With that in mind, progress 

should be made to work towards a chemically defined cell culture medium. 
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Figure 3: Platelet granule cargo. Platelet lysate contains a variety of factors 

released from platelets including chemokines, adhesion molecules, growth factor 

and immunological factors (Published with copyright permission from (Burnouf et 

al., 2016), see appendix II)  

 

1.4.2 Development of Serum-free Media 

A number of commercially available serum-free media are now available and will be 

discussed and evaluated in chapter 6. To develop a chemically defined serum-free 

medium, it is essential to understand the components within FBS which make it, to 

this day, the gold standard in cell culture. This involves the identification of the 

hormones, lipids, growth factors and proteins within FBS and their involvement 

with the cell type of interest.  This is well described by Van der Valk et al (van der 

Valk et al., 2010) and attempts to develop a serum-free medium by understanding 

the key components of FBS essential for cell culture are not recent. However, until 

the last decade, there has been limited progression in the development of 

functional serum-free media for the expansion of mammalian cells in culture. A 
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modular process for the development of a serum-free medium was proposed (van 

der Valk et al., 2010) outlining a stepwise system whereby one begins with a non 

cell-specific basal medium (Figure 4), attachment factors, vitamins and lipids. As the 

medium becomes more refined the focus moved to cell-specific components such 

as growth factors and hormones (van der Valk et al., 2010). Selection of the correct 

basal medium is a vital component for insuring cell health. This requires an 

understanding of the development of these basal medium. For example Roswell 

Park Memorial Institute (RPMI) 1640 medium was originally developed for use with 

lymphoid cells (Moore et al., 1967) and is distinctly different from most other 

mammalian cell culture basal media in that it has a high pH of 8. Dulbecco modified 

9ŀƎƭŜΩǎ ƳƛƴƛƳŀƭ ŜǎǎŜƴǘƛŀƭ ƳŜŘƛǳƳ ό5a9aύ ƻƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘ Ƙŀǎ ŀ ƘƛƎƘ ǾƛǘŀƳƛƴ 

and amino acid content and a higher glucose content. This makes DMEM more 

robust and suitable for use with multiple cell types from multiple species. All basal 

media for FBS-free culture must be supplemented with ITS (Insulin, transferrin, 

selenium) supplement (Moore et al., 1967). Insulin has been known to be essential 

for all cell culture for its function in the uptake of glucose by cells since the 1920s 

(Gey and Thalhimer, 1924). The function of transferrin is the transfer of iron into 

the cells (Bjare, 1992), whereas selenium protects against oxidative stress (Helmy et 

al., 2000). The next consideration for the development of a serum-free medium is 

the use of hormones. Hormones are found in serum in varying amounts and thus 

have to be considered for use in a serum-free formulation (Barnes and Sato, 1980). 

Apart from insulin, other hormones such as glucocorticoids are also important 

components for serum-free media. Common examples of these include 

hydrocortisone or dexamethasone, which inhibit apoptosis of cells (Bailly-Maitre et 

al., 2001). All of these components are not cell-specific and can act as a basal 

medium for many cell types. Where particular consideration needs to be given to 

the cell type is evident in the growth factors being added to the medium.  FGF-2 is a 

commonly used growth factor as it has been shown to pro-mitogenic for a number 

of cell types (Shihabuddin et al., 1997). Similarly, TGF-  ̡is involved in a number of 

cellular pathways and so is also often considered (Stewart et al., 2010). The most 

commonly reported growth factor to be used in serum-free media is epidermal 

growth factor (EGF) due to its ability to induce cell proliferation (Herbst, 2004). The 
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requirement for these growth factors is entirely dependent on the cell type and the 

addition of other growth factors may also be required depending on the cells. For 

example, nerve growth factor (NGF) is a growth factor typically added to neuron 

cultures (Honegger and Lenoir, 1982). For this reason, a comprehensive 

understanding of the biology of the cell type of interest is essential in attempting to 

develop a chemically defined, serum-free medium.  

Figure 4: Hierarchical importance of serum-free medium components for the 

development of a cell-specific chemically defined medium. (Published with 

copyright permission from (van der Valk et al., 2010), see appendix II)  

1.5 PurSTEM ς A Novel Medium for the Culture of MSCs 

Prior to the undertaking of this PhD, a European wide consortium ΨtǳǊ{ǘŜƳΩ ǿŀǎ 

established and coordinated through the Regenerative Medicine Institute (REMEDI) 

in the National University of Ireland, Galway (NUIG) with one of its goals being the 

development of a novel serum-free, xeno-free medium for the isolation and 

proliferation of bone marrow-derived MSCs that would ultimately be able to 

provide an alternative to the crippling dependence of the cell therapy industry on 

the highly variable FBS supply. To achieve this, bone marrow aspirates were taken 

at University Hospital Galway (UHG) with ethical approval and split into three equal 
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parts. The bone marrow samples were then shipped to partners in Genoa, Italy and 

Leeds in the UK. MSCs were then isolated within NUIG and these two partner 

institutes in accordance with their isolation methods at the time. These varied in 

percentage FBS used and seeding density. Ultimately three isolation conditions 

were tested; isolation in 10% FBS at a seeding density of 5x104 mononuclear 

cells/cm2, isolation in 10% FBS at a seeding density of 1x104 cells/cm2 and isolation 

in 2% FBS supplemented with FGF-2 at a seeding density of 5x104 cells/cm2. 

Subsequent to this, MSCs were cryopreserved and shipped back to NUIG in Galway 

where all the cells underwent surface marker characterisation uǎƛƴƎ .5 C!/{ϰ 

CAPS proteomics array analysis which assessed expression of 230 surface markers 

and their relative expression compared to the appropriate isotype control. Of the 

230 markers assessed, 74 markers were positive in at least one of the three culture 

conditions (Figure 5). Of the 74 markers, 57 markers were maintained on MSCs 

ŘǳǊƛƴƎ ǾŀǊƛƻǳǎ ŎǳƭǘǳǊŜ ŎƻƴŘƛǘƛƻƴǎ ŀƴŘ ǘƘǳǎ ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘ ŀǎ ǘƘŜ άa{/ ƳŀǊƪŜǊǎέΦ  

Figure 5: Distribution of markers expressed on MSCs under previously described 

culture conditions. Biological and technical replicates (n=3). (Frank Barry, 

unpublished data)  

 

Experimental Methodology
230 markers profiled using BD FACS Cap Array
74 Positive Markers (>50%)

PurStem
10% serum
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2 0
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Low density
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1,000 c/cm2

CD106(inflammatory cell 
binding to endothelial cells)
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CD42b(platelet adhesion)

CD118(Leukemia inhibitory factor  receptor)
CD119(interferon receptor)
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The 57 markers identified to be unchanged on MSCs cultured in the various 

conditions were assumed to be άtrueέ MSC markers and not merely expressed as a 

response to their culture environment. With that in mind, these markers were 

further investigated to assess their known biological role. These experiments were 

focused on determining growth factors and adhesion molecules that could be 

recognised by MSCs with the ultimate goal of then testing these factors for their 

ability to not only sustain MSC proliferation in a serum-free medium but also to 

facilitate the isolation of MSCs. These data were combined with the current 

literature at the time detailing the essential components of media to form eight 

variations of serum-free media (Barry et al., 2015). The eight formulations of 

medium were tested for their ability to isolate MSCs from bone marrow and 

maintain the cells in proliferation rates equivalent to conventionally used 10% FBS-

containing medium. The various formulations all consisted of a basal medium 

supplemented with ascorbic acid, dexamethasone, human serum albumin, ITS and 

low-density lipoprotein. The addition of various growth factor combinations based 

on the proteomics data resulted in the various formulations being tested.  

Of the eight serum-free media formulations, 6 resulted in early senescence of the 

cells as observed by a decrease in cumulative population doublings over time 

(results not shown). In contrast, 2 formulations maintained proliferation capacity of 

the cells at levels superior to that observed in FBS-cultured cells. Based on these 

data, two media were developed at the end of PurStem with the potential to 

compete against serum-containing medium. The only difference between both 

media formulation was the addition of EGF to medium 8 which offered no 

additional increase in proliferation of the cells and was excluded from future work. 

This work resulted in the generation of a serum-free medium with the potential to 

replace the dependence on FBS for MSC cultures. This lead to the hypothesis and 

aims outlined below. 
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1.6 Aims and Objectives  

Hypothesis: 

Bone marrow-derived MSCs isolated and cultured in serum-free medium have a 

similar phenotype to the same cells isolated and cultured in standard 10% serum-

containing medium and that this phenotype can be altered by the use of varying 

oxygen tension to prime cells prior to use in in vivo models of bone repair and 

regeneration.  

Aims: 

This thesis plans to address the following specific aims: 

1. To assess the effects of oxygen tension on growth kinetics and 

differentiation of bone-marrow derived MSCs, isolated and expanded 

using the novel serum/xeno-free medium (Chapter 3). 

 

The specific aim of this chapter was to determine the optimal culture 

conditions for the culture of bone marrow-derived MSCs to be used in in 

vivo models of bone regeneration. In vitro characterisation of bone 

marrow derived MSCs that were isolated and cultured in either serum-

containing or serum-free medium was performed. Both groups were 

also cultured in either normoxia (21% O2) or hypoxia (2% O2). 

 

2. To assess the in vivo osteogenic potential of the four cell groups listed 

above in an ectopic mouse model of bone formation (Chapter 4). 

 

The aim of this chapter was to determine the capacity of the four cell 

groups listed above to form bone in vivo after being loaded onto 

hydroxyapatite/tri-calcium phosphate (HA/TCP)-based scaffolds. Based 

on data from aim 1, the hypothesis was the pro-chondrogenic hypoxia 

cultured cells may produce superior bone to the pro-osteogenic 
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normoxia cultured cells by forming bone via endochondral ossification 

as opposed to forming bone via intramembranous ossification.  

 

3. To assess the ability of four cell groups listed in aim 1 to repair an in    

vivo rat critical size defect model (Chapter 5). 

 

The aim of this chapter was to determine the bone regeneration 

potential of the four cell groups. This was determined by in vivo µCT 

analysis of bone formation, in vivo photoacoustic imaging of 

neovascularisation and histological evaluation of both. Similar to the 

previous chapter, cells were loaded onto a hydroxyapatite/tri-calcium 

phosphate (HA/TCP)-based scaffold and bone formation was assessed 

after 8 weeks.  

 

4. To compare the serum-free medium directly with commercially 

available media for the isolation of bone marrow-derived MSCs 

(Chapter 6). 

 

Potentially competitive serum-free media were identified for their use 

in the isolation and in vitro maintenance of MSCs. In vitro 

characterisation of cells isolated and cultured in the media in either 

hypoxia or normoxia was carried out. This included tri-lineage 

differentiation, surface marker characterisation, proliferation, pro-

angiogenic potential, immunosuppression and immunogenicity. 

 

5. To determine the feasibility of the serum-free medium in a three 

dimensional (3D) culture system for the scalable production of MSCs 

(Chapter 7). 

 

The aim of this chapter was to determine if MSCs could be cultured and 

grown in a 3D bioreactor system on macrocarriers as a prototype, 

ultimately to be scaled up for large scale production of MSCs. This was 
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determined by comparing MSCs grown in standard 2D culture and in the 

3D bioreactor system in both serum-containing and serum-free 

medium. In vitro characterisation was carried out on these cells 

including tri-lineage differentiation, surface marker characterisation and 

proliferation. The ability to perform tri-lineage differentiation assays 

directly on the macrocarriers was also evaluated.     
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2.0 Materials & Methods   

All reagents were purchased from Sigma-Aldrich unless otherwise stated. 

2.1 Isolation of Serum-Free (SF)/ Serum-Containing (SC) MSCs from 

Human Bone Marrow 

Bone marrow aspirates (30mLs) were obtained from healthy volunteers between 

the ages of 18 and 30 years old after informed consent and under ethical approval 

from Galway University Hospital and the National University of Ireland Galway 

Research Ethics Committees. Additionally bone marrow aspirates were purchased 

from Lonza (Walkersville, Maryland) when not available through Galway University 

Hospital. Bone marrow aspirates were transferred into a 50mL tube and the volume 

was recorded. A bone marrow sample was taken aseptically and diluted 1:10 in 

5ǳƭōŜŎŎƻΩǎ ǇƘƻǎǇƘŀǘŜ ōǳŦŦŜǊŜŘ ǎŀƭƛƴŜ (D-PBS). This diluted sample was diluted 1:1 

in 4% (v/v) acetic acid to lyse red blood cells (RBCs) for 1min before performing cell 

counts using a haemocytometer. Cells were plated at a seeding density of between  

23-29x105 mononuclear cells (MNCs)/cm2 in 25mLs of serum-free (SF) medium 

plated on fibronectin pre-coated flasks or 10% serum-containing medium (SC) 

plated directly onto tissue culture plastic. SC medium consists of alpha Minimum 

Essential Medium Eagle (hMEM) (Gibco) supplemented with 10% foetal bovine 

serum (FBS) (Hyclone, SV30160.03 (Lot RWA25887)) and 1% Penicillin/Streptomycin 

(P/S). SF medium is proprietary to REMEDI (Barry et al., 2015). Cells were then 

incubated at 37°C, 5% CO2, 90% humidity in either hypoxia (5% O2) or normoxia 

(21% O2). Cultures were washed on day 4 to remove non-adhered cells. Medium 

was removed and discarded. 10mLs of PBS was added to each flask and pipetted 

over the growth surface. PBS was discarded and the process was repeated. 20mLs 

of fresh SF or SC medium was added to each flask before returning to the relevant 

incubator. Media changes were performed every 2-3 days until cells reached 80-

90% confluency.   

  



Chapter Two 

  
Page 31 

 
  

 

Chapter Donor Gender Donor Age Supplier 

3 & 4 Male 24 Lonza 

3 & 4 Female 22 Lonza 

3 & 4 Female 24 UHG 

3 & 6 Male 23 Lonza 

5 Male 25 UHG 

5 Female 23 UHG 

5 Female 20 UHG 

6 Female 23 UHG 

6 Female 24 UHG 

6 Male 22 UHG 

7 Female 25 UHG 

7 Male 24 UHG 

7 Male 24 UHG 

Table 2.1: Bone marrow details of specific donors used in each study. UHG: 

University Hospital, Galway.  

 

2.1.1 Isolation of Serum-Free MSCs from Bone Marrow with Commercially 

Available Serum-free Media 

Four commercially available serum-free media were tested for their ability to 

isolate MSCs from bone marrow. Media tested were DXF (Promocell, C-28019), 

Therapeak, MSCGM (Lonza, 190632), Mesencult (Stem Cell Technologies, 05429) 

and Xuri (GE Healthcare, 29064332). All media were prepared according to the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭǎΦ {ƻƳŜ ǇǊƻǘƻŎƻƭǎ ǊŜŎƻƳƳŜƴŘŜŘ ǘƘŜ ǳǎŜ ƻŦ н҈ C.{ ƛƴ 

addition to their SF medium for the initial isolation of MSCs from bone marrow. 

Other manufacturers made no claims about the ability to isolate MSCs from bone 

marrow and were typically used purely for propagation of the cells. To standardise 

methods, all media were tested for their ability to isolate MSCs from bone marrow 
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with and without the addition of 2% FBS.  The isolation method as described in 

section 2.1 was carried out. 

2.2 Coating of Tissue Culture Plastic with Fibronectin 

Cell culture plastics were coated with fibronectin at a concentration of 240pg/cm2. 

To coat a T-175 flask, 42µL of fibronectin was added to 7mL of D-PBS in a sterile 

15mL tube. The working solution was mixed by pipetting and added to the flask, 

which was rocked back and forth to ensure the surface was covered in fibronectin 

solution. The flask was then incubated at 37°C for between 90mins to overnight. 

The solution was aspirated from the T-175 and discarded prior to use.   

2.2.1 Coating of Tissue Culture Plastic for Use with Commercial Serum-Free Media 

All commercially available SF media used recommended the use of an attachment 

factor for plating of cells in tissue culture plastic. Both Therapeak and DXF required 

fibronectin and methods used are described in section 2.2. Xuri and Mesencult 

attachment factors have not been publically disclosed but were used according to 

ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭǎΦ .ǊƛŜŦƭȅΣ ·ǳǊƛ ŀǘǘŀŎƘƳŜƴǘ ǎƻƭǳǘƛƻƴ όD9 нфлснпртύ ǿŀǎ 

provided as a liquid and stored at 4°C until use. The solution was diluted 1:100 in D-

PBS and plated at a volume of 5mL/cm2. Plates were incubated for 2hrs at 37°C in a 

cell culture incubator. The attachment factor was removed and the plate rinsed 

with D-PBS prior to use.  For the Mesencult attachment substrate (Stem Cell 

Technologies 05424), powder was dissolved in tissue culture grade water to a final 

concentration of 1mg/mL and incubated for 30-60mins at 37°C to fully dissolve the 

lyophilizate. The solution was then stored at -20°C until use. For use, the solution 

was thawed and diluted 1:20 in PBS prior to the addition to tissue culture plastic at 

a concentration of 680pg/cm2. Plates were incubated overnight at 4°C, the solution 

was removed and plates were rinsed in D-PBS. Plates were allowed to dry for 

15mins prior to use.  

2.3 Colony Forming Unit-fibroblast (CFU-f) Assay 

CFU-f assays were performed at time of isolation of MSCs from bone marrow to 

assess initial MSC seeding numbers/mononuclear cells of bone marrow plated. 



Chapter Two 

  
Page 33 

 
  

CFU-fs were defined of colonies of 50 cells or more in a discreet cluster. After a cell 

count was performed as above, 3x106 MNCs were taken for determination of SC 

and SF CFU-fs. Cells were diluted in 9mLs of complete SF or SC medium and 3mLs 

were plated in triplicate in 6-well plates. This was done for cells going into hypoxia 

and normoxia. Media changes were performed as above. The plates were removed 

from incubators between days 10 to 14 depending on colony growth rates. Plates 

were washed twice with D-PBS and fixed in 95% ice cold methanol for 10mins. 

Samples were washed twice with D-PBS and then stained with crystal violet (2.3% 

crystal violet, 0.1% ammonium oxalate and 20% ethyl alcohol) for 15mins. After 

staining samples were washed twice in D-PBS and plates were left inverted 

overnight to air dry. CFU-Ŧ ƴǳƳōŜǊǎ ǿŜǊŜ ŘŜǘŜǊƳƛƴŜŘ ōȅ ŎƻǳƴǘƛƴƎ ŎƻƭƻƴƛŜǎ ǿƛǘƘ җрл 

cells.  

2.3.1 CFU-f assays for Commercial media 

For all commercial media, except Mesencult, CFU-f assays were performed using 

the same methods as described in section 2.3. For Mesencult CFU-f assays, the 

concentration of attachment factor defined in section 2.2.1 had to be increased to 

66µg/mL and methods described in section 2.3 were used.  

 

 

2.4 Sub-culturing of MSCs 

At 80-90% confluency, MSCs were subcultured. The sub-culturing process varied 

between SF and SC MSCs. For SC MSCs, medium was removed and cells were 

washed with D-PBS (without Mg++ and Ca++). The cells were then incubated with 

0.25% trypsin/Ethylenediaminetetraacetic acid (EDTA) at 37°C for 5mins. Flasks 

were gently tapped at the side to mechanically dislodge any remaining cells. Equal 

volume of SC medium to trypsin was added to the flask to neutralise the enzyme. 

The cell suspension was then transferred to a sterile tube and centrifuged at 400g 

for 5mins at room temperature. For SF MSCs, medium was removed and washed as 

above in Mg++ and Ca++-free D-PBS. The cells were then incubated in TrypL9ϰ 
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Express 1X (Gibco 12604-021) disassociation solution for 5-10mins at room 

temperature. Cells were mechanically dislodged by tapping the flask and the cell 

suspension was transferred to a sterile tube. Neutralising of TrypLE solution with 

medium was not necessary. Flasks were then washed with an equal volume of D-

PBS as for TrypLE to remove any remaining cells and transferred to the sterile tube. 

Cells were centrifuged at 400g for 5mins at RT. For both cell types, the supernatant 

was aspirated without disturbing the cell pellet. Cells were resuspended in 5-10mLs 

of SC or SF-media and cell counts were performed. MSCs were then either sub-

cultured at 3-5x103/cm2 or cryopreserved at 1-2x106 cells/mL in freezing medium 

(50g/L HSA containing 10% dimethyl sulfoxide (DMSO)).  

2.4.1 Subculture of Mesencult-cultured MSCs. 

The subculture of MSCs cultured in Mesencult was performed using Mesencult-ACF 

enzymatic dissociation solution (MC-EDS) and Mesencult-ACF Enzyme inhibition 

solution (MC-EIS) from Stemcell technologies (05426). Both solutions were pre-

warmed at RT. Medium was removed from the cultures and washed once with D-

PBS. 6mL of MC-EDS was added to each T-175 and incubated at 37°C for 2-

5minutes. Cells were observed to be detached via microscopy and 6mL of MC-EIS 

was added to neutralise MC-EDS. Cells were collected in a 50mL tube. 10mL of 

basal h a9a ǿŀǎ ǊƛƴǎŜŘ ƻǾŜǊ the flask to collect any remaining cells and transferred 

to 50mL tube containing cells. Cells were centrifuged at 300g for 5mins. 

Supernatant was aspirated and cells were resuspended in 10mLs of mesencult 

medium. 

2.5 Cumulative Population Doublings  

To calculate growth kinetics of MSCs from bone marrow, CFU-f numbers/MNC 

count from marrow were calculated at the point of isolation as described above. 

Subsequently, MSCs were seeded at a known cell number at initial plating and cell 

yields were calculated at time of subculture. Population doublings were then 

graphed versus culture time (days). To calculate population doubling (PD), the 

following equation was used; 
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Where; 

Cell yield = Cell numbers obtained at time of subculture. 

Initial cell number = calculated based on CFU-f numbers seeded for P0 and 

cells seeded for subsequent passages. 

Cumulative population doublings were calculated by obtaining the sum of 

the current passage with all the subsequent passages.  

2.6 Seeding, Maintaining & Subculturing MSCs in GE ·ǳǊƛϰ !ŘƘŜǊŜƴǘ 

Cell Expansion System Macrocarriers 

MSCs which have previously been isolated in either SF or SC media were seeded 

ƛƴǘƻ ǘƘŜ ·ǳǊƛϰ о5 ŎǳƭǘǳǊŜ ǎȅǎǘŜƳ ǘƻ ŀǎǎŜǎǎ Ƙƻǿ ǘƘŜ ŎǳƭǘǳǊŜ ƻŦ ǘƘŜǎŜ ŎŜƭƭs affected 

their phenotype. The 3D culture system consists of a 125mL spinner flask and a 

рлƳ[ ǘǳōŜ ŎƻƴǘŀƛƴƛƴƎ ƳŀŎǊƻŎŀǊǊƛŜǊ άǿŀŦŦƭŜǎέ ŦƻǊ ǎŜŜŘƛƴƎ ƻŦ a{/ǎΦ ¢ƻ ǇǊŜǇŀǊŜ 

waffles for seeding of cells, 30mLs of D-PBS was added to the 50mL tube. The 

waffle tube was mixed several times by inversion to remove air bubbles. Air 

bubbles were deemed to be removed when the waffles sunk to the bottom of the 

tube at rest. Both the waffles and D-PBS were transferred to the spinner unit by 

gently pouring them down the side of the spinner flask. The D-PBS was aspirated 

50mL of either SC or SF media was added to the flask. To this, 2x106 SF or SC MSCs 

were added to the spinner flask and the final volume of medium was adjusted to 

100mLs. The spinner unit was sealed and cells were dispersed amongst the waffles 

by gently swirling the entire flask. The spinner flask was then placed on a magnetic 

spinner (Scientific Industries SI-3006) with a continuous spin/rest cycle. Spinner 

flasks were agitated at 60rpm for 1min and then rested for 45mins. Media changes 

were carried out every other day by aspirating the medium from the unit and 

refilling with fresh media. To observe cell growth, a disk was selected at random, 

transferred to a sterile dish and observed under a microscope. Disks were returned 

to the unit if not at confluency. For subculturing of cells, a modified version of that 
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used for tissue culture flasks was used. Media was removed and discarded. Waffles 

were washed twice in 25mLs of D-PBS and cells were disassociated by added 25mLs 

of TrypLE to the bioreactor and swirling the waffles. Disks were incubated with 

TrypLE for 10mins and disassociation was confirmed by removing a disk from the 

spinner flask and observing under a microscope. The cell suspension was pipetted 

out of spinner flask and transferred to a 50mL tube. A D-PBS wash of waffles was 

carried out to collect any remaining cells and transferred to the 50mL tube with 

cells. Cells were centrifuged as described above and a cell count performed as 

previously described.   

2.7 Osteogenic Differentiation 

Osteogenic assays were carried out at the end of passage (P) 3 in 24-well flat-

bottom plates for between 10-14 days. Cells were seeded at a density of 2x104 

cells/cm2 or 4x104 cells/well. Four test wells and four control wells were set up. 

Both SF and SC cells were seeded in 1mL of SC culture medium in each well and 

ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŀǘ отϲ/Σ р҈ /ліΦ !ŦǘŜǊ пуƘǊǎ ŎŜƭƭǎ ǿŜǊŜ ǾƛŜǿŜŘ ǘƻ ŎƻƴŦƛǊƳ 

adherence and confluency. Medium in test wells was replaced with osteogenic 

medium and medium in control wells was replaced with complete SC culture 

medium. Standard osteogenic medium consisted of low glucose DMEM (DMEM-LG) 

ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ млƴa 5ŜȄŀƳŜǘƘŀǎƻƴŜΣ млƳa ʲςƎƭȅŎŜǊƻǇƘƻǎǇƘŀǘŜΣ млл˃a 

Ascorbate-2-phosphate, 100 Units/mL Penicillin, 100˃ Ǝ/mL Streptomycin and 10% 

foetal bovine serum. Media in all wells was changed twice weekly.  

Cells were harvested between days 10-14 and assessed for calcium deposition. Of 

the four test and control wells, 1 of each was stained with Alizarin Red and the 

remaining 3 were used for quantification of calcium levels. Data for control samples 

is not presented in this thesis as no spontaneous osteogenesis in any cell groups 

was observed for Alizarin red staining or calcium quantification.   

2.7.1 Alizarin Red S Staining 

2% Alizarin Red S solution was prepared by dissolving 2g Alizarin Red S in 100mL of 

distilled H20 (dH20). The pH of solution was then adjusted to between 4.1-4.3 with 
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1% ammonium hydroxide. Wells were washed 2x with PBS. 95% Ice cold methanol 

was prepared in water and stored at -20°C. Cells were fixed in ice cold methanol for 

10mins. Well were washed in dH20. 2% Alizarin Red S solution was added to wells 

for 5mins in the dark. Alizarin Red S solution was removed and discarded. Wells 

were washed with dH20 until water ran clear. dH20 was then added and wells were 

visualised using an inverted light microscope.  

2.7.2 Quantitative Calcium Assay 

Calcium deposition was quantified using the Stanbio Calcium Liquicolor Kit 

(Stanbio). The remaining 3 test and control wells were washed twice in PBS. After 

washing, 0.2mL of 0.5M HCL was added to each well. Cells were then scraped and 

transferred in the 0.5M HCL to 1.5mL eppendorf tubes. Samples were then shaken 

overnight at 4°C. Samples were then centrifuged at 400g for 5mins to pellet and cell 

debris. Standards were prepared in triplicate with 0.5M HCL according to the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭ ǊŀƴƎƛƴƎ ŦǊƻƳ лΦлрҡƎ ǘƻ мҡƎΦ [ƛǉǳƛŎƻƭƻǊ ǿƻǊƪƛƴƎ ǎƻƭǳǘƛƻƴ 

was prepared as 1:1 of binding reagent and working dye and added to wells. 

Absorbance was measured on a Perkin Elmer Victor 1420 plate reader at 550nm 

and calcium levels were quantified by comparing to the standard curve.  

2.7.3 In situ osteogenesis on Xuri bioreactor waffles 

To perform osteogenic differentiation of MSCs directly on GE waffles, 5 waffles 

were harvested from the bioreactor at random and transferred by their attachment 

to serological pipette to a 6-well plate containing D-PBS. Cells were rinsed in D-PBS 

for 5mins before being transferred using a sterile forceps to a 96-well plate 

containing 250µL of osteogenic medium. One disk was added per well. Similarly, 

control wells were also set up but placed in standard SC MSC medium. Assays were 

performed for the same duration as standard osteogenic assays and subsequent 

analysis was also performed as outlined in section 2.7.1-2.  

2.8 Adipogenic Differentiation 

Cells were plated at 40,000 cells/well, as described above, in a 24-well, flat-

bottomed plate. There were four test wells and four control wells set up. Cells were 
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seeded in 1mL of SC culture medium in each well. Cells were incubated at 37°C, 5% 

/лі ŀƴŘ ŀŦǘŜǊ пуƘǊǎ ŎŜƭƭǎ ǿŜǊŜ ǾƛŜǿŜŘ ǘƻ ƘŀǾŜ ŀŘƘŜǊŜŘ and appeared confluent. 

Media in the test wells was replaced with adipogenic induction medium and the 

medium in the control wells was replaced with standard culture medium. Standard 

adipogenic medium consisted of high glucose DMEM supplŜƳŜƴǘŜŘ ǿƛǘƘ м˃a 

Dexamethasone, рлл˃a 3-isobutyl-1-Methyl-xanthine (IBMX)Σ нлл˃a 

LƴŘƻƳŜǘƘŀŎƛƴΣ мл˃Ǝ/mL Insulin, 100U/mL Penicillin, 100˃ Ǝ/mL Streptomycin and 

10% FBS. Media in all wells was changed twice weekly. Cells were harvested on day 

15. Data for control samples is not presented in this thesis as no spontaneous 

adipogenesis in any cell groups was observed for Oil red O staining quantification.   

2.8.1 Oil Red O staining 

To examine their adipogenic differentiation, cells were washed twice with 1ml of D-

PBS and then fixed with 1ml of 10% neutral buffered formalin for 15mins. After 

fixation, wells were rinsed with distilled water and 200 ˃ [ of working solution of Oil 

Red O was added. To prepare working solution of Oil Red O, 0.3mg of Oil Red O was 

dissolved in 99% isopropanol. This Oil Red O stock was mixed 3:2 with distilled 

water and filtered through Whatman No.1 filter paper. Oil Red O working solution 

was added to wells and incubated in the dark for 5mins. Stain was discarded and 2 

ml of 60 % Isopropanol was added per well in order to remove excess staining. Then 

wells were washed twice with dH20. A further 400˃ [ of dH20 was added per well 

and stored at 4°C until imaging was performed. Extraction of the stained lipid was 

performed after imaging. 

 

2.8.2 Extraction/Quantification of Oil Red O staining 

Oil red O was extracted by adding 350˃[/well of 99% Isopropanol, left to stand for 

5min and solution was transferred into tubes. Tubes were centrifuged 2min at 

500g. 100˃ [ of extracted stain were placed in triplicate in a 96-well plate. 

Absorbance was measured at 520 nm on a Perkin Elmer Victor 1420 plate reader. 

2.8.3 In situ adipogenesis on Xuri bioreactor waffle  
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To perform adipogenic differentiation of MSCs directly on GE waffles, 4 waffles 

were harvested from the bioreactor at random and transferred by their attachment 

to a serological pipette to a 6-well plate containing D-PBS. Cells were rinsed in D-

PBS for 5mins before being transferred using a sterile forceps to a 96-well plate 

containing 250µL of adipogenic induction medium. One disk was added per well. 

Similarly, control wells were also set up but placed in standard SC MSC medium. 

Assays were performed for the same duration as standard adipogenic assays and 

subsequent analysis was also performed as outlined in section 2.8.1-2.  

2.9 Chondrogenic Differentiation 

MSC pellets were set up to assess chondrogenic differentiation of MSCs. Cells were 

seeded in culture medium into 1.5mL screw-cap eppendorf tubes, four test tubes 

and four control tubes. Approximately 250,000 cells were pelleted at 100xg for 

5min and resuspended in incomplete chondrogenic medium (ICM). TGF-ʲо ǿŀǎ 

added into all test tubes to give a final concentration of 10ng/mL. Standard ICM 

medium consisted of high glucose DMEM supplemented with ITS + premix 

όсΦнр˃ƎκmL ōƻǾƛƴŜ LƴǎǳƭƛƴΤ сΦнр˃Ǝ/mL ¢ǊŀƴǎŦŜǊǊƛƴΤ сΦнр˃Ǝ/mL Selenous acid; 

рΦоо˃Ǝ/mL [ƛƴƻƭŜƛŎ ŀŎƛŘΤ мΦнр˃Ǝ/mL .ƻǾƛƴŜ {ŜǊǳƳ !ƭōǳƳƛƴύΣ пл˃Ǝ/mL L-Proline, 

рл˃Ǝ/mL Ascorbate-2-phosphate, 1mM Sodium Pyruvate, 100U/mL Penicillin, 

100mg/mL Streptomycin and 100nM Dexamethasone. The MSCs were centrifuged 

again at 100g for 5mins and incubated at 37°C, 5% CO2, relative humidity with their 

caps loosened to allow for gas exchange. Medium was changed 3 times weekly. Cell 

pellets were maintained for 21 days before harvesting. For histology, 1 control and 

1 test pellet were used. The remaining 3 of each were used for dimethylmethylene 

blue (DMMB) and Picogreen assays. Data for control samples is not presented in 

this thesis as no spontaneous chondrogenesis in any cell groups was observed for 

Safranin O staining or sGAG measurement.   

2.9.1 Dimethylmethylene Blue (DMMB) Analysis 

DMMB assay was carried out to quantify levels of sulphated GAG content per 

chondrogenic pellet. Pellets were washed twice in D-PBS before being digested in 

papain solution. To digest pellets, 1 mg of papain powder was weighed and 
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dissolved in 10mL of DMMB dilution buffer (50nM sodium phosphate, 2mM EDTA, 

2mM-acetyl cysteine, pH 6.5). 250˃[ of papain solution was added to 9.75 ml of 

dilution buffer; 200˃ [ of the diluted papain was added to the each tube and then 

left to digest overnight at 60°C. Samples were vortexed and chondroitin-6-sulfate 

(C-6-S) stock solution was prepared ranging from 0µg - 2µg to be used as standards. 

To 10mL solution buffer 4 mg of C-6-S was added and vortexed. Later, 400˃[ of 

stock was added to 1.6 ml of dilution buffer in order to get 80˃[/mL C-6-S working 

stock to prepare standards. To the flat bottomed 96-well plate, 25˃ [ of appropriate 

standard or sample was added in triplicate, then 75˃ [ of dilution buffer along with 

200˃ [ of DMMB stock solution (16mg of DMMB dissolved in 5mL of 100% ethanol 

supplemented with 2.73g NaCl, 3.04g glycine and 0.69mL of concentrated HCL 

(11.6M) in distilled water adjusted to pH 3; the final solution was brought to 1L) 

was added to each well. Absorbance was read on a Perkin Elmer Victor 1420 plate 

reader at 595nm within 5mins. 

2.9.2 PicoGreen Assay 

DNA content was assessed using the Quant-iT Picogreen dsDNA assay kit (Molecular 

Probes) to measure DNA content per chondrogenic pellet to control for variations 

ƛƴ ŎŜƭƭ ƴǳƳōŜǊΦ wŜŀƎŜƴǘǎ ǿŜǊŜ ǇǊŜǇŀǊŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 

From 20x stock solution provided in the Quant-iT Kit, 1xTE solution was prepared 

(for each sample 1.2 ml of 1xTE and for all standards 6 ml of 1xTE needed). Solution 

was vortexed and further dilution of PicoGreen solution was performed (200-fold 

dilution of dimethyl sulfoxide stock in 1xTE). The diluted solution was mixed again 

and DNA stock was diluted; 20˃[ of it was added to 980˃ [ 1xTE to get a DNA 

working stock with a concentration of 800ng/mL. Samples were then diluted 1:20 

(20˃ [ of sample and 380˃ [ of 1xTE). To the flat bottomed 96-well black plate, 

100˃ [ of the appropriate standards and samples were added to be assayed in 

triplicate. 100˃ [ of PicoGreen solution was added per well and incubated at room 

temperature for 3min in the dark. Reading absorbance was set at 538nm on a 

Perkin Elmer Victor 1420 fluorescent plate reader. 

2.9.3 Safranin O Staining 



Chapter Two 

  
Page 41 

 
  

After 21 days of chondrogenic differentiation, pellets were washed twice in PBS 

before being fixed in 10% neutral buffered formalin for 30mins. The pellets were 

stained with a drop of eosin to allow easier visualisation later. Pellets were then 

wrapped in Whatman filter paper and soaked in 10% formalin. Pellets in Whatman 

paper were then carefully placed in a histology cassette and transferred to the Leica 

ASP300S automatic tissue processor. During processing within the machine, pellets 

were dehydrated and soaked in paraffin wax in preparation of sectioning (cycles of 

70%, 95%, 100% IMS, xylene and paraffin wax). Next, pellets were removed from 

cassettes and carefully transferred to plastic moulds and submerged in paraffin wax 

using the Leica EG1150H heated paraffin embedder. Embedded pellets were then 

cooled to allow wax to set using the Leica EG1150C cold plate. Using a Leica 

RM2235 microtome, pellets were cut to a thickness of 5µm and mounted on 

SuperFrost Plus microscopic slides. Slides were then incubated for 1hr at 60°C. 

Mounted sections were stored at room temperature prior to being stained.  

Slides were then deparaffinised and rehydrated as follows; 100% xylene for 5mins 

x2, 100% IMS for 2mins x2, 95% IMS for 1min, 70% IMS for 1min. Slides were then 

rinsed in distilled water for 1min. Samples were then stained in 0.02% Fast Green 

FCF for 4mins to stain cell cytoplasm and then in 1% acetic acid for 3sec. Slides 

were then incubated in 0.1% Safranin-O for 6mins. The sections were then 

dehydrated using increasing alcohol concentrations (95% for 1min, 100% for 2mins 

x2) followed by clearing in xylene twice for 2mins. Slides were mounted in DPX and 

a coverslip applied. Slides were then left to dry overnight before imaging using 

Olympus CKX41 microscope. 

2.9.4 In situ chondrogenesis on Xuri waffle and Safranin O staining 

To perform chondrogenic differentiation of MSCs directly on GE waffles, 4 waffles 

were harvested from the bioreactor at random and transferred by their attachment 

to a serological pipette to a 6-well plate containing D-PBS. Cells were rinsed in D-

PBS for 5mins before being transferred using a sterile forceps to a 96-well plate 

containing 250µL of complete chondrogenic medium. One disk was added per well. 

Similarly control wells were also set up but placed in standard SC MSC medium. 
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Assays were performed for the same duration as standard adipogenic assays and 

subsequent analysis was also performed as outlined in section 2.9.1-3. 

нΦмл {ŀŦǊŀƴƛƴ h ǎǘŀƛƴƛƴƎ ƻŦ ·ǳǊƛϰ Ψ²ŀŦŦƭŜǎΩ 

 For Safranin O staining, waffles were fixed in 10% neutral buffered formalin for 1hr 

and rinsed twice in D-PBS.  These waffles were not histologically processed as 

described above as samples could not be cut using the microtome. Waffles were 

directly stained using Safranin O protocol (2.9.3) with the removal of xylene steps. 

2.11 Surface Marker Expression Analysis 

Flow cytometry analysis of MSCs was carried out to assess their expression of 

various MSC markers while being negative for expression of markers of other cell 

types found in bone marrow, namely haematopoietic cell markers. To prepare cells 

for flow cytometry analysis, MSCs were disassociated from tissue culture plastic as 

described previously. Cells were centrifuged at 400g for 5mins before being 

resuspended in FACS buffer (2% FBS in D-PBS). Cells were resuspended and blocked 

at 1x106 cells/mL in 2% mouse serum for 1h in FACS buffer at 4°C to prevent non-

specific binding during antibody staining. Cells were then centrifuged and 

resuspended at 1x106 cells/mL in FACS buffer and 100µL of cell suspension was 

transferred into 14 wells of a 96-well v-bottom plate. Various antibodies were 

added according to figure 2.1; 
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Antibody 
Expressed 

by 

Expression 

Required 
Supplier 

Catalogue 

No. 

Volume/100µL 

FACS Buffer 

CD105 MSCs җфр҈ Invitrogen MHCD10504 2µL 

CD73 MSCs җфр҈ BD 550257 4µL 

CD90 MSCs җфр҈ BD 555596 2µL 

CD14 Monocytes Җр҈ AbD MCA1568 2µL 

CD19 B cells Җр҈ BD 555413 4µL 

CD3 T cells Җр҈ BD 552127 4µL 

CD34 HSCs Җр҈ BD 555822 4µL 

CD45 Leukocytes Җр҈ BD 555483 4µL 

IgG1,2a Controls Җр҈ BD 554680 4µL 

HLA-DR B cells Җр҈ Invitrogen MHCDR04 2µL 

IgG2b Controls Җр҈ Invitrogen MG2B04 4µL 

CD271 MSCs Undefined Miltenyi 120-002-227 2µL 

CD146 MSCs Undefined BD 550315 2µL 

Table 2.11: Antibody details for MSC surface marker expression 

2.12 Immunogenicity/Immunosuppression Assays 

To assess the immunosuppressive and immunogenic potential of MSCs, MSCs were 

harvested and co-cultured with human peripheral blood mononuclear cells (PBMCs) 

in lymphocyte proliferation medium. Lymphocyte proliferation medium consists of 

RPMI (Gibco) supplemented with 10% FBS, 1% Pen/strep, 2mM L-glutamine, 

0.1mM non-essential amino acids, 1mM sodium pyruvate and 55µM -̡

mercaptoethanol. For assays, 100,000 PBMCs were co-cultured with various ratios 

of MSC: PBMC from 1:5 ς 1:100.  
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2.12.1 Preparation of MSCs 

MSCs were trypsinised as described above and resuspended in MSC medium. Cells 

were then washed in PBS and resuspended with the required number of cells in a 

final volume of 50µL medium. MSCs were then seeded in triplicate into 96-well U-

bottom plates.  

2.12.2 Isolation and Preparation of Peripheral Blood Mononuclear Cells 

20-25mLs of blood was collected from healthy donors into EDTA-coated tubes and 

stored at room temperature until ready for processing. Blood from all tubes was 

pooled into a 50mL tube and volume was recorded. Blood was then diluted 1:1 in 

D-PBS. To 15mL tubes, 2.5mL of Ficoll-paque was added carefully without creating 

bubbles. To each of these tubes, approximately 8mL of blood was gently added by 

allowing the blood to run down the side of the tube slowly to not disturb the 

underlying ficoll-paque. Samples were then centrifuged at 700g for 25mins without 

the brakes on.   The lymphocyte/mononuclear cell layer was gently removed from 

the tubes and pooled in a 50mL tube. Sample was washed twice with 20mL of PBS 

and centrifuged at 300g for 5mins. Cells were then resuspended in 0.1% BSA 

solution. Cell count was performed and the required number of cells was 

transferred to a 15mL tube for carboxyfluorescein succinimidyl ester (CFSE) 

staining. A sample of cells was also taken to be used as a control without CFSE 

staining for establishing flow cytometry gating. Cells for CFSE staining were 

centrifuged and resuspended in 0.1% bovine serum albumin (BSA) solution in D-

PBS. 10µM of CFSE was added to cell suspensions. Cells are then incubated in the 

dark at 37°C for 6mins. The staining process was stopped by adding 5mL of ice cold 

T-cell medium (RPMI 1640, 10% FBS, 1% Pen/Strep, 2mM L-glutamine, 0.1mM Non-

essential amino acids, 1mM sodium pyruvate, 55µM ɓ-mercaptoethanol) and 

centrifuged at 300g for 5mins. A wash step was carried out 3 times and cells 

resuspended at 4x106 cells/mL in T-cell medium. 50µL of stained T-cells were then 

added to each well of the U-bottomed plate containing MSCs.  
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2.12.3 Preparation of T-cell stimulant 

Immunosuppression and immunogenicity assays were set up in a similar manner 

except for the inclusion of T-cell proliferation stimulant. Immunogenicity assays 

were not exposed to a T-cell proliferation stimulant whereas in immunosuppression 

assays the cultures were exposed to CD3 (BD 555336) and CD8 (BD 555725) 

antibodies at 0.05µg and 10µg/mL, respectively. The desired volume of antibodies 

was prepared in 50µL with T-cell medium per well to be tested bringing the final 

volume of well to 150µL with the addition of 50µL of lymphocytes and 50µL of 

MSCs.  Similarly for immunogenicity assays, 50µL of T-cell medium was added to 

each well without antibodies to a final volume of 150µL. As a positive proliferation 

control, CFSE-stained lymphocytes alone with antibody stimulation were used. As a 

negative control, CFSE-stained lymphocytes alone without antibody stimulation 

were used. CFSE-unstained lymphocytes with and without antibody stimulation 

were also used as gating controls. The plate was incubated for 4 days for the 

immunosuppression assay or 5 days for the immunogenicity assay at 37°C, 5% CO2 

relative humidity in a cell culture incubator.  

2.12.4 CD4 Staining and Flow Cytometry Preparation 

At 4 or 5 days, depending on the assay, the plate was removed from the incubator 

and centrifuged at 300g for 5mins. The supernatant was removed and collected in a 

fresh 96-well bottom plate to be stored at -80°C for ELISA analysis if desired. Cells 

were resuspended in 200µL of FACS buffer and transferred to a 96-well V-bottom 

plate. Cells were centrifuged as above and resuspended in 200µL FACS buffer. This 

wash step was repeated twice more. Cells were subsequently incubated with CD4-

PE-Cy7 at 4°C for 30-45mins in the dark. Samples were washed as described above 

and resuspended in 200µL of FACS buffer. Samples were transferred to FACS tubes 

and analysed on a BD FACS Canto.  

2.13 In vitro Assessment of Angiogenesis by Matrigel assay 

To assess the ability of MSCs to induce neovascularisation in vitro, MSC conditioned 

media was co-cultured with human umbilical vein epithelial cord (HUVEC) cells on 

Matrigel. The formation of tubules was observed and tubule number was counted. 
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As MSCs were cultured in various media, controlling the effect of the basal media 

itself was accounted for. To achieve this, MSCs were seeded in a T175 flask in 

25mLs of medium and fed every other day as described above. When cells reached 

50% confluency, a full medium change was performed and replaced with 20mLs of 

fresh medium. Cells were left for 3 days and medium was collected and centrifuged 

at 400g for 5mins to pellet any cell debris. Collected medium was stored in 1mL 

aliquots and stored at -80°C until use. At the same time, basal medium was also 

placed in a flask for 3 days and collected as a medium control. This was done for all 

the various media used throughout the study. To perform the assay, 120µL of 

Matrigel was coated onto wells of a 48-well plate, being careful to prevent bubble 

formation. To these, 2.5x104 HUVEC cells in 250µL of HUVEC medium and 250µL of 

test medium was added to the wells. Cells were incubated at 37°C, 5% CO2, 95% 

relative humidity for 18hrs. Plates were imaged using the GE Cytell system which 

imaged 5 random fields/well. Wells were seeded in technical triplicate with 3 

biological replicates. Tubule numbers were counted and normalised to the basal 

medium of the respective cells and expressed as a fold change.   

2.14 Preparation of Cell Implants for Ectopic Analysis of Bone Forming 

Ability of MSCs in Mice 

To assess the bone-forming ability of MSCs, cells were loaded onto hydroxyapatite: 

tricalcium phosphate (HA:TCP) constructs in fibrin gel and implanted 

subcutaneously into the backs of immunodeficient 6-8 week old female CD1 nude 

mice (CD1-Foxn1nu, Charles River Laboratories). Clinically approved HA: TCP 

granules; macro and microporous biphasic calcium phosphate (MBCP+) were 

sourced from Biomatlante (Nantes, France) (Miramond et al., 2014). The ratio of 

HA:TCP was 20:80 and particle sizes ranged from 0.5mm to 1mm. Particles were 

aliquoted as 50mg fractions in 1.8mL cryovials (Nunc). Following enumeration, 

2x106 cells were resuspended in 400µL culture medium and added to the cryovials 

containing MBCP+ granules. Cells were incubated with the granules for 90mins at 

37°C, with gentle rotation at 15min intervals to mix cells and granules together. The 

supernatant was aspirated and cell counts were performed to assess loading 
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efficiency. To encapsulate the cells with the granules, a two component fibrin 

ǎŜŀƭŀƴǘ Ψ¢ȅǎŜŜƭ [ȅƻΩ ό.ŀȄǘŜǊΣ лллллрмύ ǿŀǎ ǳǎŜŘΦ ¢ȅǎŜŜƭ [ȅƻ ŎƻƳǇƻƴŜƴǘǎ ǿŜǊŜ 

thawed in a 37°C water bath for 5mins before being transferred aseptically to a cell 

culture hood. The Tyseel components were transferred from the dual syringe as 

supplied to 2 cryovials. To the cell-BMCP+ granule mix, 25µL of component A 

(Fibrinogen: 72-100mg/mL, Aprotinin: 3000KIU/mL) were pipetted and mixed with 

granules and cells gently. Following this, 25µL of component B (Thrombin: 500IU, 

Calcium chloride: 40µmol/mL) were slowly added to the granules while slowly 

rotating the pipette tip in constantly expanding circles to form a 3D sphere of 

granules and cells as the components begin to crosslink. The samples were left for 

1hr prior to surgery to allow crosslinking to complete. Cell constructs were allowed 

to set for an additional 1hr prior to implantation at RT.  

2.14.1 Assessment of Viability and Loading Efficiency of MSCs in MBCP/Tyseel 

Constructs 

To determine the viability of MSCs loaded onto Tyseel/MBCP+ constructs, cell 

loaded constructs were prepared and allowed to set for 1hr as outlined in section 

2.14. Subsequently, these constructs were placed in 1mL of either SF or SC medium 

for 48hrs. Medium was removed and cells were placed in 1mL of fresh medium 

containing 10% celltitre blue (CTB) (Promega G8080) for 4hrs. CTB solution was 

removed and centrifuged at 400xg for 5mins to remove any debris. 100µL of 

solution was added to 96-well plate in triplicate and absorbance was read at 560nm 

and 600nm, subtracting the 600nm reading from 560nm reading on a Perkin Elmer 

plate reader. Metabolic activity was compared to cell-free constructs and an equal 

number of MSCs not loaded into constructs but allowed to form a 3D pellet in equal 

volumes of medium.  

2.14.2 Preparation of Cell Implants for Orthotopic Analysis of Bone Forming 

Ability of MSCs in Rats  

For preparation of cell implants for the orthotopic rat study, the process as 

described above was used. However, a cylindrical shape was formed to fit into the 

bone defect as described below.  After addition of both components of Tyseel Lyo, 

constructs were shaped with a pipette as described above. The internal tubing from 
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a BD FACS Canto cell sorter with internal diameter of approximately 3nm was cut 

into 5mm long sections and a longitudinal cut was made on one side (Figure 2.2). 

The tubing was held open with a forceps at a fixed position. Constructs were 

transferred to the tubing and forceps removed to allow the tubing to close around 

the construct to create the cylindrical shape. Implants were left to set in tubing 

until ready for implantation into the animal for 1-3hr at RT.  

Figure 2.14.2: Preparation of MSC-MBCP+ constructs for In vivo implantation into 

rat femur 

 

2.14.3 Subcutaneous implantation of constructs 

Subcutaneous assays were performed on immunodeficient 6-8 week old female 

CD1 nude mice (CD1-Foxn1nu, Charles River Laboratories). Mice were anesthetized 

by intraperitoneal injection of xylazine (0.005mL/g) per 20g mouse and ketamine 

(0.01 mL/g). A 1cm incision was created on the dorsal surface of each mouse at 

each location for implantation, 5 in total. A subcutaneous cavity was created using 

blunt dissection and a construct was placed in each cavity and cavity was sutured 

closed. Animals were recovered and monitored for 8 weeks at which point 

euthanasia via CO2 inhalation was carried out and cervical dislocation to confirm. 

Implants were retrieved and fixed as described below. 
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2.15 Fixation and Decalcification of Cell Implants from Mouse Ectopic 

Bone Formation Assay 

In vivo bone samples underwent fixation in 10% formalin and were decalcified prior 

ǘƻ ǎŜŎǘƛƻƴƛƴƎ ŀƴŘ ǎǘŀƛƴƛƴƎ ǿƛǘƘ aŀƭƭƻǊȅΩǎ ǘǊƛŎƘǊƻƳŜΦ ¢ƻ ŦƛȄ ǘƘŜ ǎŀƳǇƭŜǎΣ ƛƳǇƭŀƴǘǎ 

were placed in 15mL tubes containing 5mL of 10% neutral buffered formalin for 2 

days before being gently washed with PBS.  Samples were decalcified in Surgipath 

Decalcifier II solution for approximately two weeks. Samples were submerged in 5 

times their own volume in decalcifier solution as per supplier protocols and gently 

rocked at 4°C, changing decalcifier solution every other day. Samples were deemed 

to be decalcified after 2 consecutive days of negative results for calcium analysis. To 

carry out this, 5% stock solutions of ammonium oxalate and ammonium hydroxide 

were prepared in distilled water. To determine if decalcification was completed, 

500µL of decalcification solution from the samples was taken and transferred to a 

fresh 15mL tube. 1mL of a 1:1 working solution of 5% ammonium hydroxide and 5% 

ammonium oxalate was added to the solution. Samples were left overnight at room 

temperature and residual calcium was identified as a white precipitate in the 

solution.  

2.16 Fixation and Decalcification and Histological Preparation of Cell 

Implants from Rat Femur CSD Model 

At the 8-week endpoint of the study, animals were culled by CO2 inhalation and 

cervical dislocation. The entire right femur was excised, being careful not to 

damage defect region during necropsy. Excised samples were fixed in 100% ethanol 

prior to decalcification. To decalcify samples, 10% EDTA (pH7.0) w/v was used for 

14 days. The defect region was cut away from the implant and screws using a 

scalpel blade and prepared for tissue processing as described in section 2.16.  

2.17 Histological Preparation of Transplants 

Transplants were wax embedded and subsequently sectioned at a thickness of 5µm 

using the Leica RM2235 microtome, mounted on SuperFrost Plus slides (Gerhard-

Menzel) and then incubated in a 60°C for at least 1-2hrs. During sectioning of 
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implants, regions of calcified tissue persisted which inhibited sectioning. To 

overcome this, mounted sections were placed in decalcifier II solution for 2-3mins 

and placed on ice block for 1min before sectioning resumed. Mounted sections 

were then stored at room temperature prior to staining.  

нΦму aŀƭƭƻǊȅΩǎ ¢ǊƛŎƘǊƻƳŜ {ǘŀƛƴ ϧ {ŎƻǊƛƴƎ  

The sections were deparaffinised in xylene (2 x 2mins) and rehydrated in ethanol 

(100%, 100%, 95%, 70%, 2mins sequentially) followed by rinsing the samples in 

water for 2mins. Slides were then placed in pre-ƘŜŀǘŜŘ .ƻǳƛƴΩǎ ǎƻƭǳǘƛƻƴ ό{ƛƎƳŀ-

Aldrich) at 60°C for 1hr and washed in tap water until the majority of the yellow 

colour was gone. Slides were then dried in the microwave for 2mins on high. 

Subsequently, slides were placed in Acid Fuchsin solution (0.125% w/v acid fuchsin, 

0.5% acetic acid v/v in water) for 1.5mins before being placed in Aniline Blue-

Orange G stain solution (1% phototungstic acid w/v, 2% Orange G w/v, Aniline blue 

0.5% w/v in water) for 30mins. Samples were rinsed in tap water and dehydrated 

through graded ethanol for 2mins each (95%, 95%, 100%, 100%). Slides were then 

placed in two fresh xylene steps for 2mins before being mounted using distyrene 

plasticizer/xylene (DPX). Slides were scored for presence of bone, cartilage and 

bone marrow from 0-4 with 0 indicating respective tissue in 0-20% of implant up to 

4 indicating tissue in 80-100% of tissue. Scoring was performed blinded by 3 

persons scoring 3 slides from each implant 100µm apart. Three biological MSC 

donors were implanted into 3 animals (technical replicates). All were scored 

indicating 81 slides were scored per group.  

2.19 Preparation of Immunosuppression cocktail of FK506 and 

SEW2871 

An immunosuppression cocktail of FK506 (tacrolimus) and SEW2871 was prepared 

sterilely to be administered to animals. 100mg of FK506 (Cayman Chemical 

10007965) was reconstituted by adding 1.5mL of molecular grade ethanol to 

transfer the powder to a 50mL tube. 300µL of Tween 80 was added to the solution 

and mixed well by vortexing. 13.2mL of D-PBS was added to the solution making 



Chapter Two 

  
Page 51 

 
  

15mLs of a 6.67mg/mL solution. 50mg of SEW2871 (Cayman chemical 10006440) 

was prepared sterilely by transferring the powder to a sterile 50mL tube in 1.5mL of 

molecular grade ethanol. 300µL of Tween 80 was added and mixed well by 

vortexing. The solution was diluted in 10.7mL D-PBS, bringing the final volume to 

15mL of a 3.33mg/mL solution. Both drugs were combined and mixed thoroughly 

giving a final solution of FK506 of 3.33mg/mL and 1.67mg/mL of SEW2871. Working 

aliquots were prepared and stored at -80°C until use. Drugs were administered to 

animals to give a final concentration of 1mg/kg/day of FK506 and 0.5mg/kg/day of 

SEW2871 daily. 

2.20 Generation of Rat Critical Size Defect (CSD) Model  

A rat femoral bone defect model was used to assess the ability of MSCs to form 

bone in vivo. Male Fischer rats (F344/NCRHSD) (Harlan Laboratories) between 12-

16 weeks old were used for the study. To generate the defect, animals were 

anaesthetized using 5% isoflurane and oxygen and then maintained at 2.5% 

isoflurane during the surgery (Figure 2.3). Animals received Caprofen (10mg/kg) 

and Baytril (5mg/kg) from day of surgery to 3-days post-surgery as analgesic and 

antibiotic. Animals were singly housed in individually ventilated cages for 1 week 

post-surgery prior to being re-housed 2-3 rats/cage. Prior to the surgery, animals 

were shaved from their right leg up to the base of the rib cage and back to the 

spine. An incision was made with a scalpel along the length of the femur. The right 

femur was exposed by blunt dissection and the periosteum was carefully scraped 

away to expose the underlying bone. A weight bearing polyetheretherketone 

(PEEK) plate was held in place on the femur using two bone clamps. Four K-wire 

screws (0.9mm diameter) were then drilled through the PEEK plate and femur 

approximately 3mm either side of the defect region. Bone clamps were removed 

and exposed screws were cut to be flush with the PEEK plate using bone cutters to 

prevent irritation to the animal. A Gigli saw was used to cut bone to create a 5mm 

defect. The study contained 6 groups; empty defect (ED), a vehicle control which 

was implanted with the empty MBCP+ scaffold without cells (ES), and four cell 

groups; serum-cultured cells cultured in normoxia (SC), cultured in hypoxia (SCH), 
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serum-free cultured cells cultured in normoxia (SF) and hypoxia (SFH). For the ED 

group, the defect was left empty as described below. For all other groups, the 

scaffold was carefully fitted into the defect region and positioned using a curved 

forceps placed behind the scaffold for support and a forceps to position the 

scaffold. The scaffold was then held in place by sutures tied at either side of the 

defect region in between the two screws as to avoid any movement of the sutures 

which could interfere with the scaffold. The surrounding muscle was then closed 

using interrupted stitches and subcutaneous tissue was sutured to reduce strain on 

skin sutures as recovered animals return to walking immediately. The skin was then 

sutured using continuous internal sutures to prevent the animal opening the wound 

site during grooming. Animals were allowed to recover by removal of isoflurane and 

were left on oxygen until full recovery was observed. The entire surgery was 

ǇŜǊŦƻǊƳŜŘ ƻƴ ƘŜŀǘƛƴƎ ǇŀŘǎ ǘƻ ŎƻǳƴǘŜǊ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ƛǎƻŦƭǳǊŀƴŜ ƻƴ ǘƘŜ ŀƴƛƳŀƭΩǎ 

ability to regulate body temperature. Pain relief and antibiotics were given to the 

animal prior to surgery and for 3 days post operatively. As this was a xenogenic 

model of bone repair transplanting human MSCs to rats, animals required 

immunosuppression daily for first 3 weeks post-operatively. An 

immunosuppression cocktail was prepared as described previously and was 

administered daily to the animals subcutaneously.  
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 Figure 2.3: Surgical procedure for generation of rat femoral critical size defect 

model 
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2.21 Micro-Computed Tomography (µCT) Imaging of Bone Formation  

2.21.1 µCT of Mouse Constructs 

Bone formation in subcutaneous implants was assessed at end of the 8-week study. 

Samples were harvested and fixed as described above. µCT analysis was performed 

using a Scanco medical ex-vivo CT 100 (Scancon Medical, Bassersdorf, Switzerland). 

Nine constructs were analysed for the experimental groups loaded with MSCs. Four 

constructs were analysed for the control groups. For calculating bone volume per 

tissue volume (BV/TV) to be possible, it was necessary to gate out the HA/TCP 

particles (MBCP+) used in this model which have a density similar to bone. To 

achieve this, only tissue in a density region of 40-80 native file units which 

corresponds to a range of -86.0 ς 32.6 mg hydroxyapatite/cm3 assessed. This region 

identifies new bone but excludes denser objects including the MBCP+ particles and 

the metallic screws.  3D scans were generated to visualise mineral deposition 

within the defect region. 

2.21.2 µCT Rat Femur CSD 

Bone formation was assessed at 4 and 8 weeks by µCT using a Scanco Medical 

40µCT system (Scanco Medical, Bassersdorf, Switzerland), evaluating with a 70kVp 

x-ray source at 110µA. Six constructs were analysed per experimental group.  Scans 

were performed at medium resolution with a voxel size of 19µm. Typically 211 

slices were taken over 6.5mins. The defect region was selected as the region 

between the inner screws, excluding the screws themselves, to reduce variation in 

samples.  

2.22 Photoacoustic Imaging of Blood Vessel Infiltration of Rat Femur 

CSD 

Photoacoustic (PA) and ultrasound (US) images were acquired after 4 and 8 weeks 

of surgery (Figure 2.4). The rat was anesthetized using 5% isoflurane gas and the 

anaesthesia was maintained with 2% isoflurane thereafter. Before every imaging 

session, the rats was shaved and positioned on a flat support.  The skin was 

acoustically coupled to the transducer probe head through ultrasound gel and 

successive in vivo PA and US images were acquired. 3D data sets were collected by 
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linearly translating the transducer (with integrated optical fibres) with a stepper 

motor over a region of interest, while capturing each 2D image of the 3D stack. 

Multi-wavelength PA images were acquired at 690 to 970 nm wavelengths. An 

experimental set up used for PA/US imaging in this study is shown in Figure 2.4. An 

integrated PA/US imaging system (Vevo LAZR, Fujifilm VisualSonics) was operated 

with a 21 MHz (centre frequency) linear-array transducer probe. The transducer 

probe consisted of 256 elements, divided in 4 quadrants each with 64 elements. 

¢ƘŜ нм aIȊ ǘǊŀƴǎŘǳŎŜǊ ǇǊƻōŜ ǇǊƻǾƛŘŜŘ ŀƴ ŀȄƛŀƭ ŀƴŘ ƭŀǘŜǊŀƭ ǊŜǎƻƭǳǘƛƻƴǎ ƻŦ тр˃Ƴ ŀƴŘ 

мру˃ƳΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 
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Figure 2.22 Experimental setup for PA imaging of rat defect. (A) Schematic of the 

combined PA and US imaging system using a 21 MHz frequency linear-array 

transducer probe. (B) Experimental set up used for the assessment of reparative 

ability of MSCs in a rat critical size bone repair defect model. 

2.23 Blood Vessel Staining using Ulex Europaeus Agglutinin (UEA-1) 

UEA-1 was used to stain blood vessels as it binds to the sugar L-fucose found on 

endothelial cells. Lectin binding buffer (10x solution) was prepared by dissolving 

23.83g of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 87.66g of 

sodium chloride (NaCl), 12.5mg of agnesium chloride (MgCl2) and 11.1mg of 

calcium chloride (CaCl2) to 800mL of distilled deionised water (ddH20). The pH of 
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the solution was then adjusted to 7.5 with sodium hydroxide (NaOH). The final 

volume was brought to 1L and stored at RT until use. For staining, slides were 

deparaffinised in 2 changes of xylene (15mins each) and rehydrated through graded 

alcohols for 2mins each (100%, 100%, 95%, 70%, 50%). Slides were then incubated 

in lectin buffer for 2mins prior to being incubated in lectin buffer containing FBS for 

30mins. Slides were then washed in two changes of lectin buffer for 2mins each and 

incubated for 1hr in lectin stain in the dark. Lectin stain was prepared by diluting 

UEA-1 1:500 in lectin buffer containing 5% FBS. Slides were then washed through 3 

changes of lectin buffer for 5mins each. Samples were mounted with пΩс-diamidino-

2-phenylindole (DAPI) and coverslip added. Slides were viewed using the TRITC 

filter on a Leica upright brightfield microscope. As a negative staining control, 

100mM of L-fucose was incubated with the lectin solution for 1hr in the dark at RT 

prior to being added to control slide.   

нΦнп aƻǾŀǘΩǎ tŜƴǘŀŎƘǊƻƳŜ ǎǘŀƛƴƛƴƎ 

The sections were deparaffinised in xylene (2 x 5mins) and rehydrated in ethanol 

(100%, 100%, 95%, 70%, 1min sequentially) followed by rinsing the samples in 

deionised water for 1min. {ǳōǎŜǉǳŜƴǘƭȅ ǘƘŜ ǎƭƛŘŜǎ ǿŜǊŜ ǇƭŀŎŜŘ ƛƴ ǘƘŜ ±ŜǊƘƻŜŦŦΩǎ 

elastic stain for 15 minutes and rinsed with deionised water for 2 minutes directly 

after. The slides were then placed in 2% ferric chloride for 1 minute, rinsed with 

distilled water for 2 minutes and placed in 5% sodium thiosulfate solution for 1 

minute. Immediately after, the slides were rinsed with running distilled water for 2 

minutes before being placed in 3% acetic acid for 3 minutes. Following this step the 

slides were inserted into the 1% Alcian blue solution for 15 minutes, removed and 

rinsed under warm, running water for 2 minutes and then placed in crocein scarlet-

acid fuchsin for 2 minutes. The slides were dipped in 1% acetic acid 5 times and 

placed in 5% phosphotungstic acid for 2 minutes. The sections were then checked 

under the microscope to check there is differentiation in the connective tissues. 

When satisfied with the appearance the slides were dipped in 1% acetic acid a 

further 5 times followed by 2 x 1mins in fresh 100 % EtOH. The slides were added to 

alcoholic saffron solution for 15 mins and washed again for 2 x 1min in 100% EtOH. 
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In the fume hood the slides were placed in 100% xylene solution for 2 x 1 minutes 

before mounting with DPX. 

2.25 statistical analysis 

5ŀǘŀ ǿŀǎ ŀǎǎŜǎǎŜŘ ŦƻǊ ƴƻǊƳŀƭ ŘƛǎǘǊƛōǳǘƛƻƴ ǳǎƛƴƎ 5Ω!Ǝƻǎǘƛƴƻ-Pearson omnibus 

normality test. Due to low number of biological replicates (n=3) typically, normality 

could not be determined. Specific statistics is listed in figure legend for each data 

set. Typically data was analysed as parametric using either one-way or two-way 

ANOVA with Bonferroni post-test.  

Statistical significance was considered at p<0.05. Statistical analysis was carried out 

using GraphPad® Prism Version 5 (GraphPad Software, CA, USA) and 

Microsoft® Excel 2010 (Microsoft Corporation, Washington, USA). 
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3.1 Introduction 

The majority of early work on developing in vitro culture conditions of cells has 

focused primarily on nutrients, pH and growth factors. This has resulted in a wide 

variety of media formulations and supplements with varying degrees of success for 

culture of stem cells. More recently, oxygen tension has also been recognized as an 

essential component of culture conditions for cells (Fehrer et al., 2007, Meyer et al., 

2010, Sheehy et al., 2012). Historically, with oxygen tension for cell culture 

receiving little attention, atmospheric or ambient oxygen levels were primarily used 

(Shooter and Gey, 1952). To a large extent this continues to be the standard oxygen 

tension for the expansion of the majority of mammalian cells including MSCs. In 

contrast, the majority of stem cells in vivo exist in far lower oxygen tensions. Lower 

oxygen tension in tissues, such as bone marrow (1-5%), known to harbour stem 

cells raised the question as to whether or not these lower oxygen tensions were 

essential for the maintenance of stem cells. Stem cells exist in a specific niche which 

conventionally refers to an anatomical location. This definition has been expanded 

to incorporate physical, chemical and hormonal cues which regulate stem cell 

biology (Mohyeldin et al., 2010). Oxygen tension measured in atmospheric air is 

21% or 160mm Hg. As this air is inhaled, the partial pressure oxygen (pO2) 

decreases and by the time it reaches organs and tissues has reduced to 2-9% pO2 

or 14-65 mm Hg. This oxygen level is a dramatic reduction on the oxygen tension 

which classically has been identified as normoxic (21%). Ironically, 2-9% pO2, the 

ŎŜƭƭǎΩ ƴƻǊƳƻȄƛŀΣ Ƙŀǎ ōŜŜƴ ǊŜǇƻǊǘŜŘ ŀǎ ΨƘȅǇƻȄƛŎΩ ƛƴ ƳǳŎƘ ƻŦ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜΦ ²ƛǘƘ ǘƘŀǘ 

in mind a number of studies have been carried out which report that altering of 

oxygen tension during culture of MSCs does alter the phenotype of these cells. 

Numerous studies have reported an effect of oxygen tension on growth, tri-lineage 

differentiation potential and production of cytokines. However, these studies have 

generated conflicting data regarding the effect of hypoxia on MSCs. Although some 

of this can be attributed to experimental conditions, there are still discrepancies. 

This also has implications for the therapeutic potential of MSCs. For example, bone 

fracture sites and cartilage are hypoxic by nature and also have limited 

vascularisation (Lu et al., 2008). MSCs, grown at 21% pO2, transplanted into this 
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environment may undergo a stress response which could alter their survival and 

therapeutic efficacy.  

One area where there appears to be consensus is the effect of low oxygen levels or 

hypoxia on MSC proliferation (Kakudo et al., 2015, Iida et al., 2010, Grayson et al., 

2007b, Fotia et al., 2015). In one study that assessed the long term effect of in vitro 

culture of MSCs in hypoxia, the cells were cultured for seven passages in either 

hypoxia or normoxia and a 30-fold increase in cell yield was observed in the former. 

This increase in proliferation of cells in hypoxia appeared to be due to cells in 

normoxia, or 21% oxygen, undergoing oxidative stress thus limiting their 

proliferation (Estrada et al., 2012). In this same study, cells cultured at normoxia 

underwent increased telomere shortening and thus a reduced lifespan. This effect 

was mirrored in a similar study comparing hypoxia (5%) with normoxia-cultured 

MSCs, which showed that hypoxia-cultured cells were genetically more stable in an 

undifferentiated state and again underwent a significant increase in proliferation.  

In a contrasting study, culture of cells in 1% O2 underwent reduced proliferation 

compared to cells in 21% O2 (Holzwarth et al., 2010a). Based on literature regarding 

oxygen tension in bone marrow and culture, the range of hypoxia which seems to 

demonstrate a pro-proliferative effect is between 2-7% with oxygen tension below 

this having an inhibitory effect. Moreover, no studies have been reported looking at 

O2 levels between 7-21% to assess when the switch from hypoxia to normoxia 

occurs or rather whether increasing oxygen tension has a gradient effect on MSCs 

(Liu et al., 2015, Tsai et al., 2012, Holzwarth et al., 2010a, Kakudo et al., 2015, Iida 

et al., 2010, Grayson et al., 2007b, Fotia et al., 2015).  

In addition to the effect of hypoxia on proliferation of MSCs, a number of studies 

have reported an effect of hypoxia on tri-lineage differentiation potential of the 

cells (Sheehy et al., 2012)].  With respect to osteogenic differentiation, the majority 

of data seems to indicate an inhibitory effect of hypoxia on osteogenesis of bone 

marrow-derived MSCs (Fehrer et al., 2007, Holzwarth et al., 2010a, Lee and Kemp, 

2006). A similar effect has also been reported with adipose-derived MSCs (Malladi 

et al., 2006). In these studies, when compared to the same cells in normoxia, a 

reduction in a number of markers of osteogenesis was reported, including reduced 
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alkaline phosphatase production and mineralisation ability in combination with a 

reduction in osteogenic genes such as Runt-related transcription factor 2 (Runx2) 

and Osteocalcin (Fehrer et al., 2007, Holzwarth et al., 2010a, Lee and Kemp, 2006) 

(Malladi et al., 2006). A mechanism for the down regulation of Runx2 has been 

associated with the HIF-TWIST (Hypoxia inducible factor-Twist related protein) 

pathway (Yang et al., 2011). In contrast to these studies, osteogenesis has been 

shown to be enhanced in hypoxia (2% O2) with increased Runx2 expression 

(Valorani et al., 2012). This data was also replicated in a second study using a 

hypoxia mimicking agent desferrioxamine, an iron chelator that enhances HIF-1  h

accumulation (Wagegg et al., 2012). Some of this conflicting data can be explained 

by timing of the use of hypoxia. Some studies maintain the cells in hypoxia entirely 

for both proliferation and differentiation whereas other studies culture the cells in 

either hypoxia or normoxia for proliferation and then switch the oxygen tension for 

differentiation.  This effect has been observed in adipose-derived MSCs when pre-

cultured in hypoxia and differentiated in normoxia (Valorani et al., 2012). In these 

studies hypoxia is reported to increase osteogenesis.  However, it is likely that 

hypoxia priming of cells during proliferation before differentiation may have been 

the inducer of the increased osteogenesis in this study (Valorani et al., 2012). This 

may highlight an anomaly in reporting on the effect of hypoxia in the literature.   

Hypoxia also appears to have an effect on MSC adipogenic differentiation. 

However, the same issues remain in reporting on how hypoxia was used during 

these experiments. In studies directly comparing MSCs cultured and differentiated 

in either hypoxia (2-5%) or normoxia (18-21%), the overall data reports an 

inhibition in adipogenesis of cells cultured in hypoxia (Zhou et al., 2005). Similar to 

osteogenesis, the mechanism through which this effect is mediated appears to be 

through the HIF-1  hpathway, but through the interplay of HIF-1  hand DEC1/Stra13, 

a member of the drosophila hairy/Enhancer of split transcription repressor family, 

which inhibits peroxisome proliferator-activated receptor gamma (tt!wʴн), a 

transcriptional enhancer of adipogenesis (Yun et al., 2002). In mouse embryonic 

fibroblasts deficient in HIF-1 ,h hypoxia-mediated inhibition of adipogenesis was not 

observed (Yun et al., 2002). Hypoxia-induced inhibition of MSC adipogenic 
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differentiation may not be surprising, particularly in adipose-derived MSCs; these 

cells in their natural physiological niche, adipose tissue, are exposed to an oxygen 

level of less than 3% and in this niche, MSCs reside in an undifferentiated state 

(Valorani et al., 2012, Chung et al., 2009). Similar to studies of osteogenesis, 

defining hypoxia is necessary for consistency in the literature. Hypoxia of between 

2-5% (Yun et al., 2002) appears to inhibit adipogenesis. Conversely, where O2 levels 

below 2% are used, an increase in adipogenesis of hypoxia cultured cells may be 

seen (Fink et al., 2004). This effect was also observed in extreme hypoxia (0.2% O2), 

where bone marrow MSCs underwent increased adipogenesis and expression of 

adipocyte-specific genes such as lipoprotein lipase (LPL), complement factor D 

(CFD), and hypoxia-inducible gene-2 (HIG2). A lack of standardisation in 

experimental design between studies has again resulted in conflicting data 

regarding the effect of hypoxia on adipogenesis.  

In addition to the general consensus that hypoxia increases MSC proliferation, 

there is also general agreement in the literature that hypoxia increases 

chondrogenesis (Khan et al., 2007b). In a study comparing cells cultured in 

normoxia (21% O2) and hypoxia (3% O2) and then differentiated in both conditions, 

the oxygen levels during culture appeared to have a greater effect on 

chondrogenesis than the oxygen levels during chondrogenic differentiation 

(Adesida et al., 2012). In this instance, hypoxia-cultured cells underwent increased 

chondrogenesis compared to normoxia-cultured cells after 21 day pellet culture as 

assessed by sGAG levels and Safranin O staining. This was independent of oxygen 

levels during chondrogenesis. Furthermore these data were complimented by 

increased mRNA levels of chondrogenesis-associated genes Aggrecan, Collagen II 

and Sox9 (Adesida et al., 2012). This increased chondrogenic potential of MSCs 

isolated in hypoxia may be due to the early selection of a chondroprogenitor 

subpopulation of MSCs. Adipose-derived MSCs isolated in hypoxia had reduced 

matrix metalloproteinase synthesis and reduced osteogenic potential (Xu et al., 

2007). In this study, re-oxygenation of MSCs by culturing them in 21% O2 ŘƛŘƴΩǘ 

recover the osteogenic phenotype indicating that isolation and culture of cells in 

hypoxia may select a different subpopulation of MSCs, in this case a 
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chondroprogenitor with increased chondrogenic potential is maintained. This study 

is contradicted in a second study where the transcriptional profile of MSCs 

preconditioned in either hypoxia or normoxia prior to chondrogenesis was analysed 

using a microarray. Here hypoxic pre-conditioning had no effect on subsequent 

chondrogenesis assays performed in normoxia.  Similar to previous studies the 

transition to normoxia resulted in increased proliferation and also a reduction in 

apoptosis which may be due to a reduction in oxidative stress experienced by the 

cells (Pilgaard et al., 2009, Estrada et al., 2012).  

With these data in mind, it is reasonable to assume isolation of MSCs in varying 

oxygen levels may select for different subpopulations of MSCs with altered 

phenotypes. This may have far reaching implications for the field of cell therapies as 

identifying the optimal culture conditions for the therapeutic target may be key to 

the therapeutic efficacy of MSCs. Unanswered questions in the field include the 

optimal oxygen tension level as numerous studies vary the oxygen levels defined as 

hypoxia.  
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3.2 Methods 

To determine the effect of hypoxia on MSCs isolated in either hypoxia (2% O2) or 

normoxia (21% O2), human bone marrow was obtained from healthy donors as 

outlined in section 2.1 and MSCs were isolated in either serum-containing or 

serum-free media. These cells were incubated in hypoxia (2% O2) or normoxia (21% 

O2) for three passages (section 2.4) at which time the cell tri-lineage differentiation 

potential (sections 2.7-2.9), pro-angiogenic (section 2.13) and immunosuppressive 

effect (section 2.12) was assessed. Cells were also assessed for their surface marker 

phenotype (section 2.11) using the ISCT panel with the addition of CD271 and 

CD146 (Sacchetti et al., 2007b, Jones et al., 2002). The immunogenicity of the cells 

was also determined (section 2.12). CFU-f capability (section 2.3) and growth 

throughout culture was also determined (Section 2.5). A schematic outline of the 

experimental design is given in figure 3.2.1. No deviations from these protocols 

were carried out in this chapter unless otherwise stated.  
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Figure 3.2.1: Schematic representation of the approach taken for the in vitro characterisation of bone marrow-derived mesenchymal stem 

cells isolated in serum-containing (SC) or serum-free (SF) culture medium. Specific methods (as described in chapter 2) are indicated by 

associated number in red. 
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3.3 Results 

3.3.1 Serum-free medium isolates CFU-fs with distinct size and shape similar to 

serum-containing isolated CFU-fs 

The serum-free (SF) medium was assessed for its ability to isolate CFU-fs from bone 

marrow in both hypoxia and normoxia. Bone marrow aspirates were obtained from 

healthy donors and whole marrow was plated directly onto tissue culture plastic. 

Both SF and SC media were assessed for their ability to isolate CFU-fs from human 

bone marrow in hypoxia and normoxia (Figure 3.3.1a). CFU-fs were stained with 

crystal violet and imaged (Figure 3.3.1b). Quantification of crystal violet stained 

colonies indicated no statistical difference in CFU-f numbers in either hypoxia or 

normoxia in SF and SC groups was observed due to variation between donors. 

(Figure 3.3.1c).   
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Figure 3.3.1: CFU-fs isolated using serum-free medium are equivalent to serum-

containing medium. (A) Representative images of CFU-fs in 6-well plates stained 10 

days post-isolation from bone marrow. (B) Representative images of typical colonies 

observed at 4x magnification (Scale bar: 500µm). Quantitative analysis of CFU-f 

number normalised to 1x106 MNCs seeded. No statistical difference was observed in 

CFU-f number. Data is presented as the mean ± SD, n=3 biological replicates. 

Statistical analysis performed using two-away ANOVA with Bonferroni post-test. 

 

3.3.2 Growth kinetics of SF and SC cells isolated and cultured in hypoxia and 

normoxia 

Growth kinetics of each culture were assessed by calculating population doublings 

of cells versus days in culture based on cell yields at the end of each passage. 

Growth curves indicate similar growth profiles of MSCs in all conditions. Predicted 

cell yields for four MSC donors are presented in figure 3.3.2b. These are based on 

growth kinetics of MSCs in the appropriate group, assuming the entire marrow was 

isolated and cultured in that condition. Data indicates SF MSCs in hypoxia may 

proliferate faster in hypoxia but this difference was not statistically significant due 

to inter-group and inter-donor variation.  
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Figure 3.3.2: Growth kinetics of serum-free (SF) and serum-containing (SC) isolated 

cells in normoxia (21% O2) compared to hypoxia (2% 02). (A) Representative growth 

kinetics of 4 biological replicates of SF and SC MSCs cultured in normoxia and 

hypoxia. SF; serum-free normoxia, SC; serum-containing normoxia, SFH; serum-free 

hypoxia, SCH; serum-containing hypoxia. (B) Predicted cell yields of 4 MSC donors 

based on calculated growth curves for those donors assuming the entire marrow 

was cultured in the relevant group. No statistical difference observed in predicted 

cell yields using one-way ANOVA with Bonferroni post-test. Inter-donor variability.   

 

 

3.3.3 Serum-free isolated cells have morphology distinct from serum-containing 

isolated cells 

MSC morphology was observed using microscopy. SF MSCs appear to be smaller in 

size in both hypoxia and normoxia compared to SC MSCS. The morphology of each 

cell group was unaffected by culture in either hypoxia or normoxia. MSC images 

were taken at passage 3. Both cells maintained the typical fibroblastic cell 

morphology but were distinct from each other. Cell size was assessed using the 

Sceptor hand-held automated cell counter 2.0 (Millipore). Increase in cell size is 

observed in SC cultured MSCs. Data presented on cell size was carried out on 

normoxia-cultured MSCs. Data not available for hypoxia-cultured MSCs.  
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Figure 3.3.3 Morphology and size of MSCs was altered by culture of MSCs in SF 

and SC medium. (A) Images presented are 4x magnification images and are 

representative of 4 MSC donors. Scale bar: 500µm. (B) Cell diameter of SF and SC 

MSCs cultured in normoxia. Increase observed in cell diameter of SC MSCs compared 

to SF-cultured MSCs. Statistical analysis was performed using an unpaired T-test 

ǿƛǘƘ ²ŜƭŎƘΩǎ ŎƻǊǊŜŎǘƛƻƴΤ ϝǇҖлΦлрΦ 

 

3.3.4 Normoxia cultured cells have increased osteogenic potential compared to 

hypoxia cultured cells 

To determine the optimal culture conditions for MSCs to undergo osteogenic 

differentiation, SF and SC isolated and cultured cells in either hypoxia or normoxia 

were differentiated in osteogenic medium to assess the optimal culture conditions 

for osteogenesis. Cells were cultured in osteogenic medium for between 14-17 days 

and calcium deposition was assessed visually by alizarin red staining and 

ǉǳŀƴǘƛǘŀǘƛǾŜƭȅ ǳǎƛƴƎ ǘƘŜ Ψ{ǘŀƴōƛƻ /ŀƭŎƛǳƳ [ƛǉǳƛŎƻƭƻǳǊ YƛǘΩΦ wŜǎǳƭǘǎ Ŧrom alizarin red 

staining indicate increased calcium deposition in SC and SF cells cultured and 

differentiated in normoxia in comparison to hypoxia cultured/differentiated cells 

(Figure 3.3.4a). These findings were further verified by quantitative measurement 

of calcium levels. Quantification of calcium levels indicated that normoxia-cultured 

MSCs had increased calcium production which was reduced by culture of these cells 

in hypoxia (Figure 3.3.4b). No statistical difference was observed between SF and 

SC cells within either hypoxia or normoxia groups. Negative control MSCs i.e. MSCs 
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cultured in standard SC MSCs for the duration of the differentiation assay 

demonstrated no spontaneous osteogenesis (data not shown).  

                  

                 

Figure 3.3.4: Osteogenic potential of cells was enhanced in normoxia cultured 

cells and was maintained in all conditions. (A) Representative alizarin red staining 

of SF and SC cells in normoxia or hypoxia cultured MSCs indicate osteogenic 

potential of MSCs is maintained in various culture conditions and is increased in 
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normoxia compared to hypoxia. (B) Osteogenic differentiation potential was further 

assessed by quantification of calcium deposition displayed as calcium levels 

represented as µg/cm2. These results further validated the results observed by the 

alizarin red staining. Results are presented as the mean ± standard deviation (SD) of 

о ōƛƻƭƻƎƛŎŀƭ ǊŜǇƭƛŎŀǘŜǎΣ ϝϝǇҖлΦлмΣ ϝϝϝǇҖлΦллм ŀǎ ŘŜǘŜǊƳƛƴŜŘ ǳǎƛƴƎ ǘǿƻ-way ANOVA 

ŀƴŘ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ Ǉƻǎǘ-test.   

 

3.3.5 Adipogenic potential of MSCs is reduced by hypoxia and is unaffected by use 

of SF or SC media 

To determine the optimal culture conditions for MSCs to undergo adipogenic 

differentiation, SF and SC isolated and cultured cells in either hypoxia or normoxia 

were differentiated in adipogenic medium to assess the optimal culture conditions 

for adipogenesis. Cells were induced with adipogenic induction medium and fed for 

approximately 15 days in altering cycles of adipogenic induction medium and 

adipogenic maintenance medium. Oil red O staining of lipid vacuoles demonstrated 

a significant depletion of the adipogenic potential of MSCs in hypoxia in comparison 

to normoxia (Figure 3.3.5a). Quantification of Oil red O staining was performed by 

extraction of Oil red O staining in 99% isopropanol and measurement of the 

extracted stain (Figure 3.3.5b). SF and SC cells in normoxia displayed equivalent 

lipid accumulation indicated by Oil red O staining and quantification. This lipid 

accumulation was reduced in both cell groups when cultured in hypoxia (Figure 

3.3.5a &b). Negative control MSCs i.e. MSCs cultured in standard SC MSCs for the 

duration of the differentiation assay demonstrated no spontaneous adipogenesis 

(data not shown).  
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Figure 3.3.5: Adipogenic potential of cells was enhanced in normoxia cultured 

cells and was maintained in all conditions. (A) Representative Oil red O staining of 

SF and SC cells in normoxia or hypoxia cultured MSCs indicates adipogenic potential 

of MSCs is maintained in various culture conditions and is increased in normoxia 

compared to hypoxia. (B) Adipogenic differentiation potential was further assessed 

by quantification of Oil red O. These results further validated the results observed by 
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the Oil red O staining. Results are presented as the mean ± standard deviation (SD) 

ƻŦ о ōƛƻƭƻƎƛŎŀƭ ǊŜǇƭƛŎŀǘŜǎΣ ϝǇҖлΦлрΣ ϝϝϝǇҖлΦллм ŀǎ determined using two-way 

!bh±! ŀƴŘ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ Ǉƻǎǘ-test.   

 

3.3.6 Chondrogenic potential of SF cultured cells is increased in hypoxia 

To determine the optimal culture conditions for MSCs to undergo chondrogenic 

differentiation, SF and SC isolated and cultured cells in either hypoxia or normoxia 

were differentiated in chondrogenic medium supplemented with TGF- 3̡ to assess 

the optimal culture conditions for chondrogenesis. Cells were cultured in 

chondrogenic medium for 21 days. Chondrogenesis was assessed histologically by 

Safranin O staining (Figure 3.3.6a) and by measurement of sulfated-

glycosaminoglycan (sGAG) using the DMMB assay (Figure 3.3.6b). Sulfated-GAG 

levels were normalised to DNA content using the picogreen assay (Figure 3.3.6b). SF 

cultured cells displayed increased chondrogenesis assessed by GAG: DNA levels in 

hypoxia compared to SF cells in normoxia. No differences were observed between 

SF and SC cells cultured in normoxia or hypoxia. Safranin O staining of GAG 

indicated an increase in chondrogenesis of SF and SC cells in hypoxia compared to 

normoxia. This pro-chondrogenic effect of hypoxia was observed by the slight but 

not significant increase in chondrogenesis of SC cells cultured in hypoxia compared 

to normoxia and the significant increase in GAG levels of SF cells in hypoxia 

compared to normoxia. Differences in Safranin O staining of sGAG and quantitative 

sGAG levels can be accounted for due to the random selection of histological slides 

for Safranin O staining and the non-uniform presence of sGAG in chondro pellets. 

Quantitative sGAG levels measure the total sGAG levels normalised to DNA content. 

Negative control MSCs i.e. MSCs cultured in ICM for the duration of the 

differentiation assay demonstrated no spontaneous chondrogenesis (data not 

shown).  
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Figure 3.3.6: Chondrogenic potential of SF cells was enhanced in hypoxia cultured 

cells and was maintained in all conditions. (A) Representative Safranin O staining 

of SF and SC cells in normoxia or hypoxia cultured MSCs indicates chondrogenic 

potential of MSCs is maintained in various culture conditions and is increased in 

hypoxia compared to normoxia. (B) Chondrogenic differentiation potential was 

further assessed by quantification of sGAG levels normalised to DNA content. These 
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results further validated the results observed by the Safranin O staining. Results are 

presented as the mean ± standard deviation (SD) of 3 biological ǊŜǇƭƛŎŀǘŜǎΣ ϝǇҖлΦлрΣ 

as determined using two-ǿŀȅ !bh±! ŀƴŘ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ Ǉƻǎǘ-

test.  

 

3.3.7 Flow cytometry evaluation of bone marrow-derived MSCs 

As part of the criteria for defining a bone marrow-derived MSC according to the 

ISCT (Dominici et al., 2006a), surface marker expression of MSC markers CD105, 

/5то ŀƴŘ /5фл Ƴǳǎǘ ōŜ ƻōǎŜǊǾŜŘ ŀǘ ƭŜǾŜƭǎ җфр҈ ŀƴŘ ƘŀŜƳŀǘƻǇƻƛŜǘƛŎ ƳŀǊƪŜǊǎ ŀǎ 

outlined in table 2.1 must be expressed on less than 2% of the cells. To robustly 

assess marker expression on cells by flow cytometry, an appropriate gating strategy 

must be used. Issues that can generate false positive/negative data include high 

levels of cell debris, cell clumping and insufficient antigen blocking steps. To 

overcome these issues, the gating strategy outline below was used for all flow 

cytometry experiments assessing surface marker expression. All antibodies used 

were phycoerythrin (PE) conjugated IgG1 antibodies with the exception of HLA-DR 

which was a PE-conjugated IgG2b as defined in table 2.1. Cell staining protocols 

used are outlined in 2.11. The gating strategy first separates MSCs from cell debris 

and proteins which may be in staining buffer by plotting cell size (forward scatter 

area. FSC-A) versus cell granularity (side scatter area, SSC-A). Following separation 

of MSCs from debris, cell doublets or clumps need to be excluded. Cell doublets are 

an issue where two or more cells are stuck together and those cells have different 

expression profiles. Depending on which cell is read by the flow cytometer, this 

may report both a false positive or negative expression of both cells for a specific 

marker as it is not possible to distinguish the two cells from each other.  Doublets 

are excluded by plotting the cell size or area (FSC-A) versus the cell diameter 

(Forward scatter height, FSC-H). Where, clumping occurs cells will fall outside the 

ŘŜŦƛƴŜŘ ǊŜƎƛƻƴ ƛƴ ŦƛƎǳǊŜ оΦоΦт Ψ{ƛƴƎƭŜ /Ŝƭƭ ƎŀǘŜΩΦ 5ŜŀŘ ŎŜƭƭǎ ŀǊŜ ŀƭǎƻ ŜȄŎƭǳŘŜŘ ŦǊƻƳ 

analysis as false binding of antibodies can bind to the compromised cell membrane. 

Finally expression of all antibodies was assessed in relation to expression of the 

isotype control at a matched concentration to the antibody to distinguish non-
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specific binding from true antigen recognition. In all experiments, 1x104 live, single 

cells were assessed sample.  

 

Figure 3.3.7: Gating strategy for flow cytometry analysis of surface marker 

expression of bone marrow-derived MSCs. MSCs were first identified based on cell 

size and granularity by plotting forward scatter area (FSC-A) versus side scatter area 

(SSC-A) to exclude debris. Subsequently, double cells and cell clumps were excluded 

by plotting forward scatter height (FSC-H) versus forward scatter area (FSC-A). Sytox 

red viability stain was used to exclude non-viable cells. MSCs were then assessed for 

specific marker expression in comparison to the appropriate isotype control. All 

antibodies tested were IgG1 antibodies with the exception of HLA-DR which is an 

IgG2 antibody and was plotted versus its appropriate control.  Staining protocols are 

outlined in section 2.11. 

 

3.3.8 Increased expression of CD271 and CD146 on serum-free MSCs   

To assess whether the MSCs isolated and cultured in SF medium satisfied the ISCT 

criteria for definition as MSCs, SF and SC MSCs isolated and cultured in normoxia 

and hypoxia were assessed for expression of the markers reported in figures 

оΦоΦуŀϧōΦ {C a{/ǎ ƳŀƛƴǘŀƛƴŜŘ җфр҈ ŜȄǇǊŜǎǎƛƻƴ ƻŦ a{/ ƳŀǊƪŜǊǎ /5млрΣ /5то ŀƴŘ 
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CD90 in both hypoxia and normoxia. Equivalent expression profiles were observed 

for the SC MSCs in both conditions. In addition to the ISCT panel, expression of 

CD271 and CD146 was also assessed. CD271 was a marker previously reported to 

select the entire CFU-f population of stromal cells from bone marrow (Jones et al., 

2002). This marker is typically lost during culture of MSCs in the presence of FBS 

and is not observed in cells beyond the end of P0 (Boxall and Jones, 2012). SF 

isolated and expanded MSCs maintained expression of CD271 in both normoxia 

(figure 3.3.8a) and hypoxia (3.3.8b). Expression of CD271 is highly variable between 

MSC donors in normoxia and more stably expressed in hypoxia. Expression of 

CD271 was not observed in SC MSCs in either hypoxia or normoxia. Furthermore, 

CD146 has also previously been reported to enrich for a population of MSCs from 

bone marrow (Sacchetti et al., 2007b). Expression of CD146 was maintained in SC 

isolated and expanded cells in both hypoxia and normoxia. This expression was 

mirrored in the SF cells but with a higher number of cells maintaining this 

expression.  
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Figure 3.3.8: Surface marker characterisation of bone marrow-derived MSCs. (A) 

Quantitative marker expression of SF (orange) and SC (blue) MSCs cultured in 

normoxia. (B) Quantitative marker expression of SF (orange) and SC (blue) MSCs 

cultured in hypoxia. Results are presented as the mean ± standard deviation (SD) of 

3 biological replicates of MSCs at the end of P3. 

 

3.3.9 Serum-free MSCs display increased pro-angiogenic potential 

MSCs have previously been reported to secrete pro-angiogenic factors (Singer and 

Caplan, 2011) that can contribute to their therapeutic efficacy. The pro-angiogenic 

effect of MSCs was assessed by co-culturing of human umbilical cord vein epithelial 

cells (HUVECs) with conditioned medium from MSCs in SF and SC medium in either 

hypoxia or normoxia. Details of the experimental setup are outlined in section 2.13. 
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Briefly, to standardise collection of medium, equivalent numbers of MSCs were 

seeded in T-175 flasks and allowed to reach 50% confluency at which point a full 

medium change was carried out. Subsequently, after 3 days of conditioning of the 

medium with the cells, the medium was harvested. Conditioned media was 

harvested and centrifuged at 400xg for 5mins to remove any cells present. 

Conditioned media was then stored at -80°C until use. To discriminate between the 

effect of the medium itself and the cells, unconditioned medium (not exposed to 

cells) was prepared in T-175 flasks in conjunction with conditioned medium. Media 

samples were co-cultured with HUVEC cells for 18hrs and tubule numbers per well 

were determined. Tubules were defined as any fully formed tube joining two or 

more bridging points. All groups resulted in the formation of tubules.  Oxygen level 

had no intra-group effect in either SC or SF media groups. SF media groups 

demonstrated a greater fold increase in tubule formation compared to the media 

control compared to SC media groups. This effect was independent of oxygen 

levels.  

  

A 
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Figure 3.3.9: Angiogenic potential of human umbilical vein epithelial cells (HUVEC) 

cells cultured in the presence of MSC conditioned medium. (A) Representative 

images of HUVEC-derived tubules 18hrs post culture in the presence of MSC 

conditioned media on Matrigel. Scale bar: 200µm. (B) Quantitative analysis of 

tubule number formed after co-culture of SF and SC MSC conditioned medium from 

either hypoxia or normoxia.  Three biological replicates were assessed with three 

technical replicates. Five random fields were selected in each well and tubules 

identified as a complete connection of tubule between at least two bridging points. 

Tubule number is represented as a fold change of unconditioned basal media 
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appropriate to each cell group. (C) Quantitative analysis of total tubule number 

generated by HUVEC cells exposed to either SF or SC medium unconditioned by cells.   

Results are presented as the mean ± standard deviation (SD) of 3 biological 

ǊŜǇƭƛŎŀǘŜǎΣ ϝǇҖлΦллм ǳǎƛƴƎ ǘǿƻ-ǿŀȅ !bh±! ŀƴŘ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ Ŏƻmparisons 

post-test. 

 

3.3.10 Flow cytometry gating strategies to assess the immunosuppressive & 

immunogenic potential of MSCS 

To determine the effect of MSCs on T-lymphocyte proliferation, PBMCs were 

isolated from healthy volunteers as described in 2.12. After stimulation of T-

lymphocytes, cells were stained with CD4 and assessed for proliferation by flow 

cytometry. The gating strategy outlined below outlines the process for determining 

T-lymphocyte proliferation. Initially, lymphocytes are distinguished from other 

mononuclear cells based on cell size and granularity. Following this, doublets and 

cell clumps are excluded. Subsequently, a CD4+ and CD4- T-lymphocyte population 

is identified. These populations are then assessed for proliferation assessed by CFSE 

expression.  
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Figure 3.3.10: Gating strategy for flow cytometry analysis of T-lymphocyte 

expression. Lymphocytes were first identified based on cell size and granularity by 

plotting forward scatter area (FSC-A) versus side scatter area (SSC-A) to exclude 

debris. Subsequently, double cells and cell clumps were excluded by plotting forward 

scatter height (FSC-H) versus forward scatter area (FSC-A). CD4 expression was then 

used to distinguish CD4+ and CD4- (CD8+) T-lymphocytes. 
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3.3.11 Immunosuppressive effect of MSCs is unaffected by use of serum-free 

medium  

To demonstrate the immunosuppressive nature of MSCs cultured in SF and SC 

medium in hypoxia and normoxia, peripheral blood mononuclear cells (PBMCs) 

were isolated from healthy volunteers as outlined in sections 2.12.1-4. PBMCs were 

labelled with CFSE and co-cultured with various ratios of MSCs to PBMCs as 

reported in figure 3.3.11 for 4 days. T-lymphocytes were distinguished from other 

PBMCs including monocytes based on the scatter plot as described in figure 3.3.10. 

Additionally, cells were stained with CD4 to identify the CD4+ and CD4- fraction of 

T-lymphocytes. T-cells were activated to proliferate by the addition of CD3 and 

CD28 antibodies. Proliferation of cells was measured by flow cytometric analysis of 

CFSE expression. CFSE expression is sequentially halved in daughter cells following 

cell division. For this reason, it can be used to measure the number of divisions 

undertaken by a cell. Immunosuppression of stimulated T-cells by MSCs resulted in 

a reduction of proliferation (Figure 3.3.11). Figures 3.3.11a-b report the 

immunosuppressive effect of CD4+ and CD4- T-lymphocytes respectively at 1:5, 

1:20 and 1:50 ratios of MSC: T-lymphocyte with MSCs cultured in normoxia. Both 

cell types suppressed the stimulated lymphocyte group (black) with no difference 

observed between SF and SC groups at any ratio. Figures 3.3.11c-d report the 

immunosuppressive effect of CD4+ and CD4- T-lymphocytes respectively at 1:5, 

1:20 and 1:50 ratios of MSC: T-lymphocyte with MSCs cultured in hypoxia. 

Functionality of the assay is defined by stimulated T-lymphocytes undergoing 

proliferation in җрл҈ ƻŦ ǘƘŜ ǇƻǇǳƭŀǘƛƻƴ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ǳƴǎǘƛƳǳƭŀǘŜŘ ¢-

lymphocytes. Assessment of the immunosuppressive effect of hypoxia cultured T-

lymphocytes was not possible in low oxygen levels due to insufficient proliferation 

of T-lymphocytes.  Results are presented as the mean ± standard deviation (SD) of 3 

biological replicates. No statistical difference was observed in normoxia using two-

ǿŀȅ !bh±! ŀƴŘ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ Ǉƻǎǘ-test. Statistical difference 

was observed in CD4- T-lymphocytes at 1:20 and 1:50 ratio of MSC: T-lymphocyte in 

ƘȅǇƻȄƛŀΦ ϝϝ ǇҖлΦлмΦ 
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Figure 3.3.11: Immunosuppressive effect of MSCs on CD28/CD3 antibody 

stimulated peripheral blood T-lymphocytes.  Percentage proliferation of CD3/CD28 

stimulated T-lymphocytes compared to unstimulated T-lymphocytes. (Black) Non-

immunosuppressed T-lymphocytes, (Red) Co-culture of SF-cultured MSCs with 

stimulated T-lymphocytes, (Blue) Co-culture of SC-cultured MSCs with stimulated T-

lymphocytes. (A) Effect of normoxia cultured MSCs on CD4+ T-lymphocytes at 

various ratios of MSCs: T-lymphocytes. (B) Effect of normoxia cultured MSCs on CD4- 

T-lymphocytes at various ratios of MSCs: T-lymphocytes. (C) Effect of hypoxia 

cultured MSCs on CD4- T-lymphocytes at various ratios of MSCs: T-lymphocytes. (D) 

Effect of hypoxia cultured MSCs on CD4- T-lymphocytes at various ratios of MSCs: T-

lymphocytes. Results are presented as the mean ± standard deviation (SD) of 3 

ōƛƻƭƻƎƛŎŀƭ ǊŜǇƭƛŎŀǘŜǎ ǿƛǘƘ о ǘŜŎƘƴƛŎŀƭ ǊŜǇƭƛŎŀǘŜǎΣ ϝϝǇҖ0.01, as determined using two-

ǿŀȅ !bh±! ŀƴŘ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ Ǉƻǎǘ-test.  

 

3.3.12 Immunogenicity of MSCs cultured in SF and SC media 

To demonstrate the immunogenic nature of MSCs cultured in SF and SC medium in 

hypoxia and normoxia, PBMCs were isolated from healthy volunteers as outlined in 

sections 2.12.1-4 in an identical experimental setup as described above in section 

3.3.11. PBMCs were labelled with CFSE and co-cultured with various ratios of MSCs 
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to PBMCs as reported in figure 3.3.12 for 5 days. T-lymphocytes were distinguished 

from other PBMCs including monocytes based on scatter plot as described in figure 

3.3.10. Additionally, cells were stained with CD4 to identify the CD4+ and CD4- 

fraction of T-lymphocytes. Stimulated T-lymphocytes (black) were activated to 

proliferate by the addition of CD3 and CD28. T-lymphocytes in MSC groups (Orange 

and blue) were not stimulated to proliferate by CD3 and CD28. MSCs were co-

cultured with T-lymphocytes to assess ability to activate proliferation and thus an 

immune response. Proliferation of cells was measured by flow cytometric analysis 

of CFSE expression (Figure 3.3.12). Figures 3.3.12a-b report the immunogenic effect 

of CD4+ and CD4- T-lymphocytes respectively at 1:5, 1:20 and 1:50 ratios of MSCs: 

T-lymphocytes with MSCs cultured in normoxia. No difference was observed in the 

CD4- group (Figure 3.3.12b) at any ratio. At the 1:5 ratio in the CD4+ group (Figure 

3.3.12a) a statistically significant increase in T-lymphocyte activation was reported 

with no difference at other ratios. Figures 3.3.12c-d report the immunogenic effect 

of CD4+ and CD4- T-lymphocytes respectively at 1:5, 1:20 and 1:50 ratios of MSCs: 

T-lymphocytes with MSCs cultured in hypoxia. Mirroring the immunosuppressive 

assay (Figure 3.3.11), the assessment of immunogenic effect of hypoxia cultured T-

lymphocytes is not possible in low oxygen levels due to insufficient proliferation of 

T-lymphocytes. Results are presented as the mean ± standard deviation (SD) of 3 

biological replicates. Statistical analysis was performed using two-way ANOVA and 

.ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ Ǉƻǎǘ-test. Statistical difference was observed in 

CD4+ T-ƭȅƳǇƘƻŎȅǘŜǎ ŀǘ мΥр ƛƴ ƴƻǊƳƻȄƛŀΦ ϝǇҖлΦлмΦ 
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Figure 3.3.12: Immunogenic potential of MSCs on unstimulated peripheral blood 

T-lymphocytes. Percentage proliferation of CD3/CD28 stimulated T-lymphocytes 

compared to unstimulated T-lymphocytes. (Black) Stimulated T-lymphocytes alone, 

(Red) Co-culture of SF-cultured MSCs with unstimulated T-lymphocytes, (Blue) Co-

culture of SC-cultured MSCs with unstimulated T-lymphocytes. (A) Effect of 

normoxia cultured MSCs on CD4+ T-lymphocytes at various ratios of MSC: T-

lymphocytes. (B) Effect of normoxia cultured MSCs on CD4- T-lymphocytes at 

various ratios of MSCs: T-lymphocytes. (C) Effect of hypoxia cultured MSCs on CD4+ 

T-lymphocytes at various ratios of MSCs: T-lymphocytes. (D) Effect of hypoxia 

cultured MSCs on CD4- T-lymphocytes at various ratios of MSCs: T-lymphocytes. 

Results are presented as the mean ± standard deviation (SD) of 3 biological 

ǊŜǇƭƛŎŀǘŜǎ ǿƛǘƘ о ǘŜŎƘƴƛŎŀƭ ǊŜǇƭƛŎŀǘŜǎΣ ϝϝǇҖлΦлмΣ ŀǎ ŘŜǘŜǊƳƛƴŜŘ ǳǎƛƴƎ ǘǿƻ-way 

!bh±! ŀƴŘ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ Ǉƻǎǘ-test.  
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3.4 Discussion  

The aim of this chapter was to assess the effect of isolating MSCs in either hypoxia 

or normoxia in standard serum-containing or serum-free medium and to determine 

how this affected the MSC phenotype. This was done by isolating MSCs from the 

bone marrow of healthy volunteers directly into the serum-free medium defined in 

section 2.1 or standard 10% serum-containing medium. These cells were culture 

expanded until the end of passage 3 at which point they were assessed for their tri-

lineage differentiation capacity, surface marker phenotype and 

immunosuppressive/immunogenicity characteristics. Additionally conditioned 

medium was collected from these cells during culture to assess the pro-angiogenic 

potential of these cells.  

After isolation of cells from bone marrow, MSCs were assessed for their ability to 

form CFU-f as this was how the MSCs were originally identified by Freidenstein et al 

(Friedenstein et al., 1976). CFU-fs were stained with crystal violet and colony 

numbers counted. No statistical difference in colony number was observed 

between SF or SC groups or due to culture of cells in either hypoxia or normoxia.  

This was in contrast to literature which typically indicates an increase in colony 

number for MSCs isolated in 2% hypoxia (Grayson et al., 2006, Grayson et al., 

2007b, Rochefort et al., 2006). The reasons for this inconsistency with current data 

are unclear especially since subsequently the behaviour of cells in hypoxia broadly 

falls in line with the literature. It is worth noting, these cells were maintained in a 

hypoxic incubator and feed and passaged in atmospheric normoxia. The use of a 

hypoxic chamber was not used to maintain these cells entirely in hypoxia. In 

addition, due to the nature of the harvest process, it is reasonable to assume MSCs 

isolated from bone marrow were those cells primarily in the perivascular niche with 

limited MSCs likely to be derived from endosteal niche. This would also increase the 

oxygen tension these cells are exposed to in vivo. In terms of differences between 

the SF and SC cells, there was a trend for higher numbers of colonies in SC medium 

but not to a significant degree. Additionally, cells in SF colonies appear to be 

smaller in size and more diffuse compared to SC colonies. This may be due to the 

presence of fibronectin used for the culture of SF MSCs although this is unlikely as 
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SF cells cultured in the absence of fibronectin have similar cell morphology (data 

not shown). Instead this may merely be a consequence of using a serum-free 

medium for the culture of cells as MSCs isolated in commercially available serum-

free medium adopt a similar reduced cell size compared to serum-containing cells 

(Chapter 6).  

In line with current literature, hypoxia improved the growth kinetics of MSCs 

compared to the same cells isolated and cultured in normoxia (Grayson et al., 

2007a, Hung et al., 2012b). This was particularly evident in SF cultured cells which 

demonstrated an early increase in proliferation rates compared to their normoxia 

counterparts. Hypoxia has been repeatedly shown to increase MSC proliferation in 

culture exposed to serum (dos Santos et al., 2010, Holzwarth et al., 2010b, Hung et 

al., 2012a, Nekanti et al., 2010), a result mirrored here in MSC cultured in this novel 

SF medium. This increased proliferation of MSCs in hypoxia is vitally important for 

translation of MSC therapies as the use of hypoxia can result in faster production of 

cell products and ultimately delivery of cellular therapies to the clinic. In addition to 

increases in proliferation, hypoxia has been reported to maintain the 

undifferentiated state of the MSC via the Notch pathway although the exact 

mechanism for this process is not known (Gustafsson et al., 2005). It has been 

reported in the literature that Notch in an associated with HIF-1Ŭ blocks neuronal 

and myogenic differentiation. During this process HIF-1‌ is recruited to a Notch 

promoter resulting in elevated expression of Notch (Gustafsson et al., 2005). In 

addition to this, increased expression of the stemness associated gene Oct-4 and 

associated protein were observed when umbilical cord-derived MSCs were 

maintained in hypoxia. Although no change in other stemness genes SOX2 and 

NANOG were observed which may suggest maintenance of stemness of MSCs in 

hypoxia (Tsang et al., 2013). This maintenance of stemness genes was also 

observed in a second study which demonstrated increased expression of NANOG 

and SOX2 in adipose-derived MSCs in hypoxia (Fotia et al., 2015).  

Tri-lineage differentiation is a hallmark of MSCs and is required by the ISCT as part 

of the classification of a cell as an MSC (Krampera et al., 2013, Dominici et al., 

2006a). To determine the effect of the use of the SF medium on MSC 
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differentiation, tri-lineage assays were carried out at the oxygen level that the cells 

were maintained in during culture. Osteogenesis was determined by Alizarin red 

staining of mineralisation and by quantification of calcium levels after 14 days of 

induction of the cells in osteogenic medium as outlined in section 2.7. No difference 

was observed between the SF and SC cells within either the hypoxia or normoxia 

groups indicating the SF medium maintains a similar osteogenic potential to 

conventional SC-cultured MSCs. A statistical increase in osteogenesis was observed 

in cells cultured in normoxia compared to those in hypoxia. A proposed mechanism 

for this was highlighted above; the down regulation of the master regulator of 

osteogenesis Runx2 by the HIF-TWIST pathway (Yang et al., 2011). TWIST is a 

downstream target of the HIf-1ʰ ǇŀǘƘǿŀȅ ŀƴŘ ŀŎǘǎ ŀǎ ŀ ǘǊŀƴǎŎǊƛǇǘƛƻƴŀƭ ǊŜǇǊŜǎǎƻǊ ƻŦ 

runx2 resulting in the inhibition of osteogenesis. Here, this resulted in both a drop 

in calcium levels and alizarin red staining. Hypoxia has also been proposed reduce 

osteogenesis of MSCs by Notch signalling. Here Notch1 binds to Runx2 preventing 

its transcriptional activity and thus inhibiting osteogenesis (Xu et al., 2013). 

Conversely, the hypoxia mimicking drug desferrioxamine has been reported to 

increase osteogenesis via the Wnt canonical or ɓ-catenin pathway (Qu et al., 2008), 

an effect not observed in this study. 

A similar effect was observed in adipogenic assays. Adipogenesis was measured by 

Oil red O visualisation of fat formation and also quantified. No difference was 

observed between SF and SC groups in either hypoxia or normoxia. However, like 

osteogenesis, adipogenesis was observed to be reduced in hypoxia. This effect of 

hypoxia on adipogenesis is widely reported in the literature (Yun et al., 2002, Kim et 

al., 2005, Lin et al., 2006) and similarly to osteogenesis appears to be via HIF 

ƛƴƘƛōƛǘƛƻƴ ƻŦ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ ŎƻƴǘǊƻƭ ƎŜƴŜǎΣ ƛƴ ǘƘƛǎ ŎŀǎŜ ƛƴƘƛōƛǘƛƻƴ ƻŦ tt!wʴн (Yun et 

al., 2002). The inhibitory effect observed in this study was reflected by a reduction 

in Oil red O staining indicating reduced fat deposition.  

Unlike, osteogenesis and adipogenesis, hypoxia has been reported to increase the 

chondrogenic potential of MSCs, an effect mirrored in this study (Kanichai et al., 

2008, Khan et al., 2007b, Schipani, 2005). SF MSCs underwent a statistical increase 

in chondrogenesis as measured by sGAG levels compared to the same cells in 
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normoxia. Although there was a trend, no statistical increase in chondrogenic 

potential of SC MSCs was observed in hypoxia. A direct link between hypoxia and 

chondrogenesis is less defined than reported in osteogenesis and adipogenesis. 

However, it seems as though the HIF pathway is involved with an increase in HIF-мʰ 

correlating with an increase in levels of chondrogenic transcription factors Sox5, 

Sox6 and Sox9 as well as increases in aggrecan and ColII and ColX. Similarly an 

upregulation of HIF-нʰ ǊŜǎǳƭǘǎ ƛƴ ƛƴŎǊŜŀǎŜŘ ǎȅƴǘƘŜǎƛǎ ŀƴŘ ŀǎǎŜƳōƭȅ ƻŦ ƳŀǘǊƛȄ ŘǳǊƛƴƎ 

chondrogenesis (Khan et al., 2007b).  

In addition to assessing the tri-lineage differentiation potential of MSCs, the ISCT 

require assessment of a panel of markers that identify the cells and exclude 

potential contaminating cells from cultures, typically cells of haematopoietic origin 

found in bone marrow (Dominici et al., 2006a). MSCs were assessed for the full ISCT 

panel and no differences were observed between SF and SC cells in either hypoxia 

or normoxia indicating that the MSC phenotype was not affected by the use of the 

SF medium or the use of hypoxia during culture. In addition to the ISCT panel, MSCs 

were assessed for expression of CD271 and CD146. As discussed in chapter 1, the 

use of CD271 during isolation of MSCs from culture identifies the entire CFU-f 

forming cells (Jones et al., 2002). It is however lost during culture of MSCs in the 

presence of serum. In this study, we reported the maintenance of a subpopulation 

of cells that maintain CD271 expression. In normoxia, this expression was highly 

variable and was observed between 20-90% depending on the donor. Its 

maintenance was more stable in hypoxia, being maintained at approximately 30%. 

The presence of CD271 may indicate that the cells cultured in SF medium are more 

closely related to their in vivo progenitors. Similarly, it may be that CD271 

expression is downregulated by a component of FBS or conversely upregulated by a 

component of the serum-free medium. One experiment, which may indicate the 

role of FBS on CD271 expression would be the switching of cells from SF and SC 

medium to the alternative and assessing the effect of this on CD271 expression. 

There has been one report which links CD271 expression with an increased 

immunosuppressive effect of MSCs (Kuci et al., 2010). Understanding this  effect of 

FBS on CD271 may contribute to the in vivo function of CD271 for MSCs which is 
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currently predominantly used to identify the anatomical location of MSCs in bone 

marrow when assessed in conjunction with CD146 as described in chapter 1 

(Tormin et al., 2011b). Combining both CD146 and CD271 expression resulted in the 

identification of the two distinct MSC niches, the endosteal niche and the 

perivascular niche with CD271+ CD146+ cells residing in the perivascular niche and 

CD271+ CD146- residing in the endosteal niche (Tormin et al., 2011a). The presence 

of MSCs at a bone lining niche and their osteogenic potential suggests a role for 

these cells in maintaining bone homeostasis. Like CD271, CD146-positive MSCs 

have been reported to be more immunosuppressive than CD146-negative MSCs 

(Wu et al., 2016). This was also assessed in a collagen-induced model of arthritis in 

mice where CD146+ MSCs displayed greater cartilage protection via suppression of 

Th17 cell activation compared to CD146- MSCs. In this study, CD146 expression was 

maintained at higher levels in SF cells compared to SC cells in both hypoxia and 

normoxia. However, further experiments would be required to correlate this higher 

expression in SF MSCs with an increase in a therapeutic function of the cells.  

The production of paracrine factors by MSCs has widely been reported to 

contribute to their therapeutic potential as discussed previously (Singer and Caplan, 

2011). To assess the production of pro-angiogenic factors by MSCs, medium 

conditioned MSCs in culture was collected.  HUVEC cells were co-cultured with the 

conditioned medium from MSCs and the induction of tubule formation by HUVECs 

was assessed. Although no statistical difference was observed, SF MSCs appeared 

to be more pro-angiogenic in both hypoxia and normoxia compared to SC MSCs. To 

distinguish the effect of the MSC versus the medium used, unconditioned medium 

was also assessed. Interestingly, unconditioned SC medium was far more pro-

angiogenic than SF unconditioned medium. Data presented in fig 3.3.9b is 

represented as a fold change of the appropriate unconditioned medium versus the 

cell-ǘǊŜŀǘŜŘ ƎǊƻǳǇǎΦ .ŀǎŜŘ ƻƴ ǘƘƛǎ ŘŀǘŀΣ {/ a{/ǎ ŘƻƴΩǘ ŀǇǇŜŀǊ ǘƻ ŎƻƴǘǊƛōǳǘŜ ŀƴ 

additional pro-angiogenic factor above those present in the FBS. Conversely, SF 

MSCs appear to produce pro-angiogenic factors above those observed in the SF 

medium itself. This is the first functional set of data that would indicate a difference 

in phenotype between SF and SC MSCs. Further analysis would be required to 
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identify specific factors produced by the SF MSCs that contribute to this increased 

pro-angiogenic phenotype.  

MSCs have been reported to be immunosuppressive via the production of soluble 

factors outlined in detail in chapter 1. To determine the immunosuppressive effect 

of MSCs on T-lymphocytes, peripheral blood mononuclear cells from healthy 

donors were co-cultured with MSCs after exposure to CD3 and CD28 to stimulate 

proliferation. MSCs were then assessed at various ratios to suppressive T-

lymphocytes. Assays were performed in hypoxia and normoxia, however due to the 

inability of T-lymphocytes to proliferate in hypoxia, only normoxia cultured cells 

could be assessed. Both SC and SF cells in normoxia demonstrated an 

immunosuppressive effect on CD4+ and CD4- T-lymphocytes with no difference 

between groups. CD4 identifies T-helper cells whereas CD4- T-cells would typically 

be considered CD8+ cytotoxic T-cells. These data indicate that the use of SF 

medium for the culture of MSCs maintained the immunosuppressive effect of MSCs 

at comparable levels to that seen with SC-cultured MSCs. Further assays would 

need to be performed to assess the extent of this immunosuppressive effect. Is it 

specific to T-lymphocytes or are these MSCs also capable of suppressing 

macrophage activation for example.  In a similar assay, the immunogenic potential 

of SF MSCs was assessed. This involved the co-culture of MSCs with unstimulated T-

lymphocytes to determine if the presence of MSCs results in the activation of the T-

lymphocytes to proliferate. No difference was observed in CD4- T-lymphocytes but 

an increase in proliferation of CD4+ T-lymphocytes was observed at the highest 

ratio of SF MSCs to T-lymphocytes which may indicate an immunogenic response. 

Something to consider however is the lack of physiological relevance of the ratio of 

MSCs: T-lymphocytes used. Further analysis of surface expression and secreted 

factors of MSCs may be required to elucidate the mechanism of this response. 

In this chapter, a detailed in vitro comparison of SF and SC MSCs was performed in 

cells isolated and cultured in both hypoxia and normoxia. The data outlined above 

broadly suggests the suitability of the SF medium as an alternative to the use of 

FBS. This is a particularly attractive prospect considering the issues associated with 

FBS including high costs, lack of definition of the product and limited supply. The 
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use of a chemically defined medium would result in a more seamless upscaling for 

the production of MSC for therapies. From a regulatory point of view, a degree of 

uncertainty from the manufacturing process would be removed. This would also 

lead to more predictable and ultimately reduced costing of MSC therapies for 

clinical use. From a research point of view, MSC heterogeneity reported widely in 

the literature may be reduced by the use of a standardised medium formulation. In 

summary, the serum-free medium described here offers real potential to be used 

as an alternative to the cumbersome and costly use of FBS.  
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4.1 Introduction 

A reported six million bone fractures or other conditions are reported each year in 

the United States (Scolaro et al., 2014). 10% of these will require some form of 

bone graft procedure due to the presence of non-healing defects, tumour resection 

or age-related bone disease (Lane et al., 1999, Bucholz, 2002). Although 

orthopaedic conditions are rarely fatal, they represent a leading cause of morbidity 

in the developed world combined with the associated socioeconomic burden. This 

trend will continue to rise in aging populations that continue to gain weight (Evans 

et al., 2008). To date a number of strategies for bone repair have been explored 

with some commercially available treatments showing varying levels of success 

(Wang et al., 2001, Govender et al., 2002). None of these treatment options fully 

recapitulate normal bone repair and can have significant limitations such as implant 

loosening where biologically inert biomaterials are used that are incapable of 

interacting with the surrounding tissue (Branemark et al., 2001).  

Bone plays an important role in both providing mechanical support and acting as a 

reservoir for haematopoietic and stromal stem cells (Sacchetti et al., 2007b). Bone 

is in a constant state of remodelling and is unique to other tissues in that it is 

capable of undergoing scarless repair of fractures (Schmidt-Bleek et al., 2014).  This 

constant remodelling is controlled by two cell types; osteoblasts derived from MSCs 

which lay down new bone and osteoclasts which are derived from haematopoietic 

stem cells and resorb bone by release of proteases. Bone is comprised of two tissue 

types; compact cortical bone and spongy trabecular bone. Normal bone 

development occurs via two processes; intramembranous ossification and 

endochondral ossification (Cohen, 2000). Intramembranous ossification is the 

process where mesenchymal stem cells differentiate into an osteoblastic 

phenotype. This mainly occurs during embryonic development of flat bones. 

Endochondral ossification occurs during embryogenesis, limb growth and fracture 

healing where a cartilage template is formed prior to being calcified and ultimately 

remodelled into mature bone. 

Intramembranous ossification can also occur during fracture healing in the 

presence of mechanical stability although with most fractures there is always some 
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degree of mechanical instability. Although the process of bone repair is greatly 

understood, there are still a number of clinically significant conditions which either 

ŘƻƴΩǘ ƘŀǾŜ ŀ ǘǊŜŀǘƳŜƴǘ Ǉƭŀƴ ƻǊ ŦƻǊ ǿhich the current treatment option is not viable 

in the long term.  

Osteoporosis is recognised as a global epidemic, with management and treatment-

related costs estimated at tens of billions globally (Burge et al., 2007, Kanis and 

Johnell, 2005). Currently over 200 million sufferers are reported globally, with 

prevalence of the disease set to increase further (Kanis, 2007). While treatment of 

osteoporosis normally involves pharmacological intervention, sobering data 

suggests the cost associated with drug treatment modalities reportedly accounts 

for as little as 5% of the overall disease related costs in some instances (Haussler et 

al., 2007). While this figure still accounts for investments of several billion annually, 

what is perhaps more surprising is that the majority of the economic burden 

related to osteoporosis refers to management and treatment of osteoporotic-

related fractures (Desai et al., 2003). Current clinical treatments, demonstrating 

different levels of efficacy on both treatment of the diseases and fracture fixation, 

less than satisfactory clinical predictability of pharmacological intervention and a 

still excessively high morbidity post-fracture have led to sustained research into 

alternative treatments (Vestergaard et al., 2007). There is also the issue of large 

bone defects, non-union fractures and tumour resections where it is not possible 

for unaided endogenous bone regeneration to occur. Various different methods of 

addressing these issues have been attempted including the introduction of 

biomaterials to assist in restoring the mechanical properties of bone while repair is 

underway. These materials can also induce bone regeneration (Barradas et al., 

2011). To further enhance bone repair and regeneration using materials, research 

has explored delivering cells capable of undergoing or inducing bone repair and/or 

the growth factors used in natural bone development and regeneration.  

Growth factors play a vital role in bone repair whether it is via direct interaction 

with osteoblasts as local regulators of cell function and growth, the induction of 

angiogenesis or by inducing cell migration and differentiation of endothelial and 

osteoprogenitor cells (Hing, 2004). As a consequence of this, growth factors have 
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been of significant interest in the development of new therapeutic applications for 

bone repair.  A number of growth factors have been investigated based on their 

involvement in normal bone development and repair; including bone morphogenic 

proteins (BMPs), platelet-derived growth factor (PDGF), fibroblast growth factors 

(FGF), insulin-like growth factor (IGF) and transforming growth factor-  ̡(TGF- )̡ (Ai-

Aql et al., 2008). The TGF-ʲ ǎǳǇŜǊŦŀƳƛƭȅ ƻŦ ǎŜŎǊŜted molecules, including  BMPs 

have also been identified as key factors in the induction of bone formation (Wu et 

al., 2007). TGF-ʲκ.at ǎƛƎƴŀƭƭƛƴƎ ƛǎ ƛƴǾƻƭǾŜŘ ƛƴ ŀ ǿƛŘŜ ŀǊǊŀȅ ƻŦ ŎŜƭƭǳƭŀǊ ǇǊƻŎŜǎǎŜǎ 

both during prenatal development and postnatally during bone formation. TGF-

ʲκ.atǎ ŀŎǘ Ǿƛŀ ǘǿƻ ǇŀǘƘǿŀȅǎ ŘǳǊƛƴƎ ōƻƴŜ ŦƻǊƳŀǘƛƻƴ ǿƘƛŎƘ ƳŜǊƎŜ ŀt the Runx2 

gene directing MSCs towards differentiation (Wu et al., 2007). The first pathway is 

the canonical SMAD-ŘŜǇŜƴŘŜƴǘ ǇŀǘƘǿŀȅ ǿƘŜǊŜōȅ ƛǎƻŦƻǊƳǎ ƻŦ ¢DCʲ ŀƴŘ ǘƘŜƛǊ 

ǊŜŎŜǇǘƻǊǎΥ ¢DCʲwL ό![Yрύ ŀƴŘ ¢DCʲwLL ό¢DCʲwнύ ŀǊŜ ŜǎǎŜƴǘƛŀƭ ŦƻǊ ōƻǘƘ 

intramembranous and endochondral ossification (Chen et al., 2012b). The non-

ŎŀƴƻƴƛŎŀƭ ¢DCʲ ǇŀǘƘǿŀȅ ǿƘƛŎƘ ƛǎ ƴƻǘ ŘŜǇŜƴŘŜƴǘ ƻƴ {a!5 ƛǎ ŀƭǎƻ ŜǎǎŜƴǘƛŀƭ ŦƻǊ 

osteoblast differentiation (Chen et al., 2012b). The non-canonical pathways are 

activated by direct ligand-bound receptor activation to modulate downstream 

cellular processes (Zhang, 2009). In vitro analysis of murine osteoprogenitors 

ŘŜŦƛŎƛŜƴǘ ƛƴ ¢DCʲwL ƛƴŘƛŎŀǘŜŘ ¢DCʲ ƛǎ ƛƴǾƻƭǾŜŘ ƛƴ ǇǊƻƭƛŦŜǊŀǘƛƻƴΣ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ ŀƴŘ 

osteoblast lineage commitment via selective MAPKs and SMADs 2/3 (Matsunobu et 

al., 2009). The phenotype of animals with this defect displayed skeletal 

abnormalities including the presence of short and wide long bones and reduced 

ōƻƴŜ ŎƻƭƭŀǊǎ ŀƴŘ ǘǊŀōŜŎǳƭŀǊ ōƻƴŜΦ aƻǊŜƻǾŜǊΣ ¢DCʲwL-deficient mice possessed 

growth plates with unusually thin perichondral cell layers which the authors suggest 

may be caused by the short bones and ectopic cartilaginous protrusions observed 

(Matsunobu et al., 2009)Φ ¢Ƙƛǎ ƛƴŘƛŎŀǘŜǎ ǘƘŜ ŜǎǎŜƴǘƛŀƭ ǊƻƭŜ ƻŦ ¢DCʲ ǎƛƎƴŀƭƭƛƴƎ ƛƴ 

perichondrium formation/differentiation and growth plate integrity during 

development (Matsunobu et al., 2009).  

BMPs have shown significant promise in the treatment of bone defects. They are 

vital in the modulation of mesenchymal differentiation essential for endochondral 

ossification to occur. Overexpression of BMP-6 and BMP-2 results in increased 
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osteogenic differentiation in vitro and in vivo, with BMP-6 having the greatest effect 

(Mizrahi et al., 2013). BMP-2 is involved in initiating osteoblast differentiation and 

regulating bone mineral density (Bragdon et al., 2012). Knockout studies indicate a 

role of BMP -2 and -4 in normal bone development and maintenance; knockouts 

result in reduced osteogenesis and increased bone fracture (Chen et al., 2012b). 

BMP-7 or osteogenic protein-1 (OP-1) have been used clinically for the treatment of 

long bone and scaphoid fractures and non-unions. Similarly, there is supportive 

evidence for the use of BMP-7 as a therapy for spinal fusion and as a replacement 

of autograft where patients receive bone grafts from non-loading bearing areas of 

their own body (White et al., 2007). However, BMP-7 knockdown does not result in 

an observable negative effect in bone development or maintenance (Tsuji et al., 

2010). Conversely, BMP-3 can negatively regulate bone marrow stromal cells 

(Kokabu et al., 2012) with targeted deletion of BMP-3 resulting in increased 

trabecular bone loss and transgenic overexpression of BMP-3 leading to 

spontaneous fracture (Kokabu et al., 2012). Of all the BMPs, BMP-2 and BMP-7 are 

the most commonly investigated. Recombinant BMP-7 and BMP-2 have been 

tested in the Osigraft and InductOs clinical trials, respectively (Calori et al., 2008, 

Meisel et al., 2008). When compared to autologous bone grafts, these cytokines 

have been shown to induce equivalent bone repair for tibial non-unions 

(Zimmermann and Moghaddam, 2011). However there are issues with costs and 

toxicity as much higher doses are required than would typically be seen in the body 

as these proteins degrade rapidly.  Furthermore, BMP-3, -4, and 8 have also been 

shown to be expressed during fracture healing (Cho et al., 2002) and BMP-6 and 9 

have been shown to be potent inducers of MSC osteoblastic differentiation (Cheng 

et al., 2003). From this it is clear that BMPs are key players involved in bone repair. 

Again, the dose of these recombinant growth factors required to accelerate healing 

is much higher than the levels seen during normal bone repair. This is most likely 

due to unsuitable delivery methods combined with rapid in vivo degradation of 

these growth factors. This makes the use of direct delivery of growth factors too 

cost prohibitive for large scale clinical use. For this reason, MSCs have been 

explored for their therapeutic potential in bone repair. This is despite the lack of 

identification of a mechanism of action i.e., whether MSCs contribute to bone 
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regeneration via osteochondral differentiation or the production of paracrine 

factors that result in activation of endogenous cells to regenerate bone. However, 

autologous bone grafting is still the gold standard for bone repair. This is due to the 

apparent lack of efficacy of MSCs in clinical trials (Si et al., 2011). This may be due to 

detrimental effects of in vitro expansion of MSCs as reported in numerous studies 

with the loss of differentiation potential over time. Similarly this may also require 

further optimisation of culture conditions depending on the targeted therapeutic 

effect of the MSCs.   

The effect of oxygen tension of bone marrow MSCs isolated and cultured in either 

hypoxia or normoxia was determined in chapter 3. Results from this study indicate 

equivalent growth kinetics of SC and SF cells in normoxia and superior growth 

kinetics of SF in hypoxia when compared to SC cells. Both cells types maintained 

equivalent surface marker phenotype in relation to the ISCT panel. Differences 

were observed in expression of CD271 and CD146. Increased expression of CD271 

was observed in SF cells compared to SC cells which did not maintain CD271 in 

culture. This expression was highly variable in normoxia and more stable in hypoxia. 

Similarly with CD146, higher, more stable expression of this marker was observed in 

SF cells independent of oxygen levels. Differences were observed in the 

differentiation potential of cells cultured in hypoxia versus normoxia. In osteogenic, 

adipogenic and chondrogenic assays, no differences were observed between SC 

and SF groups within hypoxia and normoxia groups. Where differences were 

observed was between hypoxia and normoxia. In osteogenic assays, normoxia 

cultured cells displayed increased osteogenesis in both SF and SC groups compared 

to their hypoxia counterparts. Similarly with adipogenesis, normoxia increased the 

adipogenic potential of both SF and SC cells. Conversely for chondrogenic assays, 

hypoxia displayed a trend towards increasing chondrogenesis in SC cells compared 

to normoxia and a significant increase in chondrogenesis of SF cells in hypoxia 

compared to normoxia. These results showed that the SF cells are primed 

differently towards osteogenic and chondrogenic lineages when cultured in 

normoxia and hypoxia respectively. This raised the question of which cell type is 

optimal for in vivo bone repair, the normoxic pro-osteogenic cell which may repair 
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bone by direct bone formation via intramembranous ossification or the hypoxic 

pro-chondrogenic cell which may repair bone indirectly via endochondral 

ossification? In addition, the increased pro-angiogenic potential of the SF cells 

further reinforced the hypothesis that they may possess increased bone healing 

ability. 

A commonly used method for the in vivo assessment of chondrogenic and 

osteogenic potential of MSCs is the loading of MSCs onto an osteoconductive 

scaffold and loading of the construct into immunodeficient mice (Krebsbach et al., 

1997). The system is attractive due to its ease of use and the ability to retrieve 

implants. However, with this model there are a number of considerations to be 

taken into account as outlined by Krebsbach et al (Krebsbach et al., 1997). These 

include the in vitro expansion conditions of the cells used, cell seeding density and 

the transplantation vehicle. In this study, reproducible bone formation was 

observed when using hydroxyapatite/tri-calcium phosphate vehicles regardless of 

form. Bone was formed with HA/TCP scaffolds in the form of powder, 3D blocks or 

HA/TCP-collagen strips (Krebsbach et al., 1997). Since these initial studies, the 

system has used routinely to assess the in vivo osteochondral potential of MSCs 

from various sources (Mirabella et al., 2011, Muraglia et al., 1998, Martin et al., 

1997, Tortelli et al., 2010, Jaquiéry et al., 2005, Braccini et al., 2005, Elabd et al., 

2007)Φ {ƛƳǳƭǘŀƴŜƻǳǎƭȅΣ ǘƘŜ ǳǎŜ ƻŦ ǘƘŜ ŎƭƛƴƛŎŀƭƭȅ ŀǇǇǊƻǾŜŘ I!κ¢/t ƎǊŀƴǳƭŜǎΣ ΩƳŀŎǊƻ 

ŀƴŘ ƳƛŎǊƻǇƻǊƻǳǎ ōƛǇƘŀǎƛŎ ŎŀƭŎƛǳƳ ǇƘƻǎǇƘŀǘŜ όa./tҌϰΣ .ƛƻƳŀǘƭŀƴǘŜύ Ƙŀǎ ǿƛŘŜƭȅ 

been reported for facilitating in vivo de novo bone formation in numerous animal 

models including mouse, rabbit and sheep (Le Guehennec et al., 2005, Malard et 

al., 2005, Le Nihouannen et al., 2005, Gauthier et al., 2001, Arinzeh et al., 2005).  

This chapter focuses on determining the osteogenic potential of bone marrow-

derived MSCs isolated and expanded in hypoxia (2% O2) or normoxia (21% O2) as 

described in chapter 3. In this study, 2x106 MSCs were loaded onto HA: TCP (20:80) 

granules encapsulated in a fibrin sealant and assessed for their viability on the 

scaffolds and their ability to form bone in vivo after 8 weeks as detailed in section 

4.2 below.  
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4.2 Methods 

To assess the in vivo bone forming ability of SF and SC derived MSCs isolated and 

cultured in hypoxia and normoxia (section 2.1), 2x106 MSCs were loaded onto HA: 

TCP granules and encapsulated in fibrin as described in section 2.14. Constructs 

were implanted subcutaneously into the backs of CD1 nude mice for 8 weeks as 

described in section 2.14.3. Constructs were also prepared to assess viability of 

MSCs using CTB assay as described in section 2.14.1. Following retrieval, MSCs were 

assessed for their osteochondral potential by µCT analysis as described in section 

2.21 and decalcified and histology for presence of bone and cartilage tissue as 

outlined in sections 2.21 and 2.15 respectively. Experimental methodology is 

schematically represented in figure 4.2.1. As a positive control, equivalent numbers 

of Sarcoma osteogenic (Saos-2) cells were implanted. These cells were tested in 

vitro prior to implantation for their osteogenic potential (data not shown)  

 

 

 

 



  

  
 

 
  

 



  

  
 

 
  

Figure 4.2.1: Schematic representation of experimental design to assess the effect of hypoxic/normoxic priming on bone marrow-derived 

MSCs isolated in serum-containing and serum-free media.
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4.3 Results 

4.3.1 Cells were retained in MBCP+ following encapsulation and remained 

metabolically active 

To evaluate the loading efficiency of MSCs post encapsulation, 2x106 cells were 

loaded into scaffolds as described in section 2.14 and cells retained in media after 

loading assessed by cell counting using a haemocytometer. Figure 4.3.1a shows the 

total number of cells loaded onto scaffolds per cell group. Total cell numbers 

loaded varied from 1.8-2.0x106 cells per scaffold. Figure 4.3.1b reports the loading 

efficiency of cells per group as determined as a percentage by calculating the total 

number of cells added and the number of cells retained on scaffolds after loading. 

Loading efficiency for all groups is >95%.    

 



 Chapter Four  

  
Page 111  

 
  

                                       
Figure 4.3.1: Efficient loading of MSCs onto MBCP+/Tyseel scaffolds prior to 

implantation. Cell counts were used to assess the loading efficiency of cells onto 

constructs. (A) Total cell number loaded onto constructs per group ± standard 

deviation demonstrating equivalent numbers of cells loaded per construct per cell 

groups. (B) Loading efficiency of cells per construct indicating no difference in 

retention of different cells groups by constructs. These data collectively indicate 

effective and reproducible loading of MSCs onto constructs. Data (mean ± SD) is 

representative of 3 biological replicates with 3 technical replicates. 

                              

4.3.2 MSCs retained metabolic activity following encapsulation 

To evaluate MSC metabolic activity 24hrs post encapsulation, constructs composed 

of MBCP+ alone, MBCP+ with Tyseel were compared to cells alone for metabolic 

activity by CellTitre blue. Figure 4.3.2 shows % viability of MSCs loaded on 

constructs as determined by their metabolic activity compared to cells alone. 
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Reduction in metabolism was determined based on absorbance levels based on 

550nm and 600nm readings normalised to medium alone. Cells loaded on either 

MBCP+ alone or on MBCP+ encapsulated in Tyseel showed equivalent metabolism 

levels compared to cells alone indicating MSCs on constructs remain metabolically 

active 24hrs post encapsulation.   

Figure 4.3.2: Cells remain metabolically viable following encapsulation. CellTitre 

Blue dye was used to indicate the metabolic activity of cells following encapsulation. 

Results demonstrate a limited reduction in metabolism of cells following 

encapsulation. No difference was observed between SF and SC groups or between 

cells loaded on MBCP+ alone or loaded on MBCP+ followed by encapsulation with 

Tyseel. This data indicated maintained metabolic viability of MSCs following 

encapsulation. Data (mean ± SD) is representative of 3 biological replicates with 3 

technical replicates. ϝϝϝǇҖлΦллм ŀǎ ŘŜǘŜǊƳƛƴŜŘ ǳǎƛƴƎ ǘǿƻ-way ANOVA and 

.ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ Ǉƻǎǘ-test.   

 

 

4.3.3 Implanted constructs were successfully retrieved at 8 
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of implanted constructs. All five implants were clearly visible and of similar size in 

all recipients as reported in figure 4.3.3. Position 1 indicates the position where 

either the positive control (Saos-2 cells) or vehicle control (cell-free scaffold) were 

positioned in the animal. Saos-2 cells are a human osteosarcoma cell line derived 

from a 11yr old female with a reported high osteogenic potential (Czekanska et al., 

2012).  Positions 2-5 indicate the locations of the test groups (SF and SC from either 

hypoxia or normoxia). Cells in these groups were randomly assigned a position prior 

to surgery. 

 

 

 

Figure 4.3.3: Implanted constructs were clearly visible 8 weeks following 

implantation. Results reveal the clear presence of all five implanted constructs 

following 8 week transplantation as visualised by photography. Constructs were 

comparable in size and shape. Representative image of 9 recipient animals at 8 

weeks post-transplantation. 
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4.3.4 Micro-computed (µCT) tomography of retrieved constructs 8-

weeks post implantation 

To determine the bone mineral density of the implants post-transplantation, 

constructs were assessed for presence of bone mineral by use of ex vivo µCT 

analysis using the Scanco µCT 100 evaluating with a 70kVp x-ray source at 110µA. 

Analysis was performed on 3 biological replicates with 3 technical replicates for 

each group. Bone volume was calculated as a percentage of total tissue volume 

excluding the presence of the MBCP+ granules which have a similar density to 

bone. 3D images of implants were generated (figure 4.3.4a) and cross-sections of 

implants indicating new bone (white) and MBCP+ granules (red) in figure 4.3.4b. 

Bone formation was observed in all 6 groups (Figure 4.3.4b). All implants were of 

comparible size. Bone volume/ tissue volume was also quantified (Figure 4.3.4c). 

Positive and vehicle controls demonstrated equivalent de novo  bone formation. No 

difference was observed between cell groups with no statisitical significance being 

observed between cell groups and controls.  The presence of bone in the vehicle 

control indicates this material is unsuitable to be used as a negative control due to 

its osteoinductive effect on endogenous cells. Bone was determined by 

measurement of the density of the individual materials and range of densities were 

excluded which contain the MBCP+ granules. This process may also exclude mature 

bone which has a density similar to that of MBCP+. 
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Figure 4.3.4 Micro-computed tomography (µCT) analysis of bone formation in 

implants 8 weeks following transplantation. (A) Representative 3D images of 

scaffolds 8 weeks post implantation indicating similar implant size between groups. 

(B) Cross-sectional image of implants distinguishing new bone formation (white) 

and MBCP+ granules (red). Bone is present in all groups. (C) Quantitative analysis of 

bone volume calculated as a percentage of tissue volume indicating comparable 

levels of bone formation occurring in all cell groups. Bone is also present in vehicle 

control groups.  Data (mean ± SD) representative of 3 biological replicated with 3 

technical replicates.  
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пΦоΦр wŜǇǊŜǎŜƴǘŀǘƛǾŜ ƛƳŀƎŜǎ ƻŦ aŀƭƭƻǊȅΩǎ ƳƻŘƛŦƛŜŘ ¢ǊƛŎƘǊƻƳŜ ǎǘŀƛƴ 

defining various observed tissues. 

Histological analysis of the implanted constructs was carried out after µCT analysis 

to determine the presence of various tissues histologically as described in sections 

2.15 and 2.17-2.18. Briefly, sections were fixed in 100% ethanol and decalcified 

using Surgipath decalcifer II. Samples were subsequently paraffin embedded and 

histological samples were taken from 3 locations within the implant at 100µm 

intervals. Figure 4.3.5a&b show representative images identifying the various 

tissues observed in the constructs. MBCP+ scaffolds (Sc) appear as empty white or 

pink areas due to the decalcification process. Fibrous tissue (f) is present as poorly 

stained low density tissue. Bone is present as dark red tissue often surrounding the 

MBCP+ granules. Cartilage is observed as blue stained tissue often also present 

near MBCP+ granules. Bone marrow is present in figure 4.3.5b as areas of fat with 

or without the presence of blood vessels (red). Fibrous encapsulation of the 

implants is observed in figure 4.3.5b as red stained striated tissue surrounding the 

implant.    
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Figure 4.3.5: wŜǇǊŜǎŜƴǘŀǘƛǾŜ ƛƳŀƎŜǎ ƻŦ aŀƭƭƻǊȅΩǎ ¢ǊƛŎƘǊƻƳŜ ǎǘŀƛƴ after 

implantation of MSCs ectopically. (A) Representative tissue indicating the presence 

of bone (red), cartilage (blue) and fibrous tissue (poorly stained tissue). MBCP 

scaffolds (Sc) observed as white or poorly stained solid shapes throughout the 

tissue. (B) Presence of bone marrow formation and implant encapsulation. Bone 

marrow is observed throughout the tissue as presence of fat tissue with or without 

the presence of blood vessels depending on the stage of bone marrow 

development. Encapsulation of implant by fibrous tissue is also observed as a 

striated tissue surrounding implant. Scale bar: 700µm.  
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4.3.6 Bone and cartilage tissue observed in all implanted groups.  

To determine if SF and SC cells cultured in either hypoxia or normoxia contribute to 

the formation of osteochondral tissue in subcutaneous implantation, MBCP+ 

constructs loaded with cells were explanted, decalcified and histologically assessed 

ōȅ ƳƻŘƛŦƛŜŘ ƳŀƭƭƻǊȅΩǎ ǘǊƛŎƘǊƻƳŜ ǎǘŀƛƴΦ ό!ύ .ƻƴŜ ŀƴŘ ŎŀǊǘƛƭŀƎŜ ǿŜǊŜ ŜǾƛŘŜƴǘ ƛƴ ŀƭƭ 

cells groups and the vehicle control group, which was not pre-loaded with cells. 

MBCP+ particle remnants were visible as clear or pink spaces in all samples. Fibrous 

tissue was also observed in all samples. No difference in the level of bone or 

cartilage in cell groups was observed in comparison to the vehicle control group. 

The positive control group which received Saos-2 cells appears to have formed a 

denser tissue overall which resulted in less decalcification of MBCP granules as 

observed by the pink colour. Additionally, the positive control group tissue seems 

more disordered compared to other cell groups which formed bone and cartilage 

predominantly at the interface between the cells and the MBCP granules. Overall, 

all cells groups contributed to the formation of bone and cartilage. Similarly bone 

marrow was identified in all groups as evidence by the presence of fat tissue with 

or without blood vessels. (B) Semi-quantitative analysis of bone cartilage and bone 

marrow present in implanted groups. Positive and vehicle control groups 

demonstrated no difference in levels of bone, cartilage or bone marrow. No 

difference was observed within cell groups or between cell groups and control 

groups.  

 



 Chapter Four  

  
Page 120  

 
  

 

 

S
e

ru
m
-f

re
e

S
e

ru
m
-c

o
n
ta

in
in

g
Vehicle Control

Hypoxia

Positive Control

Normoxia

Bone

Positive Vehicle SF SC SF SC
0

1

2

3

4

Normoxia HypoxiaControls

A 

B 



 Chapter Four  

  
Page 121  

 
  

 

 

Figure 4.3.6 Histological analysis of bone, cartilage and bone marrow present in 

implanted constructs. ό!ύ wŜǇǊŜǎŜƴǘŀǘƛǾŜ ƛƳŀƎŜǎ ƻŦ ƳƻŘƛŦƛŜŘ aŀƭƭƻǊȅΩǎ ǘǊƛŎƘǊƻƳŜ 

stain of implanted groups. Bone, cartilage and bone marrow were evident in all 

groups. Scale bar: 700µm. (B) Histological scoring of tissue presence in implants. 

Slides scored from 0-4 with each interval indicating a 20% increase from 0 (0-20%), 

1(20-40%), 2(40-60%), 3(60-80%) and 4 (80-100%) indicating the presence of the 

relevant tissue in the sample. Data is representative of the mean ± SEM of 3 

biological replicates with 3 technical replicates assessed at 3 locations within the 

construct.   
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4.4 Discussion 

From chapter 3, the in vitro osteogenic and chondrogenic potential of serum-free 

and serum-containing cells was demonstrated. It was also observed that depending 

on whether these cells were cultured in either hypoxia or normoxia, the level of 

differentiation observed by the cells was affected. Particularly, hypoxia resulted in a 

more pro-chondrogenic phenotype whereas normoxia-cultured cells were pro-

osteogenic. In this chapter, the in vivo osteochondral potential of SF and SC cells 

cultured in hypoxia and normoxia was assessed. Specifically, this was assessed by 

loading 2x106 MSCs onto 80:20 HA/TCP granules and encapsulating them in a fibrin 

sealant. Initially loading efficiency and viability of cells loaded onto the scaffolds 

was determined. Finally the ability of the cells to differentiate and contribute to the 

formation of an osteochondral tissue was determined. The hypothesis being 

investigated in this chapter was whether cells with a pro-osteogenic phenotype 

contribute to bone formation directly via intramembranous ossification or indirectly 

via formation of a cartilage template as seen in endochondral ossification. A caveat 

of this hypothesis is that the osteogenic medium used does not reflect a biologically 

relevant process and thus may not be indicative of the in vivo osteogenic potential 

of MSCs. The in vivo assay described in this chapter is a semi-quantitative assay for 

the assessment of bone formation. This combined with µCT analysis has resulted in 

the addition of quantitative data to reinforce any observed effect seen from 

histological scoring.  In this assay, MSCs are loaded onto an osteoconductive 

scaffold and subcutaneous implantation of this scaffold into the backs of 

immunodeficient mice is performed. This model has been used routinely by a 

number of groups to evaluate the osteochondral potential of MSCs from various 

sources on a variety of scaffold types (Krebsbach et al., 1997, Mirabella et al., 2011, 

Muraglia et al., 1998, Martin et al., 1997, Tortelli et al., 2010, Jaquiéry et al., 2005, 

Braccini et al., 2005, Elabd et al., 2007, Le Guehennec et al., 2005, Malard et al., 

2005, Le Nihouannen et al., 2005, Gauthier et al., 2001, Arinzeh et al., 2005). 

In this study, MSCs were loaded onto MBCP+ granules and encapsulated by use of 

Tyseel fibrin sealant. Following this, cell loading efficiency and metabolic activity 

24hrs post-encapsulation were determined. Results indicated that cell loading onto 
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the scaffold was highly effective with over 95% of cells being successfully loaded 

resulting in limited variability between cell numbers for constructs generated for 

the study. This result was typical of similar studies published in the literature which 

also demonstrated highly efficient loading of cells onto HA/TCP scaffolds 

(Kuznetsov et al., 1997, Kuznetsov et al., 2000, Janicki et al., 2011).  

Following encapsulation of MSCs into constructs, metabolic activity was assessed 

by use of CellTitre blue (CTB). CTB uses resazurin to measure the metabolic activity 

of cells as an indicator of cell viability. Viable cells reduce resazurin into resorufin 

which results in a blue shift to pink in the light absorbance properties of CTB 

(Squatrito et al., 1995, Voytik-Harbin et al., 1998). Results here demonstrated that 

MSCs encapsulated with MBCP+ maintained metabolic activity equivalent to that of 

cells alone indicating that MSCs remain metabolically active on MBCP+ scaffold 

prior to implantation.  

Implanted scaffolds remained visible in the animal throughout the study with no 

adverse effect to the mice being identified. Following implant retrieval, samples 

were fixed using ethanol and µCT analysis of mineralisation was carried out. This 

analysis excluded the HA/TCP granules which have a similar density to that of bone. 

µCT analysis indicated the presence of mineralised tissue in all groups including the 

vehicle control which was not loaded with cells. This would indicate that 

recruitment of endogenous cells to the implants occurred. Similarly, there was no 

statistical increase in the level of mineralisation that occurred in the MSC groups or 

Saos-2 group above the vehicle control indicating that the transplanted cells had 

little to no effect on the formation of endochondral tissue in the cell-loaded 

constructs.  

Following µCT analysis, the samples were decalcified and histological analysis of 

ōƻƴŜ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ƳƻŘƛŦƛŜŘ ƳŀƭƭƻǊȅΩǎ ǘǊƛŎƘǊƻƳŜ ǎǘŀƛƴ ǘƻ ƛŘŜƴǘƛŦȅ ǎǇŜŎƛŦƛŎ 

tissues. Microscopic analysis reported the presence of bone, cartilage and bone 

marrow in all treatment groups with an abundance of fibrous tissue also observed. 

The presence of new bone and cartilage was predominantly observed at the 

interface between the MBCP+ granules and surrounding tissue. Areas composed 
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entirely of cartilage or bone were observed. There were also regions of combined 

bone and cartilage tissue indicating that bone formation in implants could be 

occurring via both endochondral and intramembranous formation. Similar to µCT 

data, little improvement in the levels or quality of osteochondral tissue formed in 

cell-treated groups was observed above that seen in the vehicle control indicating 

that the dominant source of cells contributing to new bone formation was in fact 

the endogenous cells which had been recruited to the implants by some 

undetermined means. Further analysis including the use of in situ hybridisation 

looking at the Alu sequence may be beneficial to determine definitively whether 

the new tissue formed was in fact due to the transplanted human cells or via the 

recruitment of endogenous cells to the implants or in fact via the synergistic 

cooperation of both cell types. The latter seems unlikely as if this were the case an 

increase in endochondral tissue formation above the vehicle control would have 

been observed.  

The lack of bone formation by the transplanted cells is somewhat surprising as 

numerous studies listed previously have clearly documented the ability of MSCs to 

form bone in vivo in very similar models. Data assessing cell retention and viability 

of cells at the time of implant indicated sufficient loading and cell metabolic activity 

to indicate good health at the time of transplantation. This was observed with cell 

loading above 95% and cell metabolism at comparable levels to MSCs plated on 

tissue culture plastic. However, there have been numerous previous studies which 

have altered pre-implantation protocols with various effects on the in vivo potential 

of MSCs which may offer some understanding into the issue of limited osteogenic 

differentiation observed here. Prior to implantation MSCs were maintained in 

either the serum-free medium or standard 10% serum-containing medium, an 

approach which has been reported to work previously (Dennis et al., 1998). 

However, other studies have reported success by priming the MSCs to differentiate 

by the addition of factors to the medium. A number studies have reported 

successful in vitro osteogenesis of MSCs following in vitro priming of the cells in 

medium containing dexamethasone, ascorbic acid-2-phosphate and ̡ -glycerol 

(Hicok et al., 2004, Agata et al., 2010), factors typically found in osteogenic media. 
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Similarly, other groups have also seen success with just the addition of 

dexamethasone and ascorbic acid-2-phosphate (Kuznetsov et al., 2000, Mankani et 

al., 2001, Mankani et al., 2008). Also being explored in the literature is the pre-

chondrogenic priming of MSC for bone repair (van der Stok et al., 2014a, Farrell et 

al., 2009). In these studies, the pre-chondrogenic priming of cells prior to in vivo 

implantation resulted in bone via endochondral ossification with improved quality 

compared to osteogenically-primed MSCs. In addition, the bone formed had 

improved vascularisation resulting in formation of better bone overall (Farrell et al., 

2009).  

A second reason which may account for the lack of osteogenesis is the extent of 

culture the cells underwent prior to implantation. The cells used in this study were 

implanted at passage 3. Numerous studies have reported a loss of multipotency 

and specifically tri-lineage differentiation potential of MSCs during in vitro 

expansion (Bonab et al., 2006, Baxter et al., 2004). The majority of studies use cells 

at passages 1-3 as was performed in this study but typically these studies have also 

included an in vitro priming step, although not always (Dennis et al., 1998, Hicok et 

al., 2004, Kuznetsov et al., 2000, Mankani et al., 2008, Janicki et al., 2011). A more 

definitive answer came from a study where MSCs at each passage from passage 1-5 

were implanted following priming of cells in osteogenic medium. This study 

reported a loss of osteogenic potential with passage number (Agata et al., 2010) 

indicating that the age of cells may be pivotal for these assays. A similar effect was 

observed comparing MSCs implanted at passages 1, 3 and 5 (Janicki et al., 2011). In 

this study, none of the implants delivered at P5 resulted in bone formation versus 

75% of implants at P3 and 100% of implants at P1. Based on these data, in vitro 

expansion is clearly important for the in vivo osteogenic potential of MSCs but 

priming of cells prior to implantation may overcome these issues.  

The purpose of this study was to assess the in vivo potential of MSCs to form bone 

in a subcutaneous model of bone formation. In this study, metabolically active cells 

were successfully loaded onto osteoconductive scaffolds and implanted into CD1 

nude mice for 8 weeks. Implants were successfully retrieved and assessed for bone 

repair. However, limited bone formation was observed in the cell-treated groups 
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above that observed in the vehicle control indicating that the tissue formed was 

presumably predominantly formed by endogenous cells recruited to the implants. 

Further development of this assay is required to optimise its use for assessing MSC 

for in vivo bone formation ability. This optimisation may include using MSCs at an 

earlier passage or by the in vitro priming of MSCs prior to implantation.  

Whilst this assay did not perform effectively as a mechanism of bone repair, what 

was apparent was the recruitment of endogenous cells to the implant site. This 

raises the question of what mechanism is involved in the recruitment of MSCs to 

sites of injury or new tissue repair.  

MSCs exist within a number of anatomical locations and have been shown to be 

capable of homing to injured tissues. This has been seen in a number of injury 

models including migration of MSCs to bone fractures (Granero-Molto et al., 2009, 

Lee et al., 2009, Kumagai et al., 2008), lung injury (Ortiz et al., 2003), brain injury (Ji 

et al., 2004) and to sites of wound healing (Fu et al., 2009). Mobilization of MSCs to 

other injury sites has also been reported (Fong et al., 2011). During the normal 

fracture process, circulating progenitor cells are recruited to the site of injury as 

part of their therapeutic mechanism of action (Kumagai et al., 2008).  The 

mechanism of this homing process of MSCs is the subject of a huge research effort 

in the hopes of identifying a means to improve tissue repair by endogenous cells. 

The current consensus suggests injured tissue produces factors and ligands which 

can be used by MSCs to migrate, adhere and infiltrate damaged tissue (Abbott et 

al., 2004, Wang et al., 2008, Schenk et al., 2007), a process similar to that seen by 

leukocytes migrating to sites of inflammation. This idea was validated in a recent 

paper which described the migration of MSCs in an in vitro model (Teo et al., 2012). 

MSC migration is dependent on their ability to adhere to and migrate through TNF-

ʰ ŀŎǘƛǾŀǘŜŘ ŜƴŘƻǘƘŜƭƛǳƳΣ ŀ ǇǊƻŎŜǎǎ ŘŜǇŜƴŘŜƴǘ ƻƴ ōƻǘƘ ǘƘŜ D-protein coupled 

receptor and VCAM-1 pathways. The process occurs in 5 steps (Figure 4.4). Firstly, 

rounded MSCs adhere to epithelium in an integrin-dependent manner. Next, a 

transmigratory cup is formed where VCAM-1 enriched microvilli projections extend 

around the MSC and form a cup shape. Step three involves formation of a gap or 

pore by a process described as blebbing where MSCs apply a force on the 
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epithelium which is associated with the formation of gaps or pores. This stage is not 

observed in leukocyte migration which migrates through intact gap junction, a 

process known as diapedesis. Following this, MSCs penetrate and spread through 

the subendothelium layer and transmigration is complete (Teo et al., 2012).  

 

 

Figure 4.4: Proposed Mechanism of MSC migration to injured tissue in comparison 

to leukocyte migration to inflammation. (Published with permission from (Teo et 

al., 2012), see appendix II). 

 

Initiation of this migration is induced by chemokines and cytokines at the injury 

site. A number of studies have been published looking at the chemotactic effect of 

particular cytokines on migration of MSCs. CXCR4, the receptor for stromal-derived 

factor-1 (SDF-1) which is encoded by the C-X-C motif chemokine 12 (CXCL12) gene, 

has been associated with migration of murine and human MSCs from various 

sources including bone marrow, adipose tissue and umbilical cord (Park et al., 2011, 

Yu et al., 2012, Liu et al., 2011, Jones et al., 2012, Bobis-Wozowicz et al., 2011). 

Within the studies, overexpression of CXCR4 enhanced the migratory ability of 

MSCs (Cheng et al., 2008). The migration of MSCs to sites of fracture healing is 

exclusively CXCR4-dependent with migrated MSCs contributing to fracture repair 

via production of BMP-2 upon engraftment (Granero-Molto et al., 2009). 

Additionally, during healing of live bone grafts, increased expression of SDF-1 

messenger RNA is observed in the periosteum with the addition of anti-SDF-1 

antibody (TF14016) inhibiting bone formation (Kitaori et al., 2009b). This study also 

reported the ability of CXCR4-expressing MSCs which have homed to the site of 
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bone injury to contribute to bone repair via endochondral ossification (Kitaori et al., 

2009b). In addition to CXCR4, a number of additional factors have been identified 

which can both enhance or reduce MSC migration. In a study carried out by Ozaki et 

al (Ozaki et al., 2007), a number of growth factors which can also contribute to MSC 

migration were also identified. In this study, 26 growth factors were assessed for 

migration of human and rabbit MSCs. The growth factors that consistently 

enhanced MSC migration were PDGF ςBB & -AB, EGF, TGF-ʰΣ FGF-2, IGF-1) and 

hepatocyte growth factor (HGF), with PDGF-BB having the greatest effect on 

migration. Interestingly, combinations of these growth factors which shared the 

same receptor did not result in an enhanced effect on migration of MSCs while 

other combinations of these migratory factors such as FGF-2 and PDGF-BB actually 

inhibited migration. This indicates a highly complex, regulated process of MSC 

migration.  

As this migration occurred in the vehicle control in this study, presumably the 

mechanism of MSC recruitment was due to the infiltration of another cell type 

initially which produced the factors outlined above which resulted in the activation 

and mobilisation of the endogenous MSCs to the site implants and resulted in the 

bone and cartilage tissue formation observed. The presence of blood vessels in the 

newly formed tissue would support this theory.   
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5.1 Introduction 

Bone regeneration is typically a highly efficient process facilitating the scarless 

regeneration of most bone defects (Young et al., 2009). Larger defects or defects 

where the natural regeneration response is impaired such as in osteoporosis or 

non-union fractures require intervention (Harwood and Ferguson, 2015). Non-

union or delayed union fractures represent a serious problem for orthopaedic 

healthcare with incidence rates been reported at between 5 and 20% (Giannoudis 

et al., 2007). This provides an ever growing problem as the proportion of older 

people who typically are diagnosed with non-union fractures (Parker et al., 2007) is 

increasing. Furthermore, as the survival rate of older people after these falls has 

increased, these patients are exposed to the risk of falling again, leading to what 

can only be described as an orthopaedic epidemic in older people.  Furthermore, 

the burden on healthcare is enormous with an annual cost in the US of nearly $10 

billion for non-union fractures of the femoral neck alone (Raaymakers, 2006) which 

comprise only 5-10% of all fractures (Markey, 1987). A number of therapeutics have 

emerged which have greatly improved bone regeneration capability. These include 

autologous bone grafting of the patients own bone, allograft transplantation, 

osteoconductive scaffolds which can be used on their own or in combination with 

cell and gene therapies or growth factors (Dimitriou et al., 2011).  However, despite 

the advancement of these treatment modalities, there have been reported 

drawbacks including issues with cost and efficacy, particularly in cases of large bone 

defects in which regeneration can be difficult to achieve (Amini et al., 2012). 

Similarly, there are co-morbidities associated with the use of autologous bone 

grafting such as pain and morbidity at donor site as well as a lack of availability of 

tissue (Harwood and Ferguson, 2015).  This has driven the field of tissue 

engineering to explore alternatives such as cell-based therapies.  

Cell-based therapies offer huge potential for treatment of bone defects as large 

numbers of osteoprogenitors such as MSCs can be delivered to the defect site. 

Normal bone healing occurs in a well-orchestrated series of events where cells, 

cytokines, osteoconductive matrix and adequate blood supply performing together 
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in a mechanically stable environment leading to bone repair. This concept is known 

ŀǎ ǘƘŜ άŘƛŀƳƻƴŘ ŎƻƴŎŜǇǘέ ŀƴŘ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ƭƛƳƛǘŀǘƛƻƴ ƻŦ ŀƴȅ ƻŦ ǘƘŜǎŜ ŎƻƳǇƻƴŜƴǘǎ 

can disrupt tissue repair (Giannoudis et al., 2007).  Significant work has been 

focussed on determining the efficacy of growth factors such as BMPs and 

parathyroid hormone (see chapter 4) or osteoconductive scaffolds such as HA:TCP-

based materials separately and in combination with these growth factors (Schopper 

et al., 2008). The use of growth factors, although reported to be efficacious can be 

cost prohibitive (Dahabreh et al., 2007). MSCs have previously been reported to 

produce a number of growth factors and cytokines involved in angiogenesis, anti-

apoptosis and immunomodulation (Singer and Caplan, 2011). This makes MSCs 

particularly attractive as the cells may produce multiple factors that stimulate bone 

repair by recruitment of endogenous osteoprogenitors as well as directly 

differentiate to osteochondral cells themselves which may directly contribute to 

bone healing. Although the exact mechanism by which MSCs contribute to bone 

repair is unclear, the potential of MSCs to heal bone is apparent. Optimising the 

culture conditions of these MSCs prior to implantation may improve the efficacy 

rates of these cells in clinical studies of bone repair which as of yet has not been 

convincing (Steinert et al., 2012). Some studies have assessed the potential of 

chondrogenically-primed MSCs in ectopic and orthotopic models of bone repair 

indicating a potential role for in vitro priming of MSCs towards an osteochondral 

fate prior to implantation (Farrell et al., 2011, van der Stok et al., 2014b).  The aim 

of this chapter was to determine if SF-isolated and cultured MSCs could contribute 

to the healing of a critical size bone defect model at comparable levels to 

conventionally cultured MSCs. Additionally, the aim was to determine if the use of 

hypoxic or normoxic culture for isolation and expansion of MSCs resulted in 

selection of a population of MSCs that would repair bone via alternate means e.g., 

intramembranous versus endochondral bone formation as a reported effect on the 

in vitro differentiation potential of MSCs was shown in chapter 3 and in vivo 

potential in chapter 4 using a ectopic model of bone repair. However, ectopic 

implantation of MSCs does not accurately represent the complex physical and 

biochemical cues MSCs would be subject to in an orthotopic clinical setting, thus 
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the MSCs were assessed in a rat femoral defect model representative of an atrophic 

non-union (van der Stok et al., 2014b).   

 

 5.2 Methods 

To assess the in vivo bone forming ability of SF and SC MSCs, 1x106 MSCs were 

loaded onto MBCP+ and implanted into a rat unilateral critical size femoral defect 

for 8 weeks (Section 2.14.1). A critical size defect, 5mm in length, was created in 

the right femur with a Gigli saw (Section 2.20). Internal fixation with a 

polyetheretherketone (PEEK) plate and titanium screws was performed. In vivo 

imaging of bone formation using µCT (Section 2.21) and neovascularisation with 

photoacoustic imaging (2.22) was assessed at 4 and 8 weeks. Rats were 

immunosuppressed for the first 3 weeks of the study with FK506 and SEW2871 

(Section 2.19) to prevent rejection of human MSCs. Animals were individually 

housed in individually ventilated cages (IVC) for the first week post-surgery to 

prevent interference at the surgical site and together in IVCs for the remainder of 

the study to reduce the risk of infection as animals are immunocompromised. At 8 

weeks post-surgery, animals were euthanized using CO2 inhalation and cervical 

dislocation. Rat femurs were harvested and fixed in 100% ethanol. Samples were 

decalcified using EDTA for 14 days and sectioned using a microtome. Staining of 

ōƻƴŜ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ aƻǾŀǘΩǎ tŜƴǘŀŎƘǊƻƳŜ ǎǘŀƛƴ ŀƴŘ ōƭƻƻŘ ǾŜǎǎŜƭǎ ōȅ 

staining for lectin UEA-1 (Section 2.23).  A total of 6 rats were assessed per group 

for µCT and photoacoustic imaging.   



 

 
     

 
 

     

 

Figure 5.2.1 Schematic representation of the experimental design used to assess the in vivo ability of SF and SC MSCs to repair bone in a rat 

femoral critical size bone defect model.  
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5.3 Results 

5.3.1 In vivo quantification of bone formation using µCT                                           

In vivo assessment of bone formation was assessed at 4 and 8 weeks post-

implantation using the in vivo µCT analysis using Scanco µCT 40. Analysis was 

performed on 3 biological replicates (MSC donors) with 2 technical replicates (rat 

femurs) for each group.  Bone volume was calculated as a percentage of total tissue 

volume excluding the presence of the MBCP+ granules which have a similar density 

to bone. 3D images of implants were generated (figure 5.3.1a) of implant regions at 

4 and 8 weeks indicating the absence of bone repair in ED group. Lack of integration 

of implant is observed in SF-normoxia and ES group as evident by clear distinction 

between implant and surrounding bone tissue. Integration of implants is evident in 

SC groups (both hypoxia and normoxia) at 4 and 8 weeks. Partial integration of SF-

hypoxia group implant was evident at 8 weeks. Quantification of new bone 

formation was carried out and is represented in figure 5.3.1b. To accurately assess 

new bone formation, the density range which detects MBCP+ granules was gated 

out and remaining tissue was assessed for bone formation. These may result in the 

underestimation of total bone formation as mature bone may also be excluded by 

this type of analysis. All cell-treated groups, except for the SF-hypoxia group, 

improved bone formation in comparison to the ES group at 4 weeks. All cell groups 

improved bone formation compared to ES group at 8 weeks. This data indicates 

that all cell groups improved bone formation in model compared to the vehicle 

group. The SC group consistently produced higher levels of bone in comparison to 

the SF group in both hypoxia and normoxia at both time points. No differences 

were observed between SC-normoxia or hypoxia groups at 4 weeks. However, at 8 

weeks significantly increased levels of bone formation were observed in SC-

normoxia group. Overall these data indicate that MSCs cultured in normoxia in SC 

medium contribute to greater levels of bone repair in this model. However it is 

ǿƻǊǘƘ ƛƴŘƛŎŀǘƛƴƎ ǘƘŀǘ ƭŜǾŜƭǎ ƻŦ ΨƳŀǘǳǊŜΩ ōƻƴŜ ŀǊŜ ƴƻǘ represented in this data as the 

density of this tissue would be too similar to MBCP+ granules to distinguish the 

two.  
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Figure 5.3.1 Serum-containing MSCs cultured in normoxia are superior at in vivo 

bone formation. Empty defect, ED; empty scaffold, ES; serum-free, SF; serum-

containing, SC.  (A) Representative 3D images of defect region at 4 and 8 weeks post 

implantation. Scale bar: 1mm. (B) Quantification of bone volume calculated as a 

percentage of tissue volume. All cell-treated groups results in increased bone 

formation compared to ES group by 8 weeks. Increased levels of bone formation 

observed in SC-normoxia group over time. Results are presented as the mean ± 

standard deviation (SD) of 3 biological replicates with 2 technical replicates, 

ϝǇҖлΦлрΣ ϝϝǇҖлΦлмΣ ϝϝϝǇҖлΦллм ŀǎ ŘŜǘŜǊƳƛƴŜŘ ǳǎƛƴƎ ǘǿƻ-way ANOVA and 

.ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ Ǉƻǎǘ-test.  
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5.3.1 IƛǎǘƻƭƻƎƛŎŀƭ ǎǘŀƛƴƛƴƎ ŎƻƴǘǊƻƭ ǳǎƛƴƎ aƻǾŀǘΩǎ tŜƴǘŀŎƘǊƻƳŜ ǎǘŀƛƴ ƻŦ Ǝƻŀǘ ƪƴŜŜ 

Prior to beginning this study, the decision was determined to switch from the use of 

aŀƭƭƻǊȅΩǎ ƳƻŘƛŦƛŜŘ ǘǊƛŎƘǊƻƳŜ ǎǘŀƛƴ ǘƻ aƻǾŀǘΩǎ tŜƴǘŀŎƘǊƻƳŜ ǎǘŀƛƴ ŀǎ ŀ ŎƭŜŀǊŜǊ 

distinction between bone, cartilage and bone marrow is evident by yellow, green 

and purple colours, respectively. As a staining control for this tissue, a healthy goat 

knee which had previously been decalcified using EDTA, in a similar method to the 

decalcification of samples described below, was used. Here the cartilage surface 

can clearly been seen by rich by green colour with a clear switch from green to 

yellow colour as tissue changes from cartilage to subchondral bone. Bone marrow is 

observed throughout bone as the purple colour.  

 

 Figure 5.3.2 Representative staining control fƻǊ aƻǾŀǘΩǎ tŜƴǘŀŎƘǊƻƳŜ ǳǎƛƴƎ 

healthy goat knee. Bone is indicated by yellow, cartilage by green and bone 

marrow by purple.   
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5.3.3 Histological analysis of bone repair superior regeneration of defect by SC 

MSCs 

aƻǾŀǘΩǎ tŜƴǘŀŎƘǊƻƳŜ ǎǘŀƛƴ ǿŀǎ ǳǎŜŘ ǘƻ ŀǎǎŜǎǎ bone repair of the CSD. Due to the 

large size of the defect region 9 images at 4x magnification were taken and merged 

together (Figure 5.3.3a). Enlarged versions of the images, highlighting specific 

regions of interest, are represented in Figures 5.3.3b-g. No repair of bone in the 

empty defect region was observed as seen by the lack of tissue present indicating 

that this CSD model is incapable of regeneration and represents a critical-sized 

defect. The formation of a cartilaginous tissue on one side of the bone defect 

(figure 5.3.3b, red box) indicated an attempt to repair the tissue via formation of 

endochondral bone formation. This attempted repair was only apparent on one 

side of defect region (figure 5.3.3b, green box). Similarly low levels of regeneration 

were observed in the empty scaffold group, the vehicle control. However, there 

was an increase in osteogenic repair in this region as evident by the surrounding of 

MBCP+ granules across the upper side of defect by bone indicated by yellow 

staining (figure 5.3.3c, red box). Additionally formation of bone is also evident 

surrounding some MBCP+ granules within the defect region indicating the addition 

of MBCP+ granules improves the ability of the defect region to self-repair (figure 

5.3.3c, green box). However, levels of self repair are insufficient to fully repair the 

defect region. The SF MSCs cultured in normoxia did not improve bone repair. Low 

levels of new bone formation were observed in a small region of defect (figure 

5.3.3d, red box). Overall, the SF implant failed to integrate into the surrounding 

tissue (figure 5.3.3d, green box). An increase in osteogenic potential was observed 

in the group treated with SF MSCs cultured in hypoxia as indicated by the formation 

of bone surrounding the outside of the implant region and traversing the length of 

the defect region (figure 5.3.3e, red box). Additionally this tissue integrated into the 

surrounding tissue indicating a superior bone repair than SF MSCs cultured in 

normoxia. High levels of bone regeneration were observed in the group treated 

with SC MSCs cultured in normoxia (figure 5.3.3f). The presence of de nova bone 

and cartilage indicates repair of the defect via endochondral bone formation (figure 

5.3.3f, red box). The presence of bone, and more commonly cartilage, was 

observed throughout the tissue with full integration of the cell implant with 
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surrounding tissue (Figure 5.3.3f, green box). A reduction in the bone healing ability 

of SC MSCs cultured in hypoxia is observed compared to their normoxic 

counterparts (figure 5.3.3g).  Almost complete bridging of defect region is observed 

on one side of the defect region (figure5.3.3g, red box) and full integration of cell 

implant is observed at both sides of the defect. The presence of cartilage tissue is 

also observed within the defect region (figure 5.3.3g, green box) with bone present 

throughout the defect region around MBCP+ granules. This data indicates that the 

SC MSCs seem to be superior to SF MSCs at repairing bone and the culture of SC 

MSCs in normoxia improves their bone forming ability. No cartilage tissue was 

observed in the SF groups indicating that bone repair by these cells is primarily via 

direct osteogenic differentiation or intramembranous bone formation. Conversely, 

the presence of bone and cartilage tissue in SC groups indicates that these cells 

repair bone via endochondral bone formation or a combination of endochondral 

and intramembranous bone formation. 
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Figure 5.3.2a:  Representative histological analysis of bone, cartilage and bone 

marrow present in implanted constructs. wŜǇǊŜǎŜƴǘŀǘƛǾŜ ƛƳŀƎŜǎ ƻŦ aƻǾŀǘΩǎ 

Pentachrome stained images of implanted groups. Bone (Yellow), cartilage (Green) 

and bone marrow (purple). Implanted MPCP+ (Dark blue or absent of colour). Scale 

bar 700µm. Width of defect region indicated by red arrows 
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CƛƎǳǊŜ рΦоΦоōΥ wŜǇǊŜǎŜƴǘŀǘƛǾŜ ά9ƳǇǘȅ ŘŜŦŜŎǘέ ƎǊƻǳǇ ǎǘŀƛƴƛƴƎΦ Areas indicated by 

the yellow and green rectangles are magnified in the middle and bottom images, 

respectively.
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CƛƎǳǊŜ рΦоΦоŎΥ wŜǇǊŜǎŜƴǘŀǘƛǾŜ ά9ƳǇǘȅ ǎŎŀŦŦƻƭŘέ ƎǊƻǳǇ ǎǘŀƛƴƛƴƎΦ Areas indicated by 

the yellow and green rectangles are magnified in the middle and bottom images, 

respectively.
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CƛƎǳǊŜ рΦоΦоŘΥ wŜǇǊŜǎŜƴǘŀǘƛǾŜ ά{ŜǊǳƳ-free norƳƻȄƛŀέ ƎǊƻǳǇ ǎǘŀƛƴƛƴƎΦ Areas 

indicated by the yellow and green rectangles are magnified in the middle and 

bottom images, respectively. 
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CƛƎǳǊŜ рΦоΦоŜΥ wŜǇǊŜǎŜƴǘŀǘƛǾŜ ά{ŜǊǳƳ-ŦǊŜŜ ƘȅǇƻȄƛŀέ ƎǊƻǳǇ ǎǘŀƛƴƛƴƎΦ Areas 

indicated by the yellow and green rectangles are magnified in the middle and 

bottom images, respectively. 
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CƛƎǳǊŜ рΦоΦоŦΥ wŜǇǊŜǎŜƴǘŀǘƛǾŜ ά{ŜǊǳƳ-ŎƻƴǘŀƛƴƛƴƎ ƴƻǊƳƻȄƛŀέ ƎǊƻǳǇ ǎǘŀƛƴƛƴƎΦ Areas 

indicated by the yellow and green rectangles are magnified in the middle and 

bottom mages, respectively. 



Chapter Five 

  
Page 146  

 
  

                         
CƛƎǳǊŜ рΦоΦоƎΥ wŜǇǊŜǎŜƴǘŀǘƛǾŜ ά{ŜǊǳƳ-ŎƻƴǘŀƛƴƛƴƎ ƘȅǇƻȄƛŀέ ƎǊƻǳǇ ǎǘŀƛƴƛƴƎΦ Areas 

indicated by the yellow and green rectangles are magnified in the middle and 

bottom images, respectively. 
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5.3.4 Optimisation of in vivo visualisation of angiogenesis by photoacoustic 

imaging (PA) 

An integrated photoacoustic and ultrasound (US) imaging system was used to 

visualise neovascularisation of defect regions using a linear-array transducer probe. 

The probe was operated at 21MHz providing an axial and lateral resolution of 75µm 

and 158µm respectively. Optimisation of the system was first established to 

determine the suitability of PA imaging of the rat femur. Figure 5.3.4a is a 2D 

ultrasound image of the defect region with screws visible as two sets of two vertical 

lines indicating the position of the titanium screws. The PEEK plate is undetectable 

by PA or US imaging. Figure 5.3.4b represents PA imaging of the same region at 6 

different wavelengths to determine the optimal wavelength for identification of 

neovascularisation. No major difference was observed between wavelength 

frequencies and 800nm was chosen for future scans. To determine if the titanium 

screws or PEEK plate interfered with the reading of defect zone, PA readings of 

each region was measured individually and readings were compared (figure 5.3.4c). 

The various regions were clearly distinguishable from each other indicating the 

suitability of PA analysis for assessment of neovascularisation in this model. To 

standardise the region being measured, the region between the two sets of two 

screws was selected and a 3D rendering of this region (figure 5.3.4d) was generated 

and used for assessment of oxygen and haemoglobin saturation (figure 5.3.4e).  
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Figure 5.3.4: Optimisation of PA imaging of neovascularisation. (A) Representative 

2D ultrasound image of the CSD region of rat femur containing 4 titanium screws. 

(B) PA readings of the region identified in (A) at multiple wavelengths to determine 

the optimal wavelength for visualisation of the region. (C) Measurement of specific 

materials within the defect region to determine basal PA reading. PEEK plate 

(green), Titanium screws (blue) and defect region (yellow). (D) Standardisation of 

CSD region between titanium screws to be analysed. Representative image of the 

CSD region indicating sO2 levels as a colour change from blue to white to red 

indicating an increase in sO2 levels. 
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5.3.5 Oxygen saturation levels of CSD does not change over time 

The oxygen saturation (sO2) levels of the defect region were measured at 4 and 8 

weeks post-surgery to determine if sO2 levels change over time during bone repair. 

Six animals were measured per group. Representative images of sO2 levels of a 

single slice of defect region are presented in figure 5.3.5a. No changes in sO2 levels 

in the CSD region were observed between time points for any of the groups. 

Quantification of sO2 levels of a 10mm2 area within the defect region are presented 

in figure 5.3.5b. This data correlates with figure 5.3.5a indicating no difference 

between the groups at each time point and indicates no changes in sO2 levels over 

time. These data indicates that either sO2 ƭŜǾŜƭǎ ƻŦ /{5 ŘƻƴΩǘ ŎƘŀƴƎŜ ƻǾŜǊ time or 

that changes are not detectable by PA imaging.  
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