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Thesis Abstract 

Protein attachment to bone graft substitutes (BGS) is believed to influence the cell and 

tissue response to these materials. This thesis aimed was to investigate protein 

attachment to the surface of five commercial BGSs and to determine if this affected cellular 

response and osteoinduction in vitro. I hypothesised that differences in BGS composition 

would encourage different proteins to adhere and thereby influence subsequent cellular 

behaviour. Furthermore, I hypothesised that when selected proteins were coated onto the 

BGS surface, they would enhance cell proliferation and osteogenic differentiation.  

No difference in mesenchymal stem cell differentiation was found on the different BGSs, 

but there was a significant increase in cell viability and proliferation on Inductigraft™ when 

compared with ApaPore™, Actifuse™, β-TCP™ and Orthoss® (p=0.001). Sintered discs 

of hydroxyapatite (HA) (ApaPore™) and silicate-substitute HA (SiHA) (Actifuse™ and 

Inductigraft™) were created to remove the influence of BGS morphology on cell behaviour 

and used to investigate the effect of silicon substitution on cell proliferation and osteogenic 

differentiation. The incorporation of Si significantly increased metabolic activity (p=0.001). 

Protein adhesion was measured following incubation with foetal calf serum for 30s, 1hr, 

24hrs and 72hrs using SDS Page and micro BCA assays. Higher protein attachment was 

observed on Orthoss® compared to other BGSs. Mass spectrometry identified 106 

adhered proteins and showed differences in the protein attachment profiles on the different 

BGSs. 

To promote osteoinduction, proteins identified from the adhesion study, that could 

potentially affect osteoinduction, were selected (fibronectin, collagen type I alpha) and 

coated onto sintered HA. These proteins significantly increased cell metabolic activity 

(p=0.001; p=0.003). My study has shown that protein adhesion is essential, and it may be 

possible to select and coat proteins onto the BGS that will influence subsequent bone 

formation.  
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Impact Statement 

Bone defects occur due to congenital disability, trauma, infection or tumour. For thousands 

of years bone graft have been used; however, bone grafts, as we know them were not 

developed until the 17th century when Job Van Meekeren used canine bone to aid repair 

in an injured soldier. 

More recently (2001), approximately half a million bone grafting procedures were 

performed in the United States and a further 2 million performed globally (Fernandez De 

Grado et al., 2018; Campana et al., 2014; Faour et al., 2011; Greenwald et al.; 2001). 

Overall majority of these procedures used autograft, known as the gold standard bone 

graft. However, there are other options available because of the limited supply of autograft 

and complications, including donor site morbidity. The other grafts include allograft; 

xenograft and bone graft substitutes (BGS). BGS include synthetic, inorganic or a 

combination of these.  

Annually, the United States spends $2.5billion on bone grafts for approximately 3 million 

musculoskeletal procedures (Ashman and Philips, 2013). While in 2007, BGS cost €31.7 

billion in Europe alone for musculoskeletal procedures, and this is expected to rise to €76.7 

billion by 2050 (Karis et al., 2007).  

The market of synthetic BGS is continually expanding; however, there is yet to be a graft 

developed that can match the performance of autografts. The first part of this thesis will 

compare five commercially available BGS’s that have not been compared to one another 

previously. Four of which are synthetic BGS’s (ActifuseTM, ApaPoreTM, β-TCPTM, and 

InductigraftTM) and one is a demineralised xenograft bone (Orthoss®). These BGSs were 

investigated for their potential to affect both cellular attachment and osteoinductive 

during in vitro experiments. These in vitro experiments will expand the current knowledge 

about these different grafts, which may be beneficial for future experiments and the 

selection of BGS for surgical procedures.  

To date, there has been no large-scale investigation that explores protein attachment to 

BGS surfaces. The second part of this thesis will investigate the proteins that are adhering 

to the same five BGS’s as in part one. Protein adherence to a BGS surface is known to be 

the first critical events to occur once the graft when submerged into biological fluids. These 

adhering proteins can cause the success or failure of the BGS. These proteins can be 

highly influenced by both chemical and physical composition of the different BGSs and 

have the potential to affect the subsequent interactions between the BGS and adhering 

cells. Novel techniques were developed to isolate and identify the adhered proteins before 

ranking them on their potential increase cellular attachment and osteoinductivity if adhered 

to BGS surfaces.  

The final part of this thesis involved coating a selected BGS with either of the top two 

candidate proteins before seeding cells onto them to investigate whether these proteins 

could potentially increase cellular attachment or osteoinduction levels. The results 
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indicated that FINC had significantly increased both factors compared to non-coated BGS. 

These results could increase the potential of the BGS in aiding repair. 
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Chapter 1 

Introduction 

1.1 Aims and Hypothesis 

This thesis aims is to investigate the protein attachment to bone graft substitute (BGS) and 

the possible role these proteins have on influencing the cell and tissue response to these 

materials. The overall aim of my thesis was to investigate protein attachment to the surface 

of five commercial BGS’s and to decode if this affected cellular response and 

osteoinduction in vitro. 

The general hypothesis was that differences in BGS composition would encourage 

different proteins and the amount of proteins to adhere to and influence subsequent 

cellular behaviour. 

The novelty of this thesis is to investigate how proteins interact with five commercially 

available BGS and if these protein interactions determine in vitro cellular responses. 

Protein attachment to materials has been reported to be vital for determining cellular 

responses (Absolom et al., 1987; Yang et al., 2002; Sawyer et al., 2007; Schmidt et al., 

2009). Whilst a plethora of research papers have investigated how BGS interact in vitro 

and in vivo (Coata et al., 2013; Yuan et al., 2010; Campion et al., 2010; Hayes et al., 2012; 

Ma et al., 2007; Wang et al., 2017), there is little attention on protein attachment. To date, 

there is no literature quantitatively comparing protein attachment.  

1.1.2 Thesis chapters 

Chapter One gives a physiochemical background of bone healing and BGS’s. Focusing 

on the BGS’s investigated in this thesis and the role of protein attachment to BGS. It also 

discusses some of the techniques used in this thesis. 

Chapter Two started with the characterisation of MSCs isolated from ovine bone marrow 

aspirate using tri-lineage differentiation to show that the isolated cells were truly MSCs and 

not cell of other lineages extracted accidentally. The second investigation compared the 

osteoinductive potential of five different BGS’s. The hypothesis was that scaffold porosity, 

topography and chemistry differ in each BGS and therefore affect the rate of cellular 

attachment, proliferation, viability, and differentiation towards osteoblasts been affected. 

Chapter Three focus on the Orthoss® BGS product, which underperformed when 

investigated during Chapter Two and in comparison to published literature. This chapter 

.will investigate whether conditioning the BGS’s before cell seeding could improve its 

performance. The hypothesis is that the Orthoss® BGS harms the seeded cells during in 

vitro experiments and that by conditioning the Orthoss® BGS in DMEM media in the 

presence of FCS may lead to the increase in both cellular attachment and proliferation. 

Chapter Four investigates how the chemical composition of selected grafts can affect the 

quality of the cellular attachment and its osteoinductive potential. Two different BGS’s 
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chemical compositions, which were compressed into a disc form to control their surface 

topography. The chemical composition of the discs: synthetic hydroxyapatite (HA) 

represented ApaPoreTM, and silicate-substituted hydroxyapatite (SiHA) was used for the 

production of both ActifuseTM and InductigraftTM. The hypothesis is that higher rates of 

proliferation and osteoblastic activity on the sintered discs of SiHA rather than HA. 

Chapter Five considers protein attachment to BGS’s before cellular attachment. Within 

seconds of placing a BGS into biological fluids, proteins would be attracted to it and begin 

to interact with its surface. These protein interactions are critical for the successful 

integration of the implant and the formation of bone tissue. The hypotheses for this chapter 

is that the amount of protein attached to the BGS varies depending on both the BGS and 

the time points investigated. 

Chapter Six aims to identify the proteins that were attached over time to the surface of the 

five BGS using different methods of protein isolation and Mass Spectrometry (MS). Before 

ranking the proteins based on their potential to influence a multitude of factors, including 

cellular attachment and osteoinduction. The hypothesis was that there would be a 

difference in the number and quantity of proteins that adhere to different surfaces and the 

highest number of proteins would be found on the Si substituted BGS. 

Chapter Seven investigate whether coating HA discs in the proteins identified in Chapter 

Six could increase the potential for the HA to influence subsequent the cellular attachment 

and osteoinductivity compared to non-coated HA disc’s. The hypothesis is that the addition 

of proteins increases the number of cells that adhere to the surface of sintered HA discs 

and causing an increased rate of osteoinduction in the MSCs adhered too. 

Chapter Eight discusses the overall conclusions and discuss recommendations for 

possible future work.  

1.2 Bone Function and Physiology 

Bone is a hard rigid, complex tissue that is the main component of the vertebrate’s 

skeleton. Bone has many critical functions within human physiology; these include; 

structural support, locomotion, calcium homeostasis, an environment for haematopoiesis 

and the protection of soft tissue organs.  

The adult human skeleton has 213 bones when excluding the sesamoid bones (Gray's 

Anatomy, 2004). The sesamoid bones are small bones that are embedded in tendons and 

found in locations where tendons pass over a joint. The remaining 213 bones include flat, 

short, and long forms.  

The composition of bone consists of 80% cortical (compact) and 20% trabecular 

(cancellous) bone although for specific bones and regions these percentages can widely 

vary (Clarke, 2008; Augat et al., 2006). Cortical bone is a hard, heavily calcified dense 

arrangement that is involved in both structural support and protection. Trabecular bone 

anatomy has a lighter, less dense porous structure, which creates a large surface area 
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filled with bone marrow, and the metabolic activity increased (Walsh et al., 2014). The 

cortical bone is dense and surrounds the inner trabecular bone. The material components 

of the two types of bone are the same; however, they differ in their porosity and cellular 

organisation. Generally, in non-articulating regions of bone is surrounded by a cellular 

membrane known as periosteum while for cortical bone, the lining of the intramedullary 

cavity is endosteum (Clarke, 2008).  

Bone strength is dependent on the quality and quantity of the bone tissue, while its 

composition is composed of both inorganic salts and organic matrixes (Viguet-Carrin et 

al., 2006; Florencio-Salva et al., 2015; Boskey et al., 2002). The composition of bone 

consists of 50-70% minerals, 20-40% organic matrix, and 5-10% water, with the remainder 

consisting of lipids (approximately <3%) (Clarke, 2008; Boskey, 2013). The 50-70% 

mineral is calcium phosphate that is arranged in a structure known as hydroxyapatite 

(Clarke, 2008; Boskey, 2013). The hydroxyapatite crystalline structure consists 

predominately of calcium phosphate, but calcium fluoride, calcium hydroxide and citrate 

can also be present (Hedges et al., 1992). There are several different mineral components, 

the most common of which is hydroxyapatite (HA) [Ca10(PO4)6(OH)2]. HA has a non-

stoichiometric crystalline structure with crystal size lengths of approximately 40nm, a width 

of 25nm and a thickness of 1.5-3nm (Clarke, 2008; Dobelin et al., 2010; Gibson et al., 

2000). Other mineral components present usually include small amounts of carbonate, 

magnesium and acid phosphate with missing hydroxyl groups (Clarke, 2008).  

1.3 Bone Cells 

Bone tissue is continually being remodelled. This process involves a wide array of cell 

types that have to be orchestrated for different functions ranging from the breaking down 

of damaged bone to the formation of new bone (Florencio-Salva et al., 2015; Clarke, 2008). 

The different cells types involved in these processes include osteoblasts, bone lining cells, 

osteocytes and osteoclasts (Buckwalter et al., 1996; Florencio-Salva et al., 2015). A 

network of both intracellular and extracellular molecular signalling manages these different 

processes, which are defined by their temporal and spatial sequence. These include; 

skeletal absorption and cellular differentiation followed by bone formation (Dimitriou et al., 

2011). The process of bone formation and resorption are triggered concerning biochemical 

and mechanical stimuli (Rubin et al., 2006).  

Bone marrow is the most common cell source of MSCs, but other tissues are now being 

explored, such as the periosteum, fat, muscle, cord blood, and embryonic or induced 

pluripotent stem cells (Colnot, 2011). Bone and bone marrow are anatomically contiguous 

but exhibit marked functional interdependence (Compston et al., 2002). Bone marrow is a 

viscous tissue that fills the cavities within the bone with a soft tissue containing a complex 

mixture of pluripotent stem cells (Gurkan et al., 2008). The pluripotent cells include both 

hematopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs). HSCs are stem 
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cells that can undergo differentiation into all blood cells through the process of 

haematopoiesis. Whereas, MSCs have the potential to contribute to the regeneration of 

tissues such as bone, cartilage, muscle, adipose, tendons, and stroma (Garcia-Costro et 

al., 2008).  

Tissues are regenerated by MSCs differentiating in response to biochemical cues that 

induce the cells to differentiate into osteoblasts, chondrocytes, myocytes, adipocytes, 

tenocytes and even neuronal cells (Caplan, 1991; Garcia-Costro et al., 2008; Franceschi, 

1999; Logan, 2004). MSCs differentiation is a highly regulated process involving cell 

proliferation, migration, and finally, differentiation to a specific and distinctive phenotypic 

cell type (Minguell et al., 2016; Caplan, 1991). MSCs were first identified and isolated from 

bone marrow more than 40 years ago and can be found within adipose, peripheral blood, 

cord blood, liver and fetal tissues (Ullah et al., 2015; Friedenstein et al., 1970). MSCs are 

attractive candidates for biological cell-based tissue repair approaches due to their ability 

to be cultivated in high quantities in vivo while retaining their mesenchymal multilineage 

potential (Augello et al., 2010). 

1.3.1 Osteoblasts  

Osteoblasts form bone, play a role in controlling bone resorption, and are critical in fracture 

repair (Garg et al., 2017). Osteoblasts are differentiated from pluripotent MSCs and occur 

due to physical and biochemical stimulation from the surrounding bone and body fluid 

(Rutkovskiy et al., 2016). Osteoblasts cells exhibit various structural morphologies 

depending on their activity, ranging from polygonal preosteoblasts that are actively 

synthesising the bone matrix and become cells that are less active and more flattened in 

morphology, known as bone lining cells (Mallaval et al., 1999). The final stages where the 

cells become embedded within bone minerals and are known as osteocytes (Mallaval et 

al., 1999). The chemical signals include the circulating hormones; cytokines and growth 

factors that regulate the replication, proliferation and subsequent maturation of osteoblast 

to ensure bone of adequate strength can be produced (Rosenberg et al., 2012). 

Osteoblasts secrete the bone matrix proteins and synthesise the extracellular matrix or 

osteoid that is composed of collagenous and non-collagenous proteins (Florencio-Silva et 

al., 2015).  

During fracture, healing the first bone that forms is woven bone, this due to the osteoblasts 

producing a matrix where the collagen fibres have a random orientation. During the 

fracture healing process, the woven bone is replaced by a new, stronger lamellar bone 

that produces aligned collagen fibres. The osteoblasts sit on the bone surface and secrete 

directionally secrete collagen fibres to produce osteoid, which is unmineralised. These 

cells also produce small extracellular vesicles in the osteoid called matrix vesicles that 

form the initial sites of hydroxyapatite crystal deposition. Following this initial crystal 

formation, HA then starts to form on the collagen fibres initially located into the so-called 
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“whole region” before the rate of deposition is accelerated and becomes more haphazard. 

The HA that is deposited is often poorly crystalline with a high carbonate content 

(Florencio-Silva et al., 2015). 

Mature osteoblasts are eventually enclosed within the mineral matrix where they survive 

as osteocytes or the cells undergo apoptosis (Rosenberg et al., 2012). The enzyme 

alkaline phosphatase is believed to be critical in the mineralisation process. Extracellular 

inorganic pyrophosphate inhibits HA formation, and alkaline phosphatase (ALP) 

hydrolyses pyrophosphate and provides inorganic phosphate to promote mineralization 

(Golub et al., 2007). 

1.3.2 Osteocytes 

Once the osteoblasts become entrapped within the extracellular matrix, these cells 

differentiate into osteocytes (Aarden et al., 1994). This is evident in changes to both 

endoplasmic reticulum and Golgi apparatus, which consequently induces protein synthesis 

and secretion. Osteocytes are the most abundant cell types in bone (Bonewald, 2007) and 

are in contact with other osteocytes and with osteoblasts on the bone surface through a 

series of subtle channels in the bone called canaliculi. Fine cytoplasmic processes run 

within the canaliculi and connect to other cells through gap junctions. Being located within 

mineralised bone means that osteocytes are ideally positioned to respond to 

biomechanical and systemic signals; these interact with both osteoclast and osteoblasts 

(Florencio-Silva et al., 2015; Goldring, 2015). This allows for bone regulation, remodelling 

and adaption to mechanical loads (Goldring, 2015).  

1.3.3 Osteoclasts 

Osteoclasts are multinucleated bone-resorbing cells. The processes of bone resorption 

and new bone formation processes are balanced to maintain the adult skeleton. These 

cells can degrade mineralised matrices, including both bone and calcified cartilage 

(Henriksen et al., 2011; Rosenberg et al., 2012). 

Osteoclasts can resorb mineralized tissues such as bone. When this occurs, osteoclasts 

have to attach to a mineralised surface and isolated from the extracellular environment 

before resorption. This process causes the dissolution of mineral crystallites that lowers 

the surrounding pH, which in turn causes the production of proteolytic enzymes (Primarily: 

cysteine proteinases and matrix metalloproteinases (MMPs)). The MMPs are then 

released before the collagenous matrix being digested. Once the fragments are then 

ingested into the cell before the subsequently excreted at the basolateral membrane 

(Everts et al., 2006; Chambers 2000). Recent studies suggest osteoclasts control bone 

formation and bone quality (Boyce et al., 2009; Henriksen et al., 2011). Osteoclast 

activation involves RANKL/RANK signalling, and the production of pro-inflammatory 

cytokines and chemokine is for regulating the inflammatory process (Walsh et al., 2014; 
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Pagliari et al., 2015). The contact between RANKL found on the osteoblast surfaces and 

RANK on the pre-osteoclast surfaces are required for cellular differentiation (Boyce et al., 

2008; Mohamed et al., 2008). 

1.4 Apatite formation 

Biological apatite is an inorganic calcium phosphate salt, which can develop at a 

nanoscopic scale (within the range of smaller than 500Å) and is a critical component of 

hard tissues within vertebrate calcified tissues (Liu et al., 2013; Dorozhkin 2011). The 

apatite crystals formed can be flexible, can accommodate chemical substitutions before 

precipitating CaP’s ions (LeGeros 1993; Wopenka and Pasteris 2005; Liu et al., 2013). 

The production of an apatite layer on biomaterials can contribute to the biomaterials ability 

to connect chemically and biologically to bone tissue, termed osseointegration (Hench and 

Wilson, 1993; Patlolla et al., 2013 Ducheyne and Qiu 1999; Blockhuis et al., 2000; LeGeros 

2008). The development of biological apatite onto a BGS surface is also be used as an in 

vitro measure of the potential success of the graft in terms of bioactivity (apatite forming 

capacity with simulated body fluid) (Liu et al., 2013; Drouet, 2013). The structure of apatite 

crystals formed gives them the ability to promote chemical substitutions and form a bond 

directly with bone tissue through the apatite layer (LeGeros 1993; Wopenka and Pasteris 

2005; Liu et al., 2013). The addition of Si into the HA lattice has also been shown to affect 

bone cell behaviour ad change the physicochemical properties (Pietak et al., 2007). For 

more detail, go to section 1.8.6, where the differences in BGS are discussed. 

1.5 Differentiation of MSCs to bone cells 

Differentiation of MSCs involves the expression of critical proteins and genes (Franceschi, 

1999; Logan 2004). If the differentiation of MSCs is to occur, several crucial signalling 

pathways must interact. These pathways include hedgehog (Hh), Wnt, Notch, bone 

morphogenetic proteins (BMP), and transforming growth factor-beta (TGFβ) (Hojo et al., 

2013). Hh and Wnt pathways regulate both proliferation and apoptosis (Rosenberg et al., 

2012). Notch signalling is required for the differentiation and function of both osteoblasts 

and osteoclasts (Regan et al., 2013). BMP proteins are part of the TGFβ superfamily (Chen 

et al., 2004) and are involved in regulating the maintenance of both postnatal bone and 

cartilage (Wu et al., 2016). When activated during remodelling or tissue injury, TGFβ leads 

to recruitment of stem cells and will influence their regulation (Zhen et al., 2014; Watabe 

et al., 2009; Augello et al., 2010; Zhao et al., 2011; Studer et al., 2012).  

1.5.1 Alkaline Phosphatase 

The level of alkaline phosphatase (ALP) formation was measured to investigate the BGS 

osteoconductive potential. In bone, ALP is an enzyme that is involved in skeletal 

mineralisation (Sharma et al., 2014; Wuthier et al., 1985). ALP is present in many 

organisms ranging from bacteria to humans and can be found within the proteoglycan 
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membrane (Millan, 2006; McComb et al., 1979). Levels of ALP within cells have long been 

established as an accessible indicator of osteoblastic activity (Leung et al., 1993). ALP 

activity is used to indicate early osteoblastic differentiation (Stein et al., 1990. When there 

is an increase in ALP levels, that is an indicator of osteoblasts have matured towards the 

mineralisation phase (Stein et al., 1990). During the Sugawara et al. (2002) study, they 

showed that ALP activity was essential for bone formation to occur and when higher ALP 

levels occur, they usually are associated with increased amounts of bone formation. The 

evidence for ALP’s roles in calcification can be noted in patients with hypophosphatasia 

(Golub and Boeze-Battaglia, 2007).  

There is an initial peak of ALP production during osteogenic differentiation; however, the 

levels of ALP produced by the cells decreases as the cell begins to lay down minerals and 

the cells matures (Aubin, 2001; Huang et al., 2007; Thibault et al., 2010). There is also 

higher ALP gene expression during early bone tissue development; this expression 

declines during the later stages when other genes are upregulated, such as osteocalcin 

(Golub and Boeze-Battaglia, 2007). In their 1993 study by Leung et al., they noted an 

increased ALP activity of 94% during the healing process.  

The skeletal ALP is anchored to the inositol-phosphate membrane that can be found on 

the outer surface of osteoblasts (Anh et al., 1998). Throughout this thesis, the ALP levels 

being discussed are the levels is the external released. The ALP levels investigated are 

released from the cell’s surface by the glycan-inositol hydrolase and/or in the form of the 

membrane vesicles (Farlety et al., 1994). 

1.6 Bone Development 

During the early stages of embryonic development, the skeleton consists of fibrous 

membranes and hyaline cartilage. Early bone development can be affected by different 

expression levels of specific genes; these can influence the distribution and proliferation 

of important cells (Olsen et al., 2000).  

The process of bone development refers to as ossification (Osteogenesis). Ossification 

occurs in two distinct stages during fetal development. After the first two months of fetal 

development, the same processes, which control adult bone formation and repair, kicks in 

and takes control of the final stages of fetal bone development.  

The first stage is intramembranous ossification; this process starts during fetal 

development and continues into adolescence. During intramembranous ossification bone, 

the tissue is formed directly over mesenchymal tissues. This process occurs during the 

formation of the flat bones within the skull, mandible, maxilla, and clavicles (Long et al., 

2013; Gilbert, 2000). The second type of ossification is endochondral. Endochondral 

ossification involves the generation of bone from a cartilaginous template, which is 

gradually replaced by osteoblasts producing bone (Mackie et al., 2008; Long et al., 2013). 

Endochondral ossification is involved in the development of diaphysis of short, long and 
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some of the irregular bones. After birth, secondary ossification begins place. Secondary 

ossification occurs in the formation of the epiphyses of long, flat and extremities of bones. 

The diaphysis (central shaft of a long bone) and epiphyses (round ends of the long bone) 

separate the growth zone of cartilage also referred to as an epiphyseal plate. Once skeletal 

maturity is reached, epiphyseal closure can occur, and during this, the cartilage is replaced 

by bone fusing the epiphysis and diaphysis. 

1.7 Bone Remodelling  

Bone has the ability to self-repair and can remodel without scar tissue formation. However, 

when there is a significant bony defect or underlying bone pathology, poor healing occurs, 

and there may be a requirement to intervene to encourage bone formation using bone 

graft substitutes. Bone remodelling is the adaption of the bone structure. 

Bones of all sizes and shapes have the ability to remodelling to remove any damaged 

tissues. Bone retains its ability to change its internal structure during remodelling through 

a complex mechanical and biochemical signal pathway even after the skeleton is fully 

formed (Graham et al., 2013). This process allows new bone to replace old or damaged 

bone while preserving bone strength, allowing bone to adapt to mechanical changes, 

repairing damage, and maintaining mineral homeostasis (Clarke, 2008; Graham et al., 

2013). The remodelling process is initiated by damage, which signals the production of 

osteocyte apoptosis (Seeman, 2009). The process of remodelling begins before birth and 

continues until death. The initiation of mineralisation requires two phases, including the 

removal of acid evolved during hydroxyapatite nucleation by the osteoblast epithelium 

enclosed in the mineralised matrix (Blair et al., 2017). Once deposited, the mineral 

undergoes maturation from amorphous calcium phosphate to hydroxyapatite with 

essential changes in mineral orientation and organisation depending on pH levels 

(Gadaleta et al., 1996; Blair et al., 2017).  

There are differences between the remodelling processes of cortical and cancellous bone. 

Many of the same molecular mechanisms that occur during skeletal development are 

reactivated during bone healing (Gerstenfeld 2003). Cancellous bone remodelling involves 

four sequential phases (Clarke et al., 2008). These steps are initiated by recruitment and 

activation of osteoclasts to the bone surface, and then the removal of bone is started 

(Clarke et al., 2008). Once a threshold is met, the osteoclast activity stops, and the 

production of bone by osteoblasts begins (Clarke et al., 2008).   

1.8 Bone Graft Substitutes  

When a bone is damaged or diseased, self-regeneration is the most favourable method of 

repair; however, there are occasions where this might not occur naturally. These include 

trauma, infection, tumours or congenital disabilities. There are also some situations the 
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regeneration of bone is essential, and the use of BGS may be advantageous (Gao et al., 

2016). 

One of the earliest recorded BGS ever used was to repair a soldier’s injuries performed by 

Job Van Meekeren in 1668, he used dog bone tissue to repair the soldier’s cranial injury 

(Hiorting- Hansen, 2002).  

Authors have compiled BGS into three distinct generations. The first generations of BGS 

materials were developed to match the physical properties as a natural bone with a 

minimal host response (Hench & Polak 2002; Navarro et al., 2008). The second generation 

of biomaterials was designed to be bioactive and be resorbed by the natural bone (Hench 

& Polak 2002; Henkel et al., 2013; Navarro et al., 2008). The third generation of newly 

designed biomaterials was developed not just to be osteoconductive but osteoinductive, 

which stimulates a molecular response from the adhering cells causing regeneration of 

bone (Henkel et al., 2013; Navarro et al., 2008). Third-generation biomaterials are 

currently being designed to stimulate specific cellular responses at the level of molecular 

biology (Hench & Polak 2002). This involved the development of a three-dimensional 

structure that allows cells to adhere and begin proliferation. It's physical characteristics, 

can facilitate increased nutrient, and vascular infiltration into the biomaterial (Yu et al., 

2015). An example of this is Nukavarapu et al. (2011), who developed a biomaterial that 

can control factors that included oxygen tension, which can control osteogenic cellular 

survival. The addition of either bone marrow aspirate or osteoinductive materials was 

shown to increase the recruitment of progenitor cells and enhanced cellular differentiation 

(Yu et al., 2015; Yu et al., 2014; Bangio et al., 2010).  

During the first decade of the twenty-first century, the concepts of bioactive materials and 

resorbable materials have converged; bioactive materials were developed to be 

resorbable and resorbable polymers were formed to support bioactivity. Molecular 

modifications were being made to resorbable polymer systems to elicit specific interactions 

with cell integrins and thereby direct cell proliferation, differentiation, extracellular matrix 

(ECM) production and organization. Third-generation bioactive glasses and hierarchical 

porous foams were being designed to activate genes that can stimulate the regeneration 

of living tissues. Two alternative routes of repair use the new molecularly tailored third-

generation biomaterials — tissue engineering. Progenitor cells can be seeded on to 

molecularly modified resorbable scaffolds outside the body where the cells grow, become 

differentiated, and mimic naturally occurring tissues. These tissue-engineered constructs 

are then implanted into the patients to replace diseased or damaged tissues. The scaffolds 

can be resorbed and replaced by host tissues that ideally include viable blood supplies 

and nerves with time. The goal is to develop living tissue engineering (TE) constructs that 

can adapt to the physiological environment and provide repair or replacement for a defect.  

In situ tissue regeneration aims to take advantage of the body’s ability to regenerate, and 

these include inducing endogenous stem cells and specific tissues (Lee et al., 2016). BGS 
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can be designed to release specific ionic dissolution products that influence cell behaviour 

(Polo-Corrales et al., 2014). The cells produce additional growth factors in response to 

these ions (e.g. soluble Si, Ca, P and Na), which in turn stimulate bone regeneration 

(Hench 1998; Xynos et al., 2000a).  

The surface reactions of BGS release these soluble Si, Ca, P and Na ions that give rise to 

both intracellular and extracellular responses at the interface of the glass with its cellular 

environment. This is discussed in more detail in section 1.8.5. However, the slow release 

of soluble ions from the material stimulates cell division and production of growth factors 

and ECM proteins. 

1.8.1 Osteoconduction, Osteoinduction and Osteointegration  

Bioactivity is often termed as a measure of the rate of osteointegration or apatite layer 

formation (Moore et al., 2001). The formation of apatite on the material’s surface has linked 

to the osseointegration (Pan et al., 2010). 

1.8.1.1 Osteoconduction 

Osteoconduction is a term used for a bone that is grown directly on the surface of a 

material and any pores on the material’s surface (Albrektsson et al., 2001; Wilson-Hench 

et al., 1987). However, Glantz (1987) suggests that osteoconduction is a restrictive term 

that is not related to the biomaterial itself (Albrektsson et al., 2001; Glantz, 1987). 

Osteoconduction and osseointegration are both not dependent on biological factors; 

however, it acts in response to foreign materials. Both osteoconduction and 

osseointegration are connected, and the former won't occur without the latter (Kapoor et 

al., 2016; Albrektsson et al., 2001). In BGS’s that is osteoconductive, there is an increased 

bonding between the natural bone tissue due to increase cellular and capillaries activities 

from the host bone (Hing, 2004; Campana et al., 2014). Osteoconduction requires cell 

adhesion, proliferation, and migration, as well as angiogenesis (Sponer et al., 2011).  

1.8.1.2 Osteoinduction 

Osteoinductive BGS are often placed in the non-healing bone to increase the levels of 

bone healing (Ludwig et al., 2000; Campana et al., 2014). Osteoinduction is the process 

of osteogenesis and is an important part of normal bone healing processes (Albrektsson 

et al., 2001; Daculsi et al., 2013). Osteoinduction occurred when undifferentiated and 

pluripotent cells were induced to differentiate bone-forming cells known as osteoblasts (Ko 

et al., 2014; Logert-Avramoglou et al., 2004). Osteoinduction can be influenced by the 

chemistry and structure of a BGS, but this may not be a prerequisite for bone induction 

(Daculsi et al., 2013).  
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1.8.1.3 Osteointegration  

Osteointegration is the interaction between the living bone and the surface of the implant 

in terms of direct structural connection (Mavrogenis et al., 2009).  

1.8.1.4 Biocompatibility and Bioactivity 

Biocompatible grafts are designed to a maintain balanced microenvironment, secure 

osteoinductivity, enable diffuse soluble factors, while being both flexible and able to 

maintain mechanical loading while still being anatomically accurate (Mravic et al., 2014; 

Billstrom et al., 2013; Ducheyne et al., 2012). Bioactivity describes the interactions 

between a BGS and the surrounding tissues and the influence that the graft has on the 

bone formation; this bioactivity effects on cellular attachment and differentiation (Blokhuis 

et al., 2011). An important factor is that the selected BGS is biocompatible with the 

recipients living tissue and does not induce an immunological rejection, therefore, causing 

a positive biological effect after being placed within the body.  

1.8.2 Autografts, Allografts and Xenografts 

The gold standard BGS has been autologous bone; this is due to the patient’s own bone 

cells which do not cause an immunogenic reaction and which can contribute to the repair 

of bone. There is a wide range of BGSs currently available; these include autologous bone 

(patient’s own), allogeneic bone (donor), demineralised bone (DBM), or synthetic BGS, 

which includes ceramics, composites, metals and polymers. For the promotion of bone 

growth, biological factors have were added to the repair site, and these include the addition 

of undifferentiated osteoblasts cells, growth factors and proteins (Wang et al., 2017). The 

patient or clinical requirement influences the selection of a specific BGS at the time. The 

BGS’s should have the ability to orchestrate the repair and regeneration of the skeletal 

tissue by re-establishing the microenvironments. 

1.8.2.1 Autografts 

Autografts are considered osteoinductive. Autologous bone has been well established as 

the gold standard; nonetheless, synthetic BGS has become a legitimate alternative. 

Autologous bone is bone taken from one point in the patient and transplanted to another 

point in the same patient’s body. Autografts are normally transplanted from fresh 

cancellous, cortical bone tissue or a combination of both. These sites can include fibula, 

iliac crest or ribs. Autologous stem cells within the donated graft can be recruited and can 

induce the differentiation of the adhering MSCs towards the osteoblast lineage and aid the 

regeneration of bone tissues (Nair et al., 2013). However, autografts are in limited supply 

and can cause complications at the donor site, including hematomas, fracture and donor 

site pain (Delloye et al., 2007). 
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1.8.2.2 Allografts 

Allograft is a donor bone tissue harvested and implanted in a different recipient patient. 

Allograft is one of the most commonly BGSs used for large bone defects and currently 

comprises a third of BGS’s used in the United States (Ashman and Philips et al., 2013). 

Allografts have been transplanted from cancellous, cortical or a demineralised bone matrix 

from living or cadaver donor to the patient. In some cases, the bone was produced from 

femoral heads when the hip has been replaced. In the 1980s, there were less than 10,000 

cases of bone grafts, and it’s raised to almost 1.5 million by 2006 in the United States 

(Ashman and Philips et al., 2013). In the majority of recent cases, the graft is processed 

and supplied as freeze-dried material that has been irradiated; however, the older cases 

involved fresh frozen graft was used.  

1.8.2.3 Xenografts 

Xenografts are a graft harvested from one species and implanted into another species. 

Xenografts offer similar chemical and physical properties offered by allografts (Schwartz 

et al., 2000). Xenografts have been processed to remove attached antigens or proteins 

that may cause an immunogenic response. Both allografts and xenografts have excellent 

osteoconductive potential; however, they may still induce an immunogenic response due 

to being foreign tissues, and there is a risk of disease transmission (Amini et al., 2012). 

Freezing or freeze-drying allograft and xenograft can minimize the immune response and 

sterilization by gamma irradiation, or ethylene oxide minimizes the risk of disease 

transmission; however, this is known to reduce the osteogenic potential of the grafts 

(Gaston et al., 2007; Jahangir et al., 2008).   

1.8.2.4 Metal Implants 

Metallic scaffolds also should be noted. Formed from a range of different materials; 

including titanium, alloys and stainless steel. These are used in situations, which require 

mechanical strength. Metallic implants are not osteoinductive or osteoconductive and 

additionally release ions that in some cases are toxic (Matassi et al., 2013; Dorati et al., 

2017). However, there has been a focus on developing biologically active metallic surfaces 

to encourage osteointegration between the implant and host bone; these include the 

addition of calcium phosphate (CaP) to the metal surfaces that increase the 

biocompatibility and longevity of the implants (Zhang et al., 2014; Campbell, 2003) 

1.8.3 Synthetic Bone Graft Substitutes  

The aim of developing synthetic BGSs was to augment and replace autologous bone 

(Pietak et al., 2007). The market currently has a wide range of synthetic BGSs available 

for surgeons to choose from (Batt et al., 2012; Gao et al., 2016). The ideal properties of a 

BGS that were required include an ability to promote and stimulate osteogenesis, 
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osteoinduction and osteoconduction (Bauer et al., 2000; Lobo et al., 2010; Langstaff et al., 

1999).  

Around 60-70 % of commercially available BGS is in a granular form, and many research 

groups are currently investigating how granular architecture influences the biological 

response (Habraken et al., 2015). Surface topography and roughness is one topographical 

factor that influences several interactions, with increased surface roughness showing 

higher levels of integration (Wang et al., 2017; Lord et al., 2006). Surface roughness is 

essential for cell attachment and differentiation, with increased surface roughness, there 

is an increased available surface area for both protein and cellular to interact with (Agarwal 

and Garcia, 2015). However, osteoblasts are attracted to smooth surfaces in increased 

amounts, but the surface roughness can increase both differentiation and mineralization 

(Agarwal and Garcia, 2015). 

BGS surface chemistry charge; tension and polarity are all critical in determining the 

hydrophobic and hydrophilic nature of the graft. The hydrophilicity of the BGS surface can 

influence the intermolecular interactions with surface proteins and the attraction of ions 

that also affect the surface interactions with the adhering cells. These are all critical in the 

rate of subsequent bone formation.  

The porosity of the BGS scaffold has been proven to promote both cellular and vascular 

ingrowth into the graft, enabling mechanical fixation of the graft to the bone. Niederauer 

(1994), describes surface roughness of osteoceramic materials that affecting the surface 

wetting properties and this can affect cellular attachment by increasing focal contacts or 

indirectly by influencing serum protein adsorption before cellular attaching (Koutsoukos et 

al., 2000). While the surface topography can influence surface energy and can increase 

the polar components of the surface that can have knock-on effects of improving the 

cellular attachment of osteoblasts (Koutsoukos et al., 2000). 

1.8.4 Characteristics of Bone Graft Substitutes  

There are several design features that can be manipulated and potentially increase the 

success of BGS, these include changes to chemistry, shape, surface energy, roughness, 

protein attachment, permeability, macroporosity and strut porosity (Coathup et al., 2012; 

Campion et al., 2010; Hayes et al., 2012; Ma et al., 2007). These differences can influence 

the differentiation of stem cells to osteoblasts in vitro and bone induction in vivo (Coata et 

al., 2013; Yuan et al., 2010; Campion et al., 2010; Hayes et al., 2012; Ma et al., 2007; 

Wang et al., 2017). Even changes at the nanometre scale to the surface of the grafts could 

be critical in graft success and could affect its biological interactions (Lord et al., 2006). 

There is an established relationship between surface energy, surface chemistry, and 

topography, where changes to one of these parameters could affect the other 

characteristics and this may affect cell-surface attachment, cell orientation and spreading 

(Anselme et al., 2011; Abagnale et al., 2015). Other important factors, which affect the 
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response of the tissues to the BGS, includes proteins attracted to the implant surface (Hing 

et al., 2005).  

1.8.4.1 Nano-topography 

Nano-topography has been reported to increase osteoblast attachment, proliferation and 

differentiation, leading to improved bone regeneration (Semal et al., 1999; Roach et al., 

2005). Surface topography at the nanometre scale plays a crucial role, implants with 

increased surface roughness have increased affinity with bone compared to smooth 

surfaces and may be critical in enabling adsorption of proteins (Brydone et al., 2010). 

However, the precise nature of how nanostructures influence protein and cellular 

performance remains unclear. The surface topography and physiochemical properties of 

biomaterials are essential and affect the amount of protein and cellular attachment 

(Thevenot et al., 2008). A description of these differences of the selected BGS is discussed 

in more detail throughout section 1.91. 

1.8.4.2 Porosity 

There has been a debate on the optimum “type” of porosity (Hing, 2005). Increasing the 

strut porosity has shown to increase bone growth into the graft and early 

neovascularization while maintaining structural strength (Campion et al., 2010).  

The porosity of typical bone graft substitute materials are at several levels with macropores 

being defined as being those pores that are greater than >50μm while strut porosity is 

defined as pores of less than 50 μm (Coathup et al., 2012).  

BGS macroporosity is engineered by deliberately forming the bone graft material around 

another material that is later removed. The strut porosity of a BGS allows cells to infiltrate 

into the graft and means that the cells predominantly surrounded by graft material rather 

than just attached to the graft surface which is a feature of the macroporosity (Bignon et 

al., 2003; Hing et al., 2005). For this reason, porosity is crucial to the success of the 

implant.  

Optimizing the porosity can increase the BGS’s surface area, influencing the amount of 

protein and cellular attachment that occurs while allowing bone to be integrate into the 

implant. However, due to structural competence, it is not possible to increase the porosity, 

beyond a threshold. Porosity above a critical limit was associated with a decline in 

mechanical stability, and if the pores are too large, they may not provide sufficient surface 

area for cell attachment, but on the other hand, if the pores are too small, they may inhibit 

cellular migration and induce necrosis (Petrochenko et al., 2010). The surface topography 

affects the interacts with surface protein attachment that in turn, interact with integrin’s, 

and these mediate the cellular interactions will the BGS. These extracellular proteins can 

induce changes to the cell’s phenotypic expression, protein synthesis, and osteoblastic 
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activities: the BGS surface topography and porosity influences cellular migration, 

attachment and differentiation.  

Microporosity is a consequence of sintering the bone graft and is associated with smaller 

pores that occur in the graft material that separates the larger pores. Increased strut 

porosity leads to increased osteoinduction levels (Coathup et al., 2012). The formation of 

porosity in BGS can occur in several ways. One way is to use polymer beads that maintain 

the pore space and the slurry coats the beads. Salt or sugar could be used instead of the 

beads and was dissolved, leaving a porous scaffolding CaP. Another way is to use the 

investment casting of CaP slurry onto polyurethane foam. A final method is to use bubbles 

of gas typically; hydrogen peroxide can be used to form pores within the CaP slurry. Yeast 

is used to generate the CO2 bubbles by a typical fermentation reaction to create porosity. 

All of these methods result in the formation of a porous CaP structure before been sintered 

at high temperatures (Babaie et al., 2018; Wood et al., 2001). 

1.8.5 Bone Graft Substitutes Chemistry 

There is a limit to the amount of human-derived bone available for bone grafting. Meaning 

that there is a requirement for both natural and synthetic bone mimetic for clinical situations 

involving bone regeneration. One natural BGS is coralline HA, formed from marine coral. 

Coralline HA has a similar structure to trabecular bone (Damien et al., 2004). The calcium 

carbonate coral structure is hydrothermally converted to hydroxyapatite (Damien et al., 

2004). The benefit of coralline HA is associated with its morphology, biocompatibility, 

osteoconductivity and its ability to be a capable carrier of growth factors, which increase 

osteointegration of the graft (Damien et al., 2004). 

Ceramic BGS are generally characterised by high mechanical stiffness (O’Brien, 2011). 

They have a high Young’s modulus. Ceramics BGS have only been considered potential 

grafts since the 1960’s due to their high stiffness and their brittle properties (Canillas et al., 

2017). 70% of human bone is hydroxyapatite mineral, and for this reason, CaP bone graft 

materials predominate the bone repair industry (Habraken et al., 2015). The CaP BGS 

releases calcium and phosphate ions which can induce an osteoinductive response 

(Habraken et al., 2015; Habibovic et al., 2010). These ionic releases are dependent on the 

graft’s composition and the surrounding environment; changes to either of these conditions 

can influence the rate of the grafts resorption and the biological responses. Either 

solubilisation or induced by macrophages or foreign body giant cells can cause graft 

resorption (Polo-Corrales et al., 2014). 

1.8.5.1 Synthetic Calcium Phosphate BGS 

Synthetic CaP based BGS’s have been developed using several different methods. These 

include the synthesis using a reaction of ammonium phosphate with either calcium nitrate 

or calcium hydroxide in a suspension before the addition of phosphoric acid. This forms a 
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slurry composition; this is then cast before being sintered. Sintering occurs at high 

temperatures to densify the slurry into a powder.  

Studies have shown that CaP can be osteoinductive when implanted into animal models 

causing cells to differentiate (Amini et al., 2012). It’s surface chemistry, topography, and 

lower crystallinity can increase cellular attachment, but it can also increase pH level and 

cytotoxicity, leading to lower the proliferation rates of the adhered cells (Chou et al., 2007). 

Increased porosity leads to higher protein attachment that in turn influences the surface 

physiochemical reactions and interactions of the BGS, which in turn affects cellular 

adhesion then, eventually the formation of a calcified matrix (Zheng et al., 2006).  

1.8.5.2 Additions of Si ion into synthetic Calcium phosphate BGS 

Several cations including magnesium, sodium, silicon and strontium ions that can be 

substituted for the hydroxyl group of the HA bone mineral have been identified (Barrere et 

al., 2006). Silicon (Si) is essential for life being Si deficiency has shown to lead to decrease 

collagen formation in bone (Seaborn and Nielson 2002). Low Si levels will compromise 

mineralization and leading to poor collagen formation (Schwarz 1973; Carlisle 1980; 

Carlisle 1986; Jugldaohsingh 2004). Si substitution into HA promotes increased biological 

activity due to the transformation of material surfaces to a biologically equivalent apatite. 

This resulted in increasing the solubility of material due to the generation of a more 

electronegative surface and to a finer microstructure (Patel et al., 2002).  

Some studies have shown that HA incorporating silicon into the HA structure, can lead to 

increased levels of bone formation and osteoblast cell activity (Polo-Corrales et al., 2014). 

The addition of either 0.8wt% or 1.5wt% of Si has shown lower crystallinity while increasing 

solubility (Szurkowska et al., 2017). When Si was added to HA and submerged into SBF 

was shown to increase nucleation and growth quicker (Szurkowska et al., 2017). They 

believed that 0.8wt% was the ideal amount of Si to add to HA as in human bones, there is 

<1% of Si (Szurkowska et al., 2017). Carlisle identified trace amounts of up to 1.0wt % of 

Si within the immature bone. Si is critical for the metabolic role in new bone formation 

(Voronkov 1997). 

As early as 1966, Si studies have demonstrated the promotion of cross-linking of collagen 

(Meyer, 1966). SiHA placed in both in vitro and in vivo have led to increased interactions 

between bone and implant, improving osteointegration leading to the success of the 

implant (Regi and Arcos, 2004). It has been hypothesized that the Si within the material 

can stimulate angiogenesis of endothelial cells via the paracrine way and could stimulate 

fibroblasts to express angiogenic factors that subsequently activate the endothelial 

receptors to begin downstream cascades before finally stimulating endothelial cells to 

undergo angiogenesis (Li et al., 2013).  

Gibson et al. (1999) demonstrated that the incorporation of Si ions into a phase-pure HA 

could stimulate osteoblast-like cell activity when compared to stoichiometric HA. Si can 
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directly affect the biomineralisation processes, cellular differentiation, proliferation, 

collagen synthesis, and calcification during early bone development (Lee et al., 2014; Patel 

et al., 2002). Gibson et al. (1998) showed that Si substitutes for the phosphorus ion during 

the aqueous precipitation associated with the chemical reaction between calcium 

hydroxide and orthophosphoric acid. Si substitution into the HA crystal lattice alters the 

surface charge (Botelho et al., 2006; Rashid et al., 2008). Price et al., (2013) described Si 

as having the ability to cause a higher rate of electronegative surface leading to increased 

bone formation, however others studies have suggested that Si is released as the graft is 

being absorbed, thus having the ability to affect osteoblastic differentiation and 

proliferation (Lerner and Liljenqvist, 2013). 

The addition of soluble Si to in vitro cultures results in the upregulation of collagen 

synthesis, osteoblast metabolism, and differentiation (Reffitt, 2003; Brown 2003). While 

also having the potential to increase metabolic activity and proliferation of osteoblast-like 

cells (Zuo et al., 2009). The addition of Si had the ability to increasing bone mineralisation 

of MC3T3-E1 (Kim et al., 2013).  

Additionally, this affects the wettability and surface charge when compared to HA alone 

(Guth et al., 2010). In vitro studies performed by Porter et al., (2004) suggested that the 

incorporation of silicate ions into HA promotes bone remodelling at the bone/HA interface 

(Porter et al., 2004; Hing et al., 2005). Other studies have also shown that HA incorporated 

with other ionic substitutes including CO32−, HPO42−, Mg2+, K+, Na+, Zn2+, Mn2+, F−, 

or Cl− have the ability to enhance the bioactivity when compared to HA alone (Laskus, 

2017; Dorozhkin et al., 2010; Combes et al., 2016). 

 1.8.6 Surface wettability  

Cellular adhesion and interactions with the surface influenced by surface hydrophobicity 

and free energy (Thevenot et al., 2008). The structure and chemistry of the BGS can 

influence fluid and BGS interactions. Material wetting is a nanoscopic event that causes 

contact angles (Xu et al., 2007). While also affecting protein absorption to the surface, 

their conformation and the subsequent biochemical cascades that can influence cellular 

activities (Vogler, 1998; Xu et al., 2007). This also influences ions released from the 

surface of the graft.  

Surface wettability is described as in two ways, firstly how fluid to spread on a surface or 

secondly how the water interacts with the solid surface. BGS wettability can be either 

hydrophobic or hydrophilic, and both can be critical to the success of the BGS. Protein 

adsorption is a complex process involving hydrophobic, electrostatic, and van der Waals 

interactions as well as hydrogen bonding (Guo et al., 2018). Comparison studies have 

suggested that hydrophilic surfaces cause stronger interactions with protein adhesion 

(Hlady and Buijs, 1996). It has also been argued that hydrophilicity surfaces, however, it 

has also been argued that hydrophilicity surfaces do not block proteins from adhering (Xu 
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et al., 2007). Studies demonstrate that attaching of diluted serums proteins onto 

hydrophilic surfaces before cellular seeding can increase cellular attachment and cell 

spreading across the surfaces (Webb et al., 1998). 

Competition between proteins and water on BGS surface is a critical component of protein 

adsorption; however, the effects of surfaces wettability on proteins adhesion is not always 

consistent and may affect "quality" and quantity of proteins that adsorption (Xu et al., 

2007). Guo et al. (2018) investigated the influence on how surface charge and wettability 

may affect proteins adsorption attributes, kinetics, quantities, deformation, and 

reversibility. This enabled them to investigate how BSA is adhering to BGSs. They used 

the quartz crystal microbalance, which monitored dissipation and atomic force microscopy-

based force spectroscopy on different surfaces. However, they were unable to determine 

whether surface charge or wettability was more dominant in affecting protein attachment 

due to the complexity of interacts between solids and liquids (Guo et al., 2018). 

Proteins may undergo conformational changes due to both surface charge and 

hydrophobicity; this may increase the protein−surface interaction forces and the amount 

of protein adsorption. Nonetheless, Guo et al., (2018) were able to show that the 

hydrophobicity can cause deformation of the proteins, thus affecting how the proteins 

spread.  

The surface charges can also affect the protein conformation changes and desorption. 

This could be affected by the ionic strength, which is a secondary charge to that of the 

surface hydrophobicity. Understanding this will enable advances in surface chemistry and 

properties leading to tailored directing the proteins-surface interactions. 

1.8.6.7 Dissolution of BGSs 

Bioactive materials dissolve in equilibrium with natural apatite formation through 

interactions between the dissolving BGS and the surrounding tissues causing the new 

bone formation of new tissues. The opposite is also an issue as if they too little dissolution 

will lead to an inability for the graft to make space for new health bone formation; however, 

the graft may be retained to support the osteoblasts in the development of new bone 

(Yamada and Egusa, 2018). 

The surface area can profoundly influence the dissolution rate of the graft to volume ratio, 

fluid convection, acidity and temperature (Dorozhkin, 2002). Dissolution release 

incorporates functional ions affecting bioactive and potentially osteoporotic properties. 

Understanding the dissolution rates can aid in improving the bioactivity of materials. 

Dissolution can be broken down by enzymatic or chemical dissolution is critical for making 

space for the new bone development; however, it should be noted that if the dissolution 

occurs too quickly making the graft unstable before the new bone forms which can 

contribute to defective space formation (Yamada and Egusa, 2018). Enzymatic dissolution 

occurs through cells for osteoblasts that produce various isoforms of collagenase that will 
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breakdown the collagen matrix or tissue fluids degradation through hydrolysis. While, 

chemical dissolution continues to aid bone remodelling after the bioabsorption of BGS after 

in embedded, this occurs through chemical dissolution. Chemical dissolution may lead to 

apoptosis osteoclasts a subsequent inhibition of osteoclastic resorption due to excess 

calcium ions (Yamada and Egusa, 2018). 

The dissolution of the material causes the absorption of increased levels of proteins, which 

also increase osteoblast adhesion (Coathup et al., 2013). This interaction occurs between 

the dissolving materials interacting with the surrounding materials that could mediate 

osteoblast cells (Porter et al., 2003).  

Bioactivity of the HA materials such as in the ApaPore™ is believed to be associated with 

the release of both Ca and P ions during the dissolution, while precipitation of biological 

apatite layers (Porter et al., 2003; Coathup et al., 2013). Priya et al., (2010) discussed that 

high levels of dissolution graft formed from CaP composites causing the release both of 

Ca and P ions. This release of ions can induce increased levels of apatite formations onto 

the graft’s surface. Priya et al., (2010) believed that this to process is an interlinked 

mechanism and this resorption of the graft influences the bone-bonding properties.  

While the dissolution rate of the ceramic could be potentially be affected by the addition of 

Si could potential affect the rate of dissolution rate of the graft as it influences the structural 

composition, protein conformation, and topography (Wang, 2017). This is essential for the 

substituted materials can influence the rate of apatite dissolution and favouring 

osseointegration (Dalculsi et al., 1989; Porter et al., 2003). This has been shown to occur 

during in vivo and in vitro situations during in vivo conditions. 

As noted before several times strut porosity is the difference between Actifuse™ and 

Inductigraft™. Inductigraft™ has the increased and strut porosity results in the largest 

surface area that contributes to the adsorption as well as to ion exchange and bone-like 

apatite formation by dissolution and re-precipitation. Porter et al., (2003), studies 

investigated in vivo dissolution comparing HA, 0.8wt% SiHA and 1.5wt% SiHA. Using 

high-resolution transmission electron microscopy, they were to illustrate that there was a 

higher level of dissolution 1.5wt% SiHA compared 0.8wt% SiHA, which was then higher 

than HA. They believed that this increased dissolution due to the addition of Si and the 

increased porosity (Porter et al., 2003). 

Sha et al., (2011) a comparison was made with β-TCP™ to have shown to have an 

excellent rate of dissolution when in vivo environment after implantation. While with 

Orthoss® there currently no comparisons studies between and the other BGS investigate 

here, however, there is a comparison of xenografts and them. These studies showed that 

there was better osteointegration when compared to HA/β-TCP (Bagher et al., 2012). A 

study by Zivko et al., (2013) suggested that the dissolution of the Orthoss® surface and its 

osteogenic responses are highly depended on its concentration during in vitro 

experiments.  
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1.9 Bone Graft Substitutes and Protein Attachment  

The addition of chemicals, proteins, peptides or cells could potentially affect the success 

rate of BGS (Polo-Corrales et al., 2014). How cells respond to the BGS surface has long 

been established as a secondary response (Amini et al., 2012). The initial response has 

been showed to be the absorption of a protein layer onto the surface, which occurs within 

seconds after immersion of the BGS into biological fluids (Hayes et al., 2012; Botelho et 

al., 2006; Deligianni et al., 2000). Within milliseconds of implantation into biological fluids, 

proteins start to adhere to the BGS surface and these proteins are critical in mediating 

both further protein attachment and future cellular response (Absolom et al., 1987; Yang 

et al., 2002; Sawyer et al., 2007; Schmidt et al., 2009). Proteins within the extracellular 

matrix influence this response and this fluctuation is depended on several factors such as 

the type of bone, age, gender, disease state and treatments associated with medical 

conditions (Florencio-Silva et al., 2015). However, it should be noted that cell signalling 

could also be affected by ions or peptides (Hing et al., 2005). 

Several studies have demonstrated how optimising protein attachment can influence 

critical processes including cell attachment, cell spreading, proliferation and promotion of 

osteoinduction (Guth et al., 2011; Shelton et al., 1988). The attachment of specific and 

non-specific proteins could be prevented from attaching, leading to a reduction in an 

immunological response when implanted (Fang et al., 2005). To induce earlier osteoblast 

differentiation, protein attachment at the right time can be critical (Komori, 2006). Most of 

these previous studies have only been able to isolated individual or selected groups of 

proteins and investigated their potential in the osteoinductive pathway. 

Proteins within the body are constantly interacting with both the bone, cells and any 

implanted structure (Heaney et al., 2008). The proteins that absorb initial have the ability 

to control subsequent cellular reactions (Chen et al., 2008; Anderson et al., 2008; 

Keselwsky et al., 2005). These cellular reactions are mediated by signal transduction 

within the cell that will affect gene expression and subsequently, cellular behaviour. The 

adhered proteins mask an otherwise potentially hostile surface (Wilson et al., 2005). By 

the time cells arrive at the BGS surface, the graft should have a monolayer of proteins. 

This means the arriving cells do not “see” the BGS surface but instead “see” a potential 

attractive layer of attached proteins (Schmidt et al., 2009). These proteins relay 

extracellular instructions causing a constructive response from the cells, possibly leading 

to further cellular recruitment and osteoinduction (Wilson et al., 2005).  

The processes regulated by some of these absorbed proteins that attach to biomaterials 

can influence a phenotypic response. Osteoinductive agents are generally proteins, which 

can induce differentiation of pluripotent stem cells to osteogenic cells or induce stem cells 

to proliferate (Nandi et al., 2010; Perry 1999; Rabe et al., 2011; Sawyer et al., 2007; 

Shelton et al., 1988; Allen et al., 2006). 
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 1.9.1 Physical and chemical properties of grafts affect Protein interactions 

The surface topography and chemistry varies between different commercial BGS, and this 

can affect protein attachment by deciphering this it’s hoped we can control on proteins 

could potentially enable a way to manipulate it and possibly develop superior BGS (Lord 

et al., 2006). This could be by optimising protein attachment that in turn influences critical 

processes of cells that range from attachment, spreading, proliferation, and pushing them 

towards the osteoinduction lineage (Guth et al., 2011; Shelton et al., 1988). 

Proteins interact with BGS surface so the physical and chemical properties of the grafts 

could be critical in influencing the response of the proteins in terms of quantity and diversity 

(Rosengren et al., 2002; Schmidt et al., 2009; Wang et al., 2012; Chen et al., 2008).  

As with cellular attachment, there are many different factors that could affect protein 

absorb to the graft surface; including chemical formula, surface topography and the 

amount of proteins in the surrounding fluid and tissues (Wang et al., 2012; Lord et al., 

2006; Nath et al., 2006; Guth et al., 2010; Fang et al., 2005). 

The chemical composition is also a critical factor in interacting with proteins by influencing 

the types of forces, which have the ability to govern interaction with proteins (Guth et al., 

2010; Hing, 2005; Podaropoulos et al., 2009; Sawyer et al., 2007; Wang et al., 2012; Dee 

et al., 2002). Studies have demonstrated that synthetic BGS, developed from CaP, can 

attract proteins that other investigated (Sawyer et al., 2007; Wang et al., 2012; Guth et al., 

2010; Hing, 2005; Podaropoulos et al., 2009). This is due to its chemistry affecting the 

electrostatic and hydrophobic levels of the surfaces (Wang et al., 2012).  

The release of ions and surface charge of the BGS surface can influence the surrounding 

solution around the surface changing and can attract ions solution. These changes in the 

electrostatic attraction cause more acidic proteins to attach to the surface, whereas more 

basic proteins are attracted to P/OH sites (Wang et al., 2012). Thian et al. suggested that 

the increased protein adsorption to it SiHA surface was caused by the formation of a 

silicate network causing intracellular specific cellular interactions that could stimulate the 

bone mineralisation process (Thian et al., 2006a; Thian et al., 2006b; Dalgic et al., 2018). 

In Thain et al., (2006), they also believed that increasing the amount of Si content in 

samples led to the increased cellular organisation compared to controls; however, they 

noted that how Si affects the cellular activity required more investigated. 

The surface topography affects this protein adsorption as the more exposed surface can 

lead to increased surface area for protein adsorption. The increased porosity leads to a 

larger surface area that could increase the quantity and possible variation in the protein 

attachment (Hing et al., 2005; Guth et al., 2010). As with the chemistry, the surface 

topography of BGS affects the speed that proteins attachment, which proteins adhere, 

their quantity and how they adhere leading to possible conformational changes to the 

protein (Dee et al., 2002; Hing et al., 2005). Other factors that can influence the diversity 
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of protein attachment include surface energy (Schmidt et al., 2009; Hing, 2005; Lampin et 

al., 1997). 

1.9.2 Surrounding fluid protein concentrations  

A critical factor that affects the amount of protein interaction with grafts is highly dependent 

on the concentration of proteins within fluids surrounding the implant (Wang et al., 2012; 

Nath et al., 2004). Variation of protein affinities to the BGS surface is critical, and 

competition encouraging variation (Hing et al., 2005). The Vroman effect shows that the 

protein adherence changes and over time, some proteins could detach from the surface 

while others attach. The first proteins to attach are usually those that have a high 

concentration, more mobile, but also have low surface adherence (Nath et al., 2004; Hing 

et al., 2005). These proteins can be usually replaced by proteins that are lower in 

concentration, less mobile but with a higher surface affinity (Nath et al., 2004; Hing et al., 

2005).  

1.10 Bone Graft Substitutes being investigated in this thesis   

This thesis investigated five different commercially available BGSs and identified the 

proteins, which adhere to their surfaces and relate this to their osteoinductive potential. 

Four of which are synthetic BGSs: ApaPoreTM (ApaTech, UK), ActifuseTM (ApaTech, UK), 

β-TCPTM (Pfizer, UK), InductigraftTM (ApaTech, UK) and the fifth is commercial 

demineralised bovine bone scaffold, known as Orthoss® (Geistlich, Switzerland). There is 

a brief overall description of these BGSs layout in Table 1.1 below. 

Table 1. 1 The five commercial available bone graft substitute investigated. 

Substrate Size 
Macro 

Porosity* 

Strut 

Porosity* 
Chemistry Suppliers 

Actifuse™ 2-5mm 50% 5-15% SiHA (8% Si) ApaTech, Uk 

ApaPore™ 2-5mm 60% 20% Synthetic HA ApaTech, Uk 

β-TCP™ 2-5mm 80% 22.5% 
β–Tricalcium 

phosphate 
Pfizer, Uk 

Inductigraft™ 1-2mm 80% 32% SiHA (8% Si) ApaTech, Uk 

Orthoss® 1-2mm 80 10-20nm** 
Deproteinised 

bovine bone 

Geistlich, 

Swiss 

*Coathup et al., (2013), defined porosity at the micrometre levels, with macropores, 

typically being between 100 to 200μm and strut porosity being <50um and having 

a diameter of between 1 to 10μm. **Kouroupis et al., 2013. 

 

The BGS selected for this thesis were chosen due to their differences in a range of 

features, including physio-chemical, surface topography, micro, and macro-porosity. 

ActifuseTM is SiHA materials were selected to make a comparison to the HA material of 
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ApaPoreTM. This was done to compare the addition of the silicate substitution into the HA 

lattice. Two SiHA materials were selected to compare the differences in microporosity with 

InductigraftTM having, an increased porosity compared to ActifuseTM. InductigraftTM has 

previously been described as osteoinductive. β-TCPTM was selected to give a measure of 

the different physio-chemical compared to the other HA materials. The final BGS of 

Orthoss® was select as a contrast to the synthetic BGS as it is a bio-derived BGS and 

developed from highly purified bovine natural HA. 

1.10.1 ApaPoreTM 

ApaPoreTM is formed from synthetic HA and has been structurally manipulated to form 

granules that can maintain their structural integrity when placed into a wound (Coathup et 

al., 2012). The similarity of synthetic HA (Ca10(PO4)6(OH)2) to natural bone minerals has 

led to its extensive use within bone grafting material for hard tissue implants (Von 

Doenrberg et al., 2006). The combination of the pure-phase HA and strut/macro-porous 

structure in ApaPoreTM has shown to be osteoconductive and encourages ingrowth, 

support bone formation and can lead to remodelling of natural bone (Podaropoulous et al., 

2009; Harding et al., 2005). ApaPoreTM structure has a similar trabecular structure to the 

cancellous bone and allows for the diffusion of growth factors, absorption of blood and 

bone marrow as well as attracting osteogenic proteins (Von Doenrberg et al., 2006; Hing 

et al., 2005).  

1.10.2 ActifuseTM 

ActifuseTM (ApaTech, Foxborough, UK) is a synthetic silicate-substituted porous HA. In 

ActifuseTM silicate ions were incorporated into the HA lattice structure and were developed 

to improve osteoinduction and osseointegration (Bohner, 2009). The incorporation of 0.8% 

of silicon into HA occurs through aqueous precipitation method using Ca2(OH)2 and H3PO4 

and then sintered at 1200oC. The Ca/(P+Si) ratio of ActifuseTM is kept constant at 1.67, 

leading to the stoichiometric HA and final substitution of silicon ions into phosphorous sites 

(McNamara et al., 2010; Von Doenrberg et al., 2006). ActifuseTM has a granule size, which 

ranges between 2-5 mm and a reported porosity size marketed as 60% but there have 

been reports that the true total porosity ranges between 60-67% (McNarmara et al., 2010). 

The same company that supplies ApaporeTM supplies ActifuseTM. Both BGS have similar 

topography but ActifuseTM contains 0.8% silicon. 

1.10.3 InductigraftTM 

InductigraftTM is a silicate-substituted HA material developed in the same manner as 

ActifuseTM however, with increased strut porosity (Mangano et al., 2008). The increased 

porosity creates a greater surface area that allows for higher amounts of proteins to bind 

to its surface (Gibson et al., 2009). The increase strut porosity has been described to 
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influence osteoinduction and osteointegration when compared to similar materials with 

lower porosity (Coathup et al., 2012; Nakata et al., 2016; Yka-Soininmaki et al., 2013). 

1.10.4 β -TCPTM 

Tricalcium phosphate (TCP) is a calcium salt of phosphoric acid, whose chemical formula 

is Ca3(PO4)2. TCP is more soluble than HA, with a greater rate of bioresorption (Rouahi et 

al., 2006). TCP has two allotropic forms: Alpha-TCP (α –TCP (α -Ca3(PO4)2)), and Beta-

TCP (β –TCP (β -Ca3(PO4)2)). α-TCP is stable between 1180oC and 1400oC, whereas β -

TCP is stable below 1180oC and both have a chemistry that is similar to the inorganic 

phase of natural bone. Commercially β -TCPTM is supplied commercially, whereas α -TCP 

is mainly found as fine powder in CaP cement (Botelho et al., 2006). β-TCPTM has a 

stoichiometry similar to amorphous biologic precursors of bone mineral and displays a Ca-

to-P molar ratio of 1.516.  

1.10.5 Orthoss® 

Orthoss® is a bio-derived BGS developed from highly purified bovine natural HA and is 

available as granules or blocks forms that have various sizes (Dorati et al., 2013). During 

processing Orthoss®, any organic components are removed and leave the decellularised 

and deproteinised matrix (Dorati et al., 2013; Garin et al., 2016). Orthoss® has shown to 

cause a reduced local inflammation reaction while being highly osteoinductive (Garin et 

al., 2016; Kouroupis et al., 2012). Orthoss® has similar topography as human bone (Dorati 

et al., 2013; Kouroupis et al., 2013). 

1.11 In vivo studies using these BGS’s. 

Below is a brief description of some of the published in vivo studies involving the BGS 

investigated. 

1.11.1 ApaporeTM 

The 2017 Kumar et al. study, retrospectively investigated the impact of graft revision in 

total hip replacement of 21 patients. The patients received allograft, synthetic graft or 

allograft alone. Eight patients received a 50/50 allograft and ApaPoreTM mixture, while 

seven patients just received allograft. Six patients died from unrelated causes. Bone loss 

was classified using Paprosky classification with an average follow-up for 10 years. The 

results indicated ApaporeTM was a viable and possible safer option compared to the 

allograft. While McNamara et al. (2010) investigated 50 consecutive acetabular 

reconstructions retrospectively. A 1:1 mixture of frozen, ground irradiated bone and 

ApaPoreTM60 was used in 48 patients, and they showed comparable results to frozen, 

irradiated bone alone over their 60-month follow-up period. 

The in vivo study by Coathup et al., (2008), in 12 female sheep investigated impaction of 

allografting over 6 months. The first group was 50:50 mixture of ApaPoreTM and allograft 
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group while the second group was 90:10 ApaPoreTM and allograft mixture. There was no 

significant difference between both groups meaning the results for both were comparable. 

1.11.2 ActifuseTM and InductigraftTM 

These studies compared different strut porosity of SiHA that represented ActifuseTM (Lower 

strut porosity) and InductigraftTM (Higher strut porosity) BGSs. 

Hutchens et al., (2016) investigation into SiCaP with increased strut porosity that used for 

ovine critical-sized metaphase defects in the distal femoral enabled a comparison to be 

made between SiCaP to an autologous iliac crest bone graft extender and a mixture of 

SiCaP with bone marrow aspirate. A strut porosity was used 39 ± 8% and evaluated at 4, 

8 and 12 weeks. The results indicated that all groups had a positive response of 

neovascularisation, bone growth, and finally infiltration of marrow throughout the graft 

samples to the implants after an initial response period of mild inflammatory. However, the 

extender group produced higher amounts of bone formed at early time points with more 

desirable mechanical properties; however, this levelled out at later time points with similar 

amounts of bone in all samples.  

Coathup et al., (2011) study investigated SiCaP that had 80% macroporosity with a 30% 

strut porosity. These were implanted ectopically into ovine for 12 weeks. Significant bone 

formation occurred compared to the control of stoichiometric calcium phosphate. They 

concluded that SiCaP samples had significantly higher amounts of bone formed within and 

on its surface of the samples. 

Harshavardhana et al. (2015) used ActifuseTM in 35 patients who have adolescent 

idiopathic scoliosis. SiCaP was added to locally harvested bone at 60:40 ratios. 6 weeks 

post-operation; they observed osteointegration using radiographic fusion, and the 

granules were fully integrated into bone as solid fusion mass by 24 months. These results 

indicated that ActifuseTM had increased neovascularisation, bone apposition formation, 

and standard trabecular architecture when compared to controls. 

1.11.2.1 Comparison of different strut porosities. 

These studies compared SiHA BGS with different in their strut porosities. The 2012 study 

by Coathup et al., compared increased the strut porosity of both CaP and SiCaP BGS. 

They were again implanted ectopically in ovine in the right paraspinal muscle. The strut 

porosity of the samples was 10, 20 and 30%. After 12 weeks, they showed increased 

levels of osteoinduction in the 30% SiCaP, and this was higher than the matching 30% 

CaP. They were unable to see any bone growth in the 10% strut porosity samples. 

In their 2016 study, Coathup et al., (2016) compared SiCaP with microporosity of 22.5% 

and 36%. These were surgically placed into ovine poster lateral spinal fusion. They aimed 

to investigated bone apposition, bone formation, bone-implant contact and the levels of 

resorption of the graft at three-time points post-surgery, 8 12, and 24 weeks. They noted 
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no significant difference between the two materials in bone apposition, formation, and 

bone-implant contact. However, at 8 weeks there was a significantly higher CT score 

obtained in the 36% group (0.83 ± 0.17) with significantly fewer scaffolds remaining at 12 

weeks. Both formulations showed augmented bone formation. Increased strut porosity did 

not produce any significant increase in bone formation; however, at 8 weeks did promote 

increased mineralised bone formation and significantly higher CT scores which they 

believed caused more mature bone tissue formation.  

Chan et al., (2012) comparison included placing SiCaP ectopically with strut porosities of 

22.5%, 32% and 46% into ovine paraspinal muscles. They investigate bone area; implant 

area and bone-implant contact at 8, 12 and 24 weeks. No significant difference between 

the grafts at 8 weeks, but there was at 12 weeks in 46% sample compared to 22.5%. At 

24 weeks, this showed a 75-fold increase in the 46% samples. This indicated that 

increased strut porosity leads to higher bone formation and implant contact. 

1.11.3 β -TCPTM  

During the Galois et al., (2002) they investigated 110 patients who required β-TCPTM for a 

range of bone-related issued including non-unions, benign tumours, and hip revisions. In 

86 cases β-TCPTM was used alone, 22 cases were used in combination with 

corticocancellous autografts bone, and the final 2 patients were in combination with 

allograft bone. In 30 cases, there was excellent that incorporation of ceramic, 51 cases 

had good incorporation, and the final 26 had fair incorporation. They indicated that 75% 

had a rating of good or above. Three cases had the graft removed due to infection. They 

concluded that β -TCPTM is an excellent choice for medium-sized defects. 

In 2017 Hernigou et al., study retrospectively investigated the outcome of 50 patients who 

had orthopaedic surgery with 25 of them had β-TCPTM and 25 with autografts. There were 

54 surgeries for bone defects with 34 open-wedge high tibial osteotomies, and 20 

osteonecrosis treatments with core decompression. Their results indicated a 100% fusion 

rate of the osteotomies β-TCPTM group compared to 94% of the autografts group. For the 

20 caviar defects found that both groups had 100% presences of osseous bridging. One-

year post-surgery the β-TCPTM group showed less pain and improved safety. However, 

they noted that the β-TCPTM group had established a clinical parameter that it could be 

used alone and could successfully support osteogenic processes. 

1.11.4 Orthoss® 

Piattello et al., (2010) retrospectively investigated Bio-Oss® (Another name for Orthoss®) 

used during sinus augmentation procedures over a long period in 20 patients. They aim to 

investigate the rapid replacement of host bone as other researchers noted that Bio-Oss® 

has slow resorption or no resorption post insertion of 6 months to 4 years in some patients. 

Piattello et al. noted the granules were surrounded by mature compact bone with small 
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capillaries, with both MSC's and osteoblasts in conjunction with new bone with some 

semblance of granules resorption by osteoblasts. Their results led them to believe that 

Bio-Oss® can be biocompatible, osteoconductive, however, with a slow resorption rate. 

While Garin et al., (2016) performed another retrospective analysis of Orthoss® in the 

presents and absents of bone marrow aspirate in 47 young patients with spinal fusion 

including scoliosis, degenerative spine, lumbosacral transitional anomalies, and spine 

drama. The patients had a 1:1 ratio of autologous bone to Orthoss® granules with follow-

ups at three, six, twelve and twenty months. They noted a functional recovery in the 

majority of patients within three months and progressive bone formation with evidence of 

bone fusion in the majority of patients within six months with no fusion failure seen in any 

of the patients.  

1.12 Identification of the Absorbed Protein 

Absorbed proteins that attach to biomaterials can influence a phenotypic response and in 

turn, can initiate osteoinduction via an intracellular signalling cascade (Chen et al., 2008; 

Shelton et al., 1988; Allen et al., 2006). There have been numerous studies that have 

described how optimising protein attachment influences cellular attachment and 

proliferation, while also being able to promote increased levels of osteoinduction (Guth et 

al., 2011; Shelton et al., 1988). This optimisation could lead to the development of BGS 

with a more successful clinical outcome.  

Guth et al., (2010) described that the addition of Si to HA could attract proteins in higher 

amounts; they noted that this included both fibronectin and vitronectin proteins when the 

compared to HA alone. The effect of the molecular weight of proteins on the kinetics is 

very complex and different from its role in the equilibrium adsorption isotherms (Fang et 

al., 2005). It is noted that increased strut-porosity can expand the surface area and in 

succession, this should cause an increased quantity and possible variation in proteins 

attachment (Coathup et al., 2010; Hing et al., 2005).  

1.12.1 SDS-PAGE Gel 

A standard method of protein separation is by electrophoresis. One mode of 

electrophoresis uses a combination of discontinuous polyacrylamide gel (PAGE) as a 

support medium and anionic sodium dodecyl sulfate (SDS) which denatures the proteins 

also known as SDS-PAGE.  

The SDS detergent causes a negatively charged complex; the amount of SDS that binds 

to the protein cause a change in the charge. SDS causes the protein to be denatured and 

solubilised, causing the complex to form into a rod/ellipsoid shape that proportional to the 

proteins molecular weight. The negatively charged protein complex is then separated 

based on the difference in the size and charge when the electrophoresis is run, and the 
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polyacrylamide gel acts as a sieving matrix. It enables the more mobile proteins to move 

further through the matrix leading to the separation of the different proteins out.  

The identification and characterisation of the proteins is the main aim of the proteomic 

analysis, to identify these proteins requires the extraction of them from the SDS-PAGE gel 

(Huynh et al., 2009). The proteins within the gel required processing which included 

removal of the protein stain, reduction, and alkylation of the proteins, before digestion and 

extraction of the peptides from the gel (Huynh et al., 2009). The extracted proteins could 

be analysed by mass spectrometry (MS). 

1.12.2 Spin Column Cut Off  

Spin columns were used to separate proteins and produced batches of proteins within 

specific size ranges (Zang et al., 2006). These proteins are then digested by trypsin prior 

before submitted for MS analysis.  

1.12.3 Tandem Mass Tags™ 

detached proteins before the MS analysis, enabling the proteins to be more easily 

identified (Rauniyar et al., 2014). The addition of stable isotope labelling strategies is 

commonly used to profile targeted protein quantity (Gevaert et al., 2008).  

Isobaric tandem mass tags (TMTs) are used for quantitative proteomics. TMTs that are 

attached to proteins before MS/MS to detect proteins while being high sensitivity and 

reduces the noise. TMT labelling enables qualitative and quantitative proteome analysis 

(Thompson et al., 2003). The tags allow peptides from different samples to be both identify 

and measured with accuracy that could not be matched by other methods (Thompson et 

al., 2003). TMT is isobaric tags that enable the simultaneous identification of the peptides 

and the relative quantity (Thompson et al., 2003). The TMT tags consist of a reporter 

group, a mass-balancing group, a cleavable linker and a peptide-reactive group, and could 

be used to perform at the MS/MS level where the signals already intensified (Liang et al., 

2015). 

Multiplexing is the ability to simultaneously identifying and quantifying signals from 

different sources run within the same experiment, allowing for a relative quantity of proteins 

to be calculated over several time points (Liang et al., 2015). TMT tagging is done by 

covalently attaching a molecule to the N-terminus of the peptides and during the MS/MS 

analysis the reporter ion breaks at the cleavable linker site and can be detected (Olshina 

et al., 2016). The peptide-reactive group for the amine-reactive TMT tags bind covalently 

to the N-terminal α-amino groups and ε-amino groups of lysine residues of the peptides 

and proteins using the N-hydroxysuccinimide ester (Liang et al., 2015). This isotope 

labelling can be performed by the addition of combinatorial heavy isotopologues of C, H, 

N, and O by either metabolic or chemical derivatisation processes (Rauniyar et al., 2014). 
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After TMT tagging the samples are fractionated by OFFGEL fractionation. OFFGEL 

fractionation electrophoresis allows for the separation of the proteins by their isoelectric 

points that can be recovered in a liquid phase. The isoelectric point is the pH at which the 

particular protein carries. 

MS/MS fragmentation leads to fragments ions peaks observed at higher mass to charge 

(m/z) ratios and is used to sequence amino acids that help to identify the peptides 

(Rauniyar et al., 2014). The peptide spectrum is assigned to proteins. The peptides tagged 

with the TMT isotopic appear as a single composite peak at the same m/z value in the 

mass spectrometer scan and these are identical liquid chromatography (LC) retention time 

(Rauniyar et al., 2014). Two forms of product ions, (1) reporter ion peaks and (2) peptide 

fragment ions peaks can be identified (Rauniyar et al., 2014). The quantity of the peptides 

can be measured by directly comparing the relationship between the reporter ions to the 

peptide selection. 

1.12.4 Mass Spectrometry 

Mass spectrometry (MS) is an essential tool used to characterise proteins leading to 

protein identification. A mass spectrometer will ionise a sample and measure the m/z ratio 

of the resulting ions (Finehout and Lee, 2003). MS can produce qualitative and quantitative 

information about proteins that can be used to identify them. This requires ionisation of the 

proteins. Ionisation is the process that involves either atoms or molecules acquiring either 

a positive or a negative charge. This change in charge occurs due to the gain or loss of 

electrons, making the molecules become an ion. There are multiple types of ionisation 

methods for mass spectrometry techniques. These methods include Electron Impact (EI), 

Chemical Ionisation (CI), Electrospray Ionisation (ESI), Atmospheric Pressure Chemical 

Ionisation (APCI) and Matrix-Assisted Laser Desorption Ionisation (MALDI). ESI time of 

flight (TOF) MS was used for the experiments performed in this thesis.  

Liquid chromatography (LC) physically separate the proteins before ESI-MS. LC and ESI-

MS is commonly used in conjugation with each other (Pitt, 2009). LC is an analytical 

chromatography technique that separates different ions or molecules within a solvent. In 

the column liquid chromatography, the liquid mobile phase passes through the column, 

where the proteins within the liquid phase interacts with the solid stationary phase. The 

rate of the elution of the proteins from the liquid column depends on their physicochemical 

interactions between the stationary and mobile phases.  

LC-MS combines the physical separation of LC with the analytical ability of MS. LC-MS/MS 

is a tandem mass spectrometry, involves two attached mass spectrometers, where the 

samples are first ionised by either electrospray ionisation (ESI), MADLI or EI that 

generates the mixture of ions and these are separated based on their mass to charge ratio 

(m/z). Fragmentation of these ions occurs in a second mass spectrometer; these can then 

be used to generate the ions, which are then detected. 
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ESI-MS is a critical clinical technique due to its reliability and sensitivity. The ESI that uses 

electrical energy to transfer ions from a solvent solution and transform them into a gaseous 

phase that increases the MS sensitivity. This transfer from the solvent solution to the gas 

phase occurs in three steps, according to Ho et al., (2003). The liquid is then dispersed 

into a fine spray of charged droplets, and the solvent evaporates. The ions are then ejected 

from the charged droplets, which are then released from a high voltage tube into the main 

chamber and form a mist of charged droplets with the same polarity as the capillary 

voltage, nebulised gas such as nitrogen shears the eluted sample solution that increases 

the samples flow rate. These charged droplets exit the electrospray tip and move down 

the pressure gradient moving towards the analysers region of the mass spectrometer (Ho 

et al., 2003). The ions pass through the TOF chambers at an accelerated pace through a 

high voltage (Pitt, 2009). The length of time it takes for the ions to travel through a gas 

medium to a detector form a spectrum that can be used to identify the proteins.  

1.12.5 Mass Spectrum Proteomic Analysis 

The online software Mascot (Matrix Science, USA) used to analyse the MS produced peak 

lists. Mascot is a probabilistic scoring algorithm that identifies proteins using an adapted 

MOWSE algorithm. MOWSE is a method of identifying proteins based on the peptide’s 

molecular weights (Pappin et al., 1993). 

Some of the proteins identified by this method can mediate cellular recruitment and 

regulate their responses to the graft (Amini et al., 2013; Hing et al., 2004). The proteins 

identified will be prioritised based on their potential to increase osteoinduction and 

associated pathways; however, the role that many of the proteins play in osteoinduction is 

still poorly understood (Li et al., 2010). Proteins will also be prioritised based on the current 

knowledge available from several online databases. This method is outlined in the 

Methods section of Chapter 6. 

1.13 Protein Coating of Bone Graft Substitutes  

Proteins coated onto the surface of the BGS have shown to be pivotal in the subsequent 

cellular interactions and the success or failure of the BGS. Identifying the correct proteins 

to coat onto the BGS before implantation could cause increased cellular adhesion and 

osteoinduction (Simon et al., 2003). Other studies have shown the addition of fibronectin 

(FINC) to tissue culture polystyrene can increase cell adhesion and osteoblastic 

differentiation (Wilson et al., 2005; Steele et al., 1993; Stephansson et al., 2002). Some 

studies select sequences from various proteins, rather than using whole proteins. Several 

investigations of HA which were coated in RGD peptides before implantation has shown 

the ability to increase MSC’s attachment and spreading compared to non-coated materials 

(Lee et al., 2014; Sawyer et al., 2005). 
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Chapter 2 

The Effect of Different Bone Graft Materials on the Growth and Differentiation of 

Ovine Stem Cells. 

2.1 Introduction 

In recent years, the market for BGS has been flooded with new products, meaning there 

are more available now than ever before. Bone grafts are used during surgical procedures 

that can aid in restoring the bone to its original state in terms of both structural and 

mechanical integrity after it’s been damaged. To obtain this crucial goal of bone repair 

requires the graft to be able to aid in the promotion of osteointegration, osteoinduction, 

osteoconduction, and osteogenesis while maintaining structural support.  

It is critical to identify what was required from the BGS and selects the graft from all 

different types available that meet these requirements for the clinical situation and specific 

properties required (Moore et al., 2003).  

Ovine cells were selected for these experiments because the ovine model have been used 

regularly as an orthopaedic animal model for translational research due to their similar 

size, joint structure, bone/cartilage regenerative and weight when compared to humans 

while also being valuable for evaluating the biocapacity of BGS’s and other orthopaedics 

(Sartorette et al, 2016; Mccarty et al., 2009). They also can have 12 samples placed within 

one animal. Their volume of small tissues and blood volume is comparable to humans 

while having the ability to be used for investigation into regeneration and repair for critical-

sized defects. The use of Ovine cells also enable comparison against previously 

published in vivo and in vitro experiments that have investigated the same BGS before. 

These studies include but not limited to the ones outlined here, ApaporeTM studies by 

Coathup et al., 2006 and 2008. While for the SiHA formed BGS studies also by Coathup 

et al., in 2010, 2011 and 2016. For β-TCPTM, there was studies by Sanjurjo-Rodriguez et 

al., (2017) and Koepp et al., (2004) who used Ovine models. While for the Orthoss® Herten 

et al., 2019, an Ovine model was used. Ovine cells will further enable a comparison of any 

future in vivo experiments that would take place in an ovine model. 
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2.2 Aims and Hypothesis 

2.2.1 Aims 

The first part of the study aimed to characterise the ovine MSC population through 

differentiation along the adipogenic, chondrogenic and osteogenic pathway. The second 

part of this study aimed to investigate the effect macroporous, microporous structure and 

graft chemistry of the five commercially available BGSs on MSC attachment, proliferation, 

viability, and osteogenic differentiation.  

2.2.2 Hypothesis  

Scaffold porosity, topography, and chemistry differs in each BGS, and therefore I 

hypothesised a difference in the attachment, proliferation, viability and differentiation of 

stem cells when cultured on the commercially available granular porous BGS investigated. 

 2.2.3 Objective 

Five BGS scaffolds were investigated, and the objectives were: 

1. To qualitatively investigate macro- and microporous (strut) structure of the BGS 

after they have been embedded into resin. 

2. To quantify and compare cell metabolic activity using AlamarBlue® over 21 days. 

3. To quantify and compare osteogenic differentiation using an ALP assay over 14 

days using externally expressed ALP levels. 

4. To investigate cell viability using a live assay on day 21 post cell seeding. 

5. To investigate cell attachment to the BGS surfaces using Scanning Electron 

Microscopy (SEM). 
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2.3 Materials and Methods 

2.3.1 Study design 

Bone marrow-derived ovine MSCs (n=9) were characterised and cultured on five different 

commercially available granular BGS’s materials. The BGS’s investigated have been 

discussed in more detail in Chapter 1. An n=9 was used throughout this chapter unless 

stated. Three different sources of cells with three repeats.  

2.3.2 Isolation of MSCs from Bone Marrow Aspirate.  

Bone marrow was isolated from the iliac crest of skeletally mature female commercially 

available crossbred sheep. Using aseptic techniques, a Jamshedi needle was inserted 

through a stab incision into the iliac crest and approximately 5mls of marrow collected into 

a syringe containing 1000IU of heparin. The needle was retracted and re-positioned and 

a further 5mls collected from a separate adjacent bony location. Two mls of aspirate was 

placed into a T75 flask containing 10mls of DMEM+ containing 10% foetal calf serum 

(FCS) (First Link, UK) and 1% penicillin and streptomycin (P/S, Gibco, UK).  

The mixture of bone aspirate and DMEM+ was placed into an incubator at 37oC, and 5% 

CO2 and the media changed every 3-5 days until cells were 80-90% confluent. Cells were 

then passaged where the DMEM+ was removed and discarded and cells washed with 

phosphate-buffered saline (PBS). Cells were immersed in a solution of 10% trypsin (Gibco, 

UK) in PBS for 3 minutes at 37oC and following detachment, the cells and trypsin solution 

were removed from the flask and placed in a universal tube. The solution and cells were 

then centrifuged at 2000rpm to form a pellet. The pellet was re-suspended in fresh DMEM+ 

in a T75 flask, and 50μl was removed to determine cell viability and cell density. The pellet 

was then diluted 1:10 in trypan blue (Sigma-Aldrich, UK), and a small amount was pipetted 

under a coverslip on a haemocytometer viewed using a phase-contrast light microscope 

(CKX31, Olympus, Japan).  

For cell storage, DMEM+ containing cells were centrifuged, and the DMEM+ was removed 

before adding freezing media (10% DMSO (Sigma-Aldrich, UK) in 1ml of FCS). One ml of 

the freezing media with the cells was taken and placed into cryovials, which were frozen 

slowly to a minimum temperature of -80oC over 8 hours. The cryovials were then 

transferred to liquid nitrogen and stored until required.  

2.3.2.1 Cell Resuscitation 

When required, cells were thawed in 10mls of DMEM+ before placing them into T75 flasks 

(Corning, USA). Cells were allowed to adhere for 24 hours before the media was changed 

and then allowed to grow, changing the media every 3 days until the culture reached 80-

90% confluence. At this point, the cells were passaged. 
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2.3.3 Characterisation of Stem Cells 

These methods were performed previously by previous members of my laboratory group 

and have been published in Sanghani-Keri, (2017) and Samizadeh, (2010). However, they 

performed them with rats and human MSC cells, respectively. There have been several 

published methods on Ovine MSCs similar to the one performed in this thesis. One such 

publication is Sanjurjo-Rodriguez et al.,(2017), presented data that shows that ovine MSCs 

will present morphology, surface markers and the ability to be multipotent in a similar to 

those in human MSCs. Using a similar method to isolate and culture the ovine cells, they 

investigated cells that were between 2-8 passages using morphological, phenotypical and 

functional culture studies. Flow cytometry was used for the phenotypic characterisation on 

passages 3, 4 and 8. The antibodies markers used were specific for both mesenchymal 

and hematopoietic cells. The molecular analysis technique of RT-PCR was used to 

investigate differentiation by the expression of typical genes for both differentiation and 

multipotency. Finally, they performed both cytological and histological analysis using the 

staining techniques of Alizarin red, Oil Red O and Alcian blue, among other stains. 

Immunohistochemistry was used for further confirmation of osteogenic and chondrogenic 

differentiation. Their results indicated that the ovine cells had similar morphologic and 

plastic adherence as human-sourced cells. The immunophenotypic analysis was done to 

show the expression of mesenchymal and hematopoietic markers in the cells. They used 

antibodies from both human and rat as there are limited antibodies available for sheep. 

They used human CD29, CD34, CD45, CD69, CD73, CD90, CD105, CD106, CD166, 

CD271, SSEA4 and STRO1 and rat CD45 and CD90. Most antibodies didn’t work but 

CD29 (87.58%±11.70% positivity), CD166 (66.85%±8.79% positivity), SSEA4 

(11.67%±11.31% positivity), anti-sheep CD44 (81.08%±16.68% positivity) (Sanjurjo-

Rodriguez et al.,2017),. The cells were also negative for CD45; however, it showed 

positive in ovine blood. They noted that these results indicated no contamination with cells 

of hematopoietic origin. 

Sanjurjo-Rodriguez et al.,(2017), demonstrated differentiation staining showed all three 

cell types differentiated with appropriate staining compared to no staining in the controls. 

They used RT-PCR to demonstrated that the majority of genes that were investigating had 

increased relative expression in genes that were relative to the differentiate lineages (n=3). 

For Osteogenic differentiation (OP and OCN), adipogenic differentiation (LPL and FABP4) 

and chondrogenic differentiation (COL II and AGG). They also investigated expression 

levels of multipotency genes (VIM and SOX2) were the expression levels in the majority 

of cases were down by day 21 compared to day 0. It is noted that in the adipogenic cells, 

2 samples have similar SOX2 gene expression at day 21. While in chondrogenic 

differentiation, the SOX2 gene expression was increased in 2 samples. 
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Sanjurjo-Rodriguez et al. (2017), conclude that they demonstrated that ovine MSCs could 

effectively be from bone marrow aspirates. These cells show similar properties as human 

MSCs concerning morphological, phenotypically and functional. 

2.3.4 Characterisation (Tri-differentiation) of MSCs: Osteogenic differentiation 

Osteogenic differentiation was performed on 1 x 104 P3 cells (n=9). MSCs were cultured 

in osteogenic conditions for 21 days, and Alizarin Red S staining used to confirm calcium 

deposition by the cells. The control group comprised of cells cultured in normal media 

without the addition of osteogenic supplements. In all groups, the media was changed 

every 3-4 days. 

Table 2.1 Reagents for Osteogenic media. 

Regents Supplier Amount 

Ascorbic acid Thermo Fisher Scientific, USA 0.2mM 

β-glycerol 
phosphate 

Thermo Fisher Scientific, USA 10mM 

Dexamethasone Sigma Aldrich, UK 0.1μM 

 

2.3.4.1 Alizarin Red Staining Protocol 

Cells were washed with PBS, fixed in 10% formalin for 30 minutes and then washed again 

with PBS. Alizarin Red solution was made with 1g of Alizarin Red powder (Sigma-Aldrich, 

UK) was dissolved in 100ml of distilled water, filtered and the pH adjusted to 4.1 - 4.3 using 

ammonium hydroxide. Cells were then stained for 5 minutes, the staining solution 

removed, the cells washed with distilled water before observation using phase-contrast 

microscopy. 

2.3.5 Adipogenic Differentiation 

Adipogenic differentiation was performed on 1 x 104 P3 cells (n=9). MSCs were cultured 

in adipogenic conditions for 21 days, and Oil Red O staining used to confirm the presence 

of lipid droplets, indicating differentiation into adipocytes. The control group consisted of 

cells cultured in normal media and without the addition of adipogenic supplements. The 

media was changed every 3-4 days. 

Table 2.2 Reagents for Adipogenic media. 

Regents Supplier Amounts 

Isobultyl-1-methylxanthine Sigma Aldrich, UK 0.5mM 

Dexamethasone Thermo Fisher Scientific, USA 1 µM 

Insulin Sigma Aldrich, UK 10 µg/ml 
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2.3.5.1 Oil Red O Staining Protocol 

Cells were washed in PBS followed by immersion in 2mls of 10% formalin and incubated 

for 30 minutes before being washed in distilled water. Once fixed, 2mls of 60% isopropanol 

was added, and cells incubated for 5 minutes. The stock solution was prepared by adding 

100ml of 99% isopropanol with 300mg of Oil Red O powder (Sigma-Aldrich, UK). 

The isopropanol was removed, and 2mls of the Oil Red O working solution was added, 

followed by incubation for 10 minutes at room temperature. The sample was then rinsed 

with water to remove the stain. Two mls of haematoxylin stain was added to the culture 

and allowed to incubate for 1 minute at room temperature before rinsing. Two mls of water 

was added before viewing under phase-contrast microscopy. 

2.3.6 Chondrogenic Differentiation 

Chondrogenic differentiation was carried out in a 3D environment using a pellet culture 

containing 3 x 104 MSCs (n=9). Cells were placed in a universal tube and centrifuged to 

form a pellet. Cells within the floating pellet were then grown over 21-days in chondrogenic 

media.The alcian blue will stain the proteoglycans produced by chondrocytes a dark blue, 

which can be used to confirm chondrogenic differentiation has occurred. The control group 

consisted of cells cultured in standard media without chondrogenic supplements, where 

the media was changed every 3-4 days. 

Table 2.3 Chondrogenic media reagents. 

Reagents Supplier Amount 

Dexamethasone Thermo Fisher Scientific, USA 100mM 

Sodium Pyruvate Sigma Aldrich, UK 1mM 

Proline Sigma Aldrich, UK 40μg/ml 

Transforming Growth Factor β1 Sigma Aldrich, UK 10ng/ml 

Insulin-Transferrin-Selenium-1 Thermo Fisher Scientific, USA 6.25μg/ml 

 

2.3.6.1 Alcian Blue Dye Staining Protocol 

The Alcian Blue staining protocol occurred in two parts, (i) staining and (ii) destaining: 

(i) Staining 

The Alcian blue solution created by adding 60mls of ethanol with 40mls of acetic acid. 

10mg of Alcian Blue 8 Gx (Sigma-Aldrich, UK) was then dissolved in the ethanol/acetic 

acid solution. The micromass of cells was washed with PBS before immersion in a 10% 

formalin solution. The sample was incubated at room temperature for 60 minutes before 

the micromass was washed with distilled water and the Alcian stain added. Samples were 

stained for 20 minutes before destaining. 
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(ii) Destaining 

The destaining solution created by mixing 120mls of ethanol with 80mls of acetic acid. The 

solution was aspirated and the micromass washed in the destaining solution for 20 

minutes. The destaining solution was then removed and replaced with PBS. The 

micromass of cartilage spheroids were then visually analysed for a blue colour change that 

represented the presence of chondrogenic cells.  

2.3.7 Characterisation of Scaffolds 

2.3.7.1 Acrylic Resin Impregnation and Casting 

To observe the different scaffolds structures, SEM was used. 0.5g of the BGS was placed 

into moulding containers, immersed within LR WhiteTM hard resin (London Resin Company 

Ltd.) and placed under vacuum pressure for 1 hour to allow for impregnation of the resin 

within the granules. The polymerisation of the resin was performed by placing one drop of 

the catalyst regent into 10mls of the LR WhiteTM hard resin (London Resin Company Ltd.). 

The samples were allowed to set slowly. Embedded samples were longitudinally sectioned 

using an EXAKT cutting saw (EXAKT, Germany), and the surfaces were polished using 

the Motopol 2000 machine (Buehler, UK). Before undergoing SEM analysis, the samples 

were sputter-coated with a thin layer of gold-palladium (K550, EmiTech Ltd, Ashford, UK). 

The SEM was then used to visually analyse and compare the BGS structures (JEOL JSM 

5500 LV; Tokyo, Japan). 

2.3.8 MSCs Growth on Porous BGS Granules  

0.08g of each BGS was used in each of the following experiments. The granules were 

from sterilised unopened packs and were weighted on weighing scales that were within 

the sterile environment of a fume hood. The cells were seeded into 12-well (4cm2 surface 

area) (ThermoFisher Scientific, catalogue number 150628). 10,000 ovine P3 cells were 

seeded onto each of the graft materials (n=9) and cells allowed to adhere for 1 hour at 

37oC. Once adhered, 1ml of standard DMEM+ culture media was added and the granules 

incubated for up to 21 days at 5% CO2 at 37oC. The DMEM+ media was changed every 

3 days. 

2.3.9 Cell Metabolic Activity 

The AlamarBlue® bioassay has been used for over 50 years to assess cellular viability by 

measuring whether there is an increase in cellular metabolic activity (Rampersad et al., 

2012). When the AlamarBlue® compound enters a cell, resazurin was reduced to resorufin, 

which changes the AlamarBlue® blue colour to a red depending on the viability of the cells. 

This change also increases the fluorescence level of the media, which can be read by the 

Fluoroskan Ascent machine at 510/590nm. When running over serial time points, and 

AlamarBlue® assay indicated the changes in cellular viability over time. 
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In this chapter, an AlamarBlue® assay was used to investigate MSC metabolic activity on 

days 1, 4, 7, 14 and 21 of culture. A 10% AlamarBlue® solution was prepared using phenol 

red-free media (Sigma-Aldrich, UK). One ml of the solution was added to wells containing 

the cell-seeded granules and cultured at 5% CO2 in a 37oC incubator for 2 hours. 

Following this, 100μl was taken from each sample and placed in a microwell plate were 

the Fluoroskan Ascent machine at 510/590nm read the absorbance levels. Two control 

groups, where cells were cultured on both Thermanox® discs in DMEM+ media and 

Osteogenic DMEM+ media. 

2.3.10 Osteogenic Differentiation  

2.3.10.1 Alkaline Phosphatase (ALP) Assay 

Early bone formation can be measured using an ALP assay where fluorometric changes 

can be quantified and compared between groups. ALP is released during the early stages 

of osteogenic differentiation (Stein et al., 1990) and the level of ALP activity increases as 

osteoblasts mature and with increased levels of mineralisation (Stein et al., 1990). Active 

osteoblasts release increased levels of ALP, and this has been reported to act on 

pyrophosphatase, which may initiate the mineralisation process. Internal ALP wasn't 

measured as this required lysing the cells, and this would require increased numbers of 

samples, but due to limited supplies of BGS, this could not be performed. External ALP 

levels can be used to measure the ALP levels being released from the cells into the DMEM. 

External ALP was measured, and the assay was performed in a 1:1 (50μl) ratio of cultured 

media to p-nitrophenyl phosphate (pNPP) (Sigma-Aldrich, UK). Again, control groups of 

cells grown on both Thermanox® discs in DMEM+ media and Thermanox® discs in 

Osteogenic DMEM+ media (OM) were investigated. The solution was agitated to ensure 

the samples were uniformly distributed before measurement using the Tecan Infinite 2000 

spectrophotometer plate reader (Tecan, Switzerland). 

2.3.11 Cell Viability  

2.3.11.1 Live Assay 

Cell viability was assessed using a Live assay (Thermofisher, UK) on day 21 of culture. 

Calcein am stains live cells green. Ethidium homodimer stains dead cells red. For the Live 

assay, to 5mls of warmed PBS 5μl of Calcein am was added. Ethidium homodimer was 

used when the dead assay was performed. The samples were then placed in an incubator 

at 37oC for 30 minutes. The ratio of live and dead cells was determined using a 

fluorescence microscope (Observer 21, Zeiss, Germany). The number of cells present on 

the surface in each of the experimental groups was semi-quantitatively assessed. A region 

was selected at random at 20x magnification and a score given based on the amount of 

scaffold surface covered with attached live (green) cells. The scores were limited to 10 

(high), 5 and 1 (low). A high score was given when less than 75% of the surface was 
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covered with live cells. A sample with approximately 50% of its visible surface covered 

was given a score of 5 and samples with less than 25% were considered to have low cell 

coverage and given a score of 1. 

2.3.11.2 Scanning Electron Microscopy  

Scanning electron microscopy (JEOL JSM 5500 LV; Tokyo, Japan) was used to 

investigate and compare MSC morphology, attachment, and proliferation in each of the 5 

experimental groups. BGS granules seeded with cells were fixed using buffered formal 

saline and dehydrated through a series of alcohol washes before drops of 

hexamethyldisilazane (HMDS) were placed onto the sample. Samples were then air-dried 

before being placed in the sputter coater, where a thin layer of gold-palladium (K550, 

EmiTech Ltd, Ashford, UK) was applied onto the scaffold surface. Sputter coating is 

required to prevent the charging of the sample, which increases the secondary electrons 

enabling detection from the surface of the specimen while also decreasing the signal to 

noise ratio (Yka-soininmaki et al., 2013). 

2.3.12 pH levels of media. 

At each time point, the DMEM+ media was removed and stored at -20c until measured. 

pH levers were measured using Fisherbrand™ accumet™ AB15 Basic and BioBasic™ 

pH/mV/°C Meters (Catalogue Number: 13-636-AB15). Calibrated before use as per the 

manufacturer’s instructions. The sensor was submerged and kept within the DMEM+ until 

the number on the meter had settled.  

2.3.13 Statistical Analysis 

Normality was checked using the Kolmogorov- Smirnov and Shapiro Wilkinson test. If data 

was normal, the comparison was made using an independent student T-test. For non-

parametric data, comparison was made using the Mann Whitney U test with a Bonferroni 

correction. The data analysed was performed using SPSS version 24 (Chicago, USA). The 

figures were made using GraphPad Prism version 7.0.0 (San Diego, USA). These 

experiments were run in n=9 where there was 3 cell lines and 3 repeats of each unless 

stated otherwise. 
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2.4 Results  

2.4.1 Tri-Differentiation 

After 3 weeks of being cultured within the three different media solutions, each of the 

different cell types were then tested to see they underwent differentiation.  

MSCs cultured in osteogenic media stained positively with Alizarin Red, indicating the 

formation of bone mineral (Figure 2.1). Following culture in adipogenic media, the 

formation of intracellular microdroplets was identified by positive Oil Red O staining, and 

positive chondrogenic differentiation was also observed as the 3D cell pellet stained an 

intense dark blue, confirming the presence of proteoglycans.  

From these results, it could be concluded that the method of collecting bone marrow 

aspirate and subsequent culture resulted in the successful isolation and expansion of 

multipotent MSCs.  

The controls for this experiment were cells that were not treated with any additional 

additive to the media that induces the cells to differentiate towards one of the differentiated 

cell lineages other than the FCS and penicillin/streptomycin. Previous experiments were 

they assessed tri-differentiation is review in the discussion 

 

 

Figure 2. 1 Trilineage differentiation of ovine MSCs. (a) Alizarin red-stained 

osteoblasts, (b) Intracellular lipid droplets stained with Oil red O indicating adipogenic 

differentiation and (c) chondrogenic differentiated cell pellet stained positive using Alcian 

blue. Controls are represented in (d) osteogenic control (e) adipogenic differentiation (f) 

chondrogenic differentiation. 
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2.4.2 Characterisation of Scaffolds  

2.4.2.1 BGS Embedded in Resin 

Observation using SEM enabled inspection of the scaffold structure. The internal structure 

of both Actifuse™ (a) and Inductigraft™ (c) appeared thinner when compared with the 

other BGS investigated (Figure 2.2). This thinner internal structure may enable increased 

adsorption of the BGS. In contrast, the internal structure of β-TCP™ (c) was thicker. There 

appeared to be higher levels of porosity seen in Actifuse™ (a), Inductigraft™ (c), and 

Orthoss® (e), which concurs with the porosity listed in Table 2.1.  

Semi-quantitative calculation of the percentage area of each BGS that was taken up by 

pores (both macro and strut porosity) was calculated using Image J (LOCI, USA). This 

was performed using an n=3. The results of this are represented in Table 2.2. The outline 

of the graft within the resin was measured using the Image J software. Then each pore 

was then measured and added up to calculate the percentage of the total area they 

consume. 

 

Figure 2. 2 Scanning Electron Microscope image of BGS has embedded in resin. a) 

ApaPore™, b) Actifuse™ c) β-TCP™, d) Inductigraft™ and e) Orthoss®.  The images 

should differences in structures and porosity. 
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Table 2.4 Semi-quantitative calculation of the percentage area. The values 

presented are mean with standard error. 

BGS Actifuse™ ApaPore™ β-TCP™ Inductigraft™ Orthoss® 

Percentage of 
porosity area 

19.9±1.5 17.0±0.6 21.6±4.7 30.0±2.9 30.9±4.8 

 

The semi-quantitative calculation included in Table 2.4 was done on an n=3 using the SEM 

images in Figure 2.2. The highest percentage area overall was Orthoss® (30.91±4.84), 

and the highest synthetic surface was Inductigraft™ (30.0±2.9). The lowest was the 

ApaPore™ surface (17.0±0.6). 

 

2.4.3 Cell Viability  

2.4.3.1 Comparison of AlamarBlue® Metabolic Activity Assay on each surface  

 

Figure 2. 3 Metabolic activity of five BGS's over 21 days. Measured by AlamarBlue® 

(n=9). Activity at 21 was significantly higher in Inductigraft™ compared to the lowest 

sample Orthoss® (p <0.001). Error bars represent standard error of the means. 

 

The results are represented in Figure 2.3 show Inductigraft™ demonstrated highest levels 

of metabolic activity increased ranging from 42 (±18.3) on day 1 to 209.7 (±21.0) on day 

21, which was a significant difference (p >0.001). This was a 399.4% percentage increase; 

this was the highest increase of all samples between days 1 and 21. As discussed 

previously, Actifuse™ and Inductigraft™ have an identical chemical composition; however, 

they differ in strut porosity. This difference was seen in the Actifuse™ group, where there 

were no significant differences seen (p=0.065). Orthoss® showed lower metabolic activity 
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compared to all other BGS investigated but still showed a significant difference seen 

between days 1 and 14 (p>0.001), and also between days 1 and day 21 (p=0.004).   

2.4.3.2 Comparison of AlamarBlue® Metabolic Activity Assay at each time point 

The percentage changes in metabolic activity for all BGS’s between days 1 and 21 

(Figure 2.4). InductigraftTM showed the highest significant increased percentage change 

(399.4%) (p <0.001) in metabolic activity between the two-time points. While Orthoss® had 

the lowest amount percentage change (81.16%), this was also significant (p=0.004).  

 

Figure 2.4 Percentage fold change between days 1 and 21 in cellular metabolic 

activity. Measured by AlamarBlue® assay (n=9). Highest percentage change was 

Inductigraft™ (399.4%) (p <0.001). Lowest percentage change was Orthoss® (81.16%) 

(p=0.004). Error bars represent standard error of the means. 

 

2.4.3.3 ALP Assay  

The external ALP activity represented the production of ALP and released by the adhered 

cells was measured on days 4, 7 and 14 (Figure 2.5). It should be noted that ALP could 

be increased by can also be due to an expansion in cell numbers. As a control for this 

DNA, levels should be measured; however, due to limited BGS samples, DNA could not 

have been performed for these experiments.  

In Actifuse™, ApaPore™, β-TCP™, Inductigraft™, and Thermanox®, there was an initial 

increase in ALP activity between days 4 and 7. The highest activity increase between 

these time points was seen in β-TCP™ of 36.74, which, however, it was not significant 

(p=0.29). Orthoss® and Thermanox® in OM both showed a decrease in activity, with the 

most notable decrease was Thermanox® in OM with a reduction of -25.5. 
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Between days 7 and 14, there was a decrease in the activity in the Actifuse™, β-TCP™, 

Inductigraft™ and Thermanox® in OM samples. The largest decrease was β-TCP™ 

(37.0±0.1), which was not significant (p=0.29). This appears to be due to the ALP activity 

reaching a peak before decreasing, which was linked stimulate the osteogenic 

differentiation of the adhered MSCs. 

An increase in ALP activity between days 7 and 14 were seen in ApaPore™ and 

Thermanox®. The largest increase was in ApaPore™ (37.0±11.4); this was not significant 

(p=0.350). ApaPore™ and Thermanox® appeared not to show a peak in ALP activity, and 

this was linked to a slower rate of differentiation towards osteoblasts when compared to 

the other samples. 

  

 

 

Figure 2. 5 External released ALP activity. Measured by spectrophotometer (n=9). ALP 

activity by Day 14 was increased in all samples other than ApaPore™ and Thermanox® 

control. The error bars represent the standard error of the means. 

 

2.4.3.4 pH level 

The pH levels of the media in which the seeded BGS was measured at days 1, 4, 7, 14 

and 21 to investigate whether there were changes in the pH levels due to the presence of 

grafts. This is represented in Figure 2.6. The results showed that Orthoss® had the highest 

levels at every time point and has more alkaline compared to the other samples. However, 

this was not a significant difference when compared to any other sample (p=1.0). The rest 

of the samples had similar pH levels until day 21 when they begin to separate 

Inductigraft™, and Actifuse™ have lower pH levels becoming more acidic.  
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Figure 2. 6 pH levels of DMEM+ removed from cell coated BGS. Measured by 

Fisherbrand™ accumet™ AB15 Basic (n=9). Highest pH levels were in Orthoss® samples, 

which was more alkaline compared to other samples investigated. This was not significant 

(p=1.0). The error bars represent the standard error of the means.  

 

2.4.4 Cell Viability Imaging 

2.4.4.1 Live assay 

Live assay was used to assess the health of cells that were adhered to the surfaces for 21 

days. Live cells could be seen on all of the different BGS groups surfaces; however, the 

number of cells vary on each surface (Figure 2.7)  

A semi-quantitative analysis was used to describe the coverage of viable cells on the 

different BGS surfaces was described in the methods (section 2.3.10.1).  

Four of the BGS surfaces (Actifuse™, ApaPore™, β-TCP™ and Inductigraft™), had high 

levels of cellular adhered and were given the highest score of 10. Orthoss®  had visually 

had fewer cells adhered to its surface compared and was given a score of 1. It was noted 

that the cells that did adhere to Orthoss® appear to cluster around each other. 
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Table 2.5 Semi-quantitative analysis. This was performed using the results from the 

Live assay and will aid in investigating cell viability. 

Bone Graft Substitutes Semi quantitative score 

Actifuse™ 10 

ApaPore™ 10 

β-TCP™ 10 

Inductigraft™ 10 

Orthoss® 1 

 

 

 

Figure 2. 7 Live assay of cells adhered to the BGS's. At day 21 days, post-seeding 

images were taken on Zeiss observer 21 fluorescence microscope (Zeiss, Germany). (a) 

Actifuse™ (b) ApaPore™ (c) β-TCP™ (d) Inductigraft™ and (e) Orthoss®). Similar 

amounts of Live cells (Green) were identified on all other than Orthoss®, which appeared 

to have low cell numbers. 
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2.4.4.2 Scanning Electron Microscopy (SEM) 

SEM was used to investigate the cellular attachment while also enabling a closer 

examination of both cellular attachment to the surface and any cellular structure changes 

that could be an indicator of cellular differentiation. These images are shown in Figure 2.8. 

The macroscopic level analysis showed that there were visually higher cell numbers 

adhered to Actifuse™, ApaPore™, and Inductigraft™ compared to the other materials 

investigated. The cells that were adhered to the topographical surface of the grafts 

appeared to be attracted to the concaved surfaces near pores; however, there was cell 

coating the entire surface. The cellular structure of these cells appeared to have an 

elongated and extended structure across the surface on these surfaces. 

There were fewer cells that were adhered β-TCP™ surfaces, and these cells appeared 

visually to be less extended and clustered together in small, localised areas on the surface 

rather than being spread out across the entire surface  

After a thorough search, there were no cells found on the Orthoss®  surface. This may be 

due to low cellular adherence, which was also seen in the live assay. This low adherence 

may have hindered finding any adhered cell on the Orthoss® surface.  
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Figure 2.8 Scanning Electron Microscopy images cells adhered to the BGS's 

surfaces. 21 days post cell seeding. (a) Actifuse™, (b) ApaPore™, (c) β-TCP™, (d) 

Inductigraft™, and (e) Orthoss®. Cells were identified on all surfaces (Indicated by red 

arrows) other than on Orthoss®. 
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2.5 Discussion  

2.5.1 Introduction 

2.5.1.1 Differentiation 

The preliminary focus of this chapter was to confirm that the cells isolated from the ovine 

bone marrow aspirates were MSCs. MSCs are well established as excellent candidates 

for tissue engineering for orthopaedic tissues, as they are unspecialised cells that retain 

their ability of self-renewal and multipotency. Under the right conditions, these 

multipotent MSCs could be driven into differentiating down distinct cell lineages, 

including adipocytes, chondrocyte, and osteoblasts. This process can be manipulated 

by changing the in vitro conditions by adding the appropriate supplements to DMEM+. 

The in vitro MSC experiments performed in this chapter were successful in inducing 

MSC differentiation into adipocytes, chondrocytes, and osteoblasts.  

Once cultured the appropriate straining of Oil Red O showed the presence of adipocytes 

cells. Adipogenic differentiation because the morphology changes to the cell types that 

including the formation of cell aggregate and accumulation of lipid vacuoles. For 

chondrocytes, the toluidine blue staining is an indicator of the differentiation of cells within 

the micromass culture system. There were morphology changes to the cells that included 

cellular projections and the development of intricate cell interactions and extracellular 

matrix. Alizarin red was used to confirm the MSCs had differentiation to osteoblasts. The 

differentiation of MSCs to osteoblasts will be investigated throughout this thesis. The 

combination of the three cell types differentiating from the isolated MSCs confirms the 

multipotency potential of the MSCs and affirms that the cell isolated were MSCs.  

The tri-differentiation potential of Ovine MSC was discussed in Adamzyk et al., (2013), 

and they have compared two different protocols for MSC differentiation. However, they 

noted that there could be the donor-to-donor variation that is protocol dependent leading 

a highly variable difference potential of the Ovine MSCs differentiation, but they do have 

the potential to differentiate towards the osteoblast, adipocytes, and chondrocytes. In 

Herdari et al., (2013) study, they were able to demonstrate that three different sources 

of MSC (Bone marrow, adipose tissue, and liver). They confirmed by multilineage 

differentiation with the characteristics of osteoblasts, adipocytes, and chondrocytes 

shown under the different experimental conditions and were able to confirm this further 

by using mRNA expression analysis.  
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2.5.2 Characterisation of the Bone Graft Substitutes. 

2.5.2.1 Introduction 

The second part of this study examined the ability of different commercially available 

BGSs to induce osteogenic differentiation of the adhered MSCs. The study also 

investigated and compared cellular proliferation and viability. The selected BGS 

materials differed on a range of features including chemistry, surface topography, macro- 

and strut porosity. Four of the selected BGS grafts are synthetically developed 

(Actifuse™, ApaPore™, β-TCP™, and Inductigraft™), whilst Orthoss®  is a xenograft 

formed from bovine bone. It is important to note that the different structures and chemical 

composition of the synthetic BGSs will cause variations in their performance. Other 

factors can influence osteogenesis including pore interconnectivity and geometry, which 

has been shown to affect both the "physical" and "mechanical" pathways, which 

potentially increase its osteoinductive ability (Hing et al., 2005).  

The ideal BGS is expected to be osteoinductive, causing the differentiation of MSCs into 

osteoblasts. The attachment of proteins and cells will also encourage both 

osteointegration and osteoconduction (Bignon et al., 2003; Coathup et al., 2012).  

2.5.2.2 Porosity Calculation 

A semi-quantitative analysis was carried out to calculate the percentage area that was 

consumed by porosity (either macro or strut porosity). The samples had been placed into 

resin, and SEM images were taken before Image J was used to calculate the percentage 

area. The results showed that the highest percentage area was by Orthoss® (30.9±4.8) 

followed by the Inductigraft™ (30.0±2.9). The next highest was β-TCP™ (21.6±4.7) then 

Actifuse™ (19.9±1.5). The lowest percentage was ApaPore™ (17.0±0.6).  

2.5.2.3 Metabolic Activity 

AlamarBlue® was used to measure the metabolic activity of the adhered cells at different 

time points. AlamarBlue® is a reagent used to evaluate cellular health and is an indicator 

of cellular viability. The results indicated that all of the synthetic BGS’s and controls all 

had higher levels of metabolic activity when compared to the Orthoss® samples. 

Orthoss® appeared to have extremely low cellular viability to the extent that appears not 

to be reported on Orthoss® scaffolds previously.  

Previous comparisons between synthetic and bovine-derived BGS have been made 

(Greenspan, 2013; Kouroupis et al., 2013; Kouroupis et al., 2012; Dorati et al., 2014). 

The majority of these studies have found that Orthoss® will encourage MSC attachment 

and osteoinduction (Kouroupis et al., 2013; Kouroupis et al., 2012; Dorati et al., 2014). 

However, some studies noted that Orthoss® underperformed when compared to 

synthetic HA, but there were signs of cellular attachment to the Orthoss® (Greenspan et 
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al., 2013; El-Jawhari et al., 2016). Tseng et al., (2013), reported Orthoss® had that lowest 

cell attachment compared to the other three grafts in their studies, and they reported this 

was due to the formation of CaO, which was caused by the sintering process. Tseng et 

al. (2013) reported that the CaO formed increased the pH conditions surrounding the 

graft, and this turned it into a non-favourable condition for cellular activity. El-Jawhari et 

al, reported decreased levels of cellular attachment and proliferation on Orthoss®  BGS 

when compared with two other materials (Orthoss®-collagen (Geistlich, Swiss) and 

VitossTM (Stryker, Malvern, PA)), however they were able to observe adhered cells using 

SEM (El-Jawhari et al., 2016). Kubosch et al. described a decrease in cell numbers and 

metabolic activity. There have been other studies have reported the osteoinductive effect 

of Orthoss®  on stem cell behaviour (Kubosch et al., 2016, Kouroupis et al., 2012; 

Kouroupis et al., 2013; Garin et al., 2016).  

Inductigraft™, which has the highest strut porosity of the synthetic BGS investigated, 

demonstrated the highest levels of cell metabolic activity throughout the 21-day in 

vitro study. It also had the highest fold change in metabolic activity between days 1 and 

21 (1238.03±440.70).  

Previous studies have shown that SiHA which both Inductigraft™ and Actifuse™ are 

formed from having the ability to attract higher numbers of MSCs to attach and proliferate 

when compared HA (ApaPore™) alone during in vitro experimentation (Cameron et al., 

2012; De Godnoy et al., 2015). These studies demonstrated that the SiHA could induce 

osteogenesis increased amounts when compared to the HA samples, this was shown in 

the expression of osteoblast related genes, presence of osteogenic associated protein 

and mineralised matrix productions on the surfaces of the grafts. This led them to 

conclude that the addition of silicon increases bone production potential (Cameron et al., 

2012; De Godnoy et al., 2015). Zou et al., (2009), showed that the presence of Si ions 

on biomaterials surfaces has the ability to the increased cellular attachment.  

While other studies have described that the presence of Si ions into the HA matrix has 

the ability to change the matrix’s surface charge leading to an increased protein 

adsorption to the surface-enhanced of cellular attachment (Cameron et al., 2012; Porter 

et al., 2006; Guth et al., 2006; Rashid et al., 2004; Anselme, 2000; Zon et al., 2009). 

Hing et al. (2006) discussed that the increased incorporation of silicate ions could 

influence surface charges and wettability.  

2.5.2.3.1 Metabolic Activity of samples with increased strut porosity 

Coathup et al., (2011) in vitro study showed the addition of Si to HA does have an ability 

to increase the amount of bone formation to the surface of the implants when compared 

to HA alone. In her 2005 publication, Hing discusses that strut microstructure and pore 

geometry influences the entrapment of both growth factors and proteins; this can 

increase the graft’s bioactivity while also affecting the scaffold mechanics. The increased 
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strut porosity that is offered by Inductigraft™ has shown that during in vivo studies to 

have the ability to increase levels of both cellular attaching and proliferation when in 

direct comparison to Actifuse™, which has a lower strut porosity. The increased ability 

to attract cellular attachment and proliferation offered by Inductigraft™ compared to 

Actifuse™ has been present in the metabolic activity performed in this study.  

De Godnoy et al., (2015) described the increased porosity is an excellent mimic of the 

natural microenvironments in bone and as results will affect MSCs attachment, 

proliferation, and differentiation. In vitro studies by Campion et al., (2011) studies 

showed that the increased strut porosity also has the potential to encourage elevated 

levels of neovascularisation making nutrients more accessible along with greater surface 

area for both protein and cellular to attach too while also offering a larger area of mature 

bone tissue to create a contact with the graft.  

Whereas Coathup et al. (2011), described that there was not a significant amount of 

bone been formed; instead, they saw earlier mineralised bone tissue formation. Gao et 

al., (2016), described β-TCP™ granules as an aid in inducing MSCs to differentiate 

towards osteoblast and saw increased expressed osteogenic genes and related 

proteins. They used β-TCP™ because of the limitation, they saw with HA. These 

limitations included low degradation and absorption rates, which could lead to hindering 

the bone’s ability to remodelling and form. Gao et al., (2016), used glucose consumption 

to access metabolic activity and they noted rapidly increased activity during the initial 

first 7 days before slowing. This was not noted in my AlamarBlue®, which saw an 

increased growth but decreases by day 21, this decrease is due to a drop in viability 

cells. Uchida et al., (2008), described significantly higher cell numbers at day 7 compared 

to the day 0 using MTT assay, which was different to what was seen in my stuff day 1 

and 7 which wasn’t significant difference in Alamar activity, however it there was 

significant difference between day 1 and 21. 

2.5.2.4 Alkaline Phosphate Assay 

ALP assay activity is an indicator of early osteoblastic activity and is widely accepted as 

a biochemical marker of their activity (Sabokbar et al., 1994). ALP plays a critical role in 

bone mineralisation, and this occurs through the initiation and/or in the promotion of the 

HA crystals in the matrix vesicle of the osteoblasts (An et al., 2015; Orimo and Shimada, 

2008).  

The differentiation of MSCs towards osteogenic lineage occurs in three stages; this 

occurs in three stages days 1-4 where the highest number of cells appears; during days 

5-14 the transcription and proteins expressions of ALP and then the ALP levels will 

decline (Huang et al., 2007; Aubin, 2001). The final stage involves the expressions of 

osteocalcin and osteopontin, with the deposition of calcium and phosphate (Hoemann et 

al., 2009; Huang et al., 2007).  
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The ALP measured in this chapter was external released by the adhered cells and 

measured on days 4, 7 and 14. The control of Thermanox® in OM had initially high levels 

of ALP activity, which appear to decrease over time. This is thought to be due to an early 

peak in ALP activity. The low levels of Orthoss® cellular activity appear to be due to the 

lack of cellular adhered to its surfaces. Orthoss® initial high levels ALP; however, this 

could be due to its formation from natural bone.  

In the synthetic materials, Actifuse™, β-TCP™ and, Inductigraft™ all have a peak in 

activity at day 7 before the second stage where there ALP levels begin to decline by day 

14. This would indicate that the adhered cells are moving towards the osteogenic 

lineages. Both ApaPore™ and the control Thermanox® appear not to have peaked by 

day 14 due to increased ALP activity from day 7; this demonstrates that these cells have 

not moved towards the osteogenic lineage. This may mean that ApaPore™ takes longer 

to differentiate, and the Thermanox® control was expected not to cause the cells to 

differentiate. The Orthoss® samples appeared to encourage limited ALP activity; 

however, this could be due to the lower than expected cellular adhesion and metabolic 

activity. In vitro studies indicated that the SiHA BGS could increase, the osteoinductive 

activity of the BGS investigated (Coathup et al., 2013). 

2.5.2.4.1 Alkaline Phosphate Assay in BGSs with the addition of Si. 

The early ALP activity up-regulation has been previously reported in studies using 

Inductigraft™ due to the differentiation of the stem cells compared to the HA (De Godoy 

et al., 2015). Osteoblast activity such as ALP expression and activity was directly 

affected by Si ions release by the grafts (Guth et al., 2006). The osteogenic differentiation 

occurs in three phases of principal biological periods, which include cellular proliferation, 

cellular maturation and matrix mineralisation (Sodek and Cheifetz, 2001).  

During the initial proliferation time points osteoblasts will synthesise and secrete type I 

collagen and there will be biosynthesis of the extracellular matrix being produced, while 

ALP is expressed post proliferation when the extracellular matrix is maturating. In the 

final stage, there is the mineralisation of the extracellular matrix mineralisation, during 

which the osteopontin, osteocalcin, and bone sialoprotein will be expressed (Sodek and 

Cheifetz, 2001). Guth et al.,(2006) suggested that the Si ions can affect osteoblast-like 

cell biology by interactions with both collagen I and ALP expression. This is critical to 

bone development and mineralisation.  

Si presences, concentration, and location are required for bone formation, and their 

hypothesis agrees with other studies that have shown that SiHA up-regulates bone 

mineralisation and apposition in vivo. In vitro studies performed by Gibson et 

al., demonstrated that the incorporation of Si into a phase-pure HA could stimulate 

osteoblast-like cell activity when compared against stoichiometric HA (Gibson et al., 

2002). Gibson et al., (In-vitro) and Patel et al., (In vivo), also demonstrated enhanced 
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osteoblast cell activity following substitution of silicate ions for phosphate ions in the HA 

lattice compared to phase pure.   

2.5.2.5 Scanning Electron Microscopy   

In this chapter, the SEM confirmed cellular attachment and enabled visual comparison 

to the number of cells attached to the different BGS’s. It was, however clear that a high 

number of cells were associated with all the BGS scaffolds except Orthoss®. These 

results were similar to those obtained using the Live assay.  

The other BGS have rougher surface topography that should enhance cellular 

attachment, differentiation and spread (Sammons et al., 2005; Ayobian-Markazi et al., 

2012). The topography of the BGS materials made it difficult to observe whether the 

morphology of the cells had changed and differentiated into osteoblasts. Ayobian-

Markazi et al. reported to be able to find a monolayer of rounds cells adhered to the 

Orthoss® surfaces; however, they were using Human osteoblast-like cells (SaOS-2) 

(Ayobian-Markazi et al., 2012).  

A high number of cells can be seen in both SEM and Live assay images adhered to 

Actifuse™, ApaPore™, β-TCP™, and Inductigraft™. The cells appear to attach around 

the concaved surfaces close to the pores of Actifuse™, ApaPore™, and Inductigraft™. 

The cell morphology appears to be elongated and extended; previous studies observed 

osteoblasts having a flattened morphology with extended filopodia that attach closely to 

the pores within the graft (Annaz et al., 2004). SEM results in this chapter showed that 

cells adhered to the BGS after 21 days caused the seeded MSCs to change in structure 

from an elongated spindle shape to become more cuboidal and osteoblasts-like. The 

SEM images showed that the manufactured BGSs appeared to have less formal and 

sporadic pore structure when compared to the natural forming Orthoss®. β-TCP™ was 

the largest granules investigated with large pores evident. However, some granules 

appeared not to have any pores at all, and this may be due to the manufacturing 

process.  

The results from the SiHA BGS (ActifuseTM and InductigraftTM) appear to have the ability 

to increase osteoinduction activity and cellular activity compared to the other BGSs 

investigated (Vallet-Regi et al., 2005; Patel et al., 2005). The additions of Si ions to the 

HA matrix, such as in the SiHA examined here was 0.8wt%. This will increase both 

protein and osteoblastic adherence to the BGS surfaces while it affects their subsequent 

proliferation (Campion et al., 2010; Guth et al., 2010). The BGS’s structure and chemistry 

can influence the interactions between the graft and the surrounding fluids. This 

influence can affect how the ions are released from the surface of the grafts. While also 

affecting protein absorption to the surface, their conformation and the subsequent 

biochemical cascades that can influence cellular activities (Vogler, 1998; Xu et al., 2007). 
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2.5.2.6 pH levels 

The pH levels of the DMEM+ were affected; however, there was no colour change in the 

DMEM+ red pH indicator. However, as Tseng et al., (2013), reported that the pH levels 

changed by an increase of 0.5 towards a more alkaline pH, which was higher than normal 

bodily fluid pH levels. It is possible that Orthoss® may be leaching CaO and that it is still 

affecting cellular activity. This leaching of CaO could be due to the deproteinising process 

and may not be affected in other studies due to the more considerable amount of fluids 

that could be removing the toxicity.  

The presence of CaO as reported by Tseng et al., (2013) would have the ability to cause 

the media’s pH to become more alkaline, as calcium oxide reacts with water in DMEM+, 

forming calcium hydroxide that can increase the alkalinity of the DMEM+. The presence 

of a more alkaline media solution cannot only affect the local biological microenvironment 

it can affect cell metabolism, function, bone tissue formation and mineralisation 

(Monfoulet et al., 2014). Monfoulet et al., 2014 described that MSCs that are within an 

alkaline pH up to 8.27 were unaffected in terms of proliferation and did not note any 

osteogenic differentiation, however, at pH at 8.85 cells stopped proliferating and at a pH 

of 9.37 the cells died. As this was an exploratory investigating, there were time 

constraints, and there was a limited ability to investigate the release of ions and the pH 

levels. 

2.5.2.7 Further points 

The BGS scaffold porosity has shown to promote both cellular and vascular ingrowth 

into the graft, enabling mechanical fixation of the graft to the bone. This will contribute to 

increasing bioactivity interactions while promoting accelerated osteoinduction (Campion 

et al., 2010; Coathup et al., 2012; Hing et al., 2006; Patel et al., 2005). The increased 

strut porosity (InductigraftTM) has the potential to increase the osteogenic potential of the 

graft, surface area and interconnectivity of the BGS and further regeneration of bone 

sites (Campion et al., 2010; Hing, 2005; Coathup et al., 2012).  

A combination of SiHA with an increased strut porosity, as found in InductigraftTM could 

potentially lead to the highest osteoinductive compared to other BGS investigated The 

osteoinductive behaviour of the BGS is manipulated through the interactions with cells 

via the soluble ions being released from its surfaces (Hing et al., 2005). The results from 

this chapter show that differences in the different BGSs in terms of macro/strut porosity, 

topography and chemistry can affect the rate of proliferation, viability, and bioactivity of 

seeded MSC’s.  

2.5.2.8 Limitations 

Limitations of this study include the low sample size number. Repeating the study using 

primary cells from more sheep would improve the power of the study. It would have been 
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interesting to investigate human MSCs and measure their response to the different 

BGS’s. 

Further to the ALP analysis, it would have been good to get more positive confirmation 

of osteoblastic differentiation occurred. To do this requires an investigating the gene 

expression of osteoblastic related genes using QPCR or using FACS analysis with the 

correct CD markers. There is a limited availability of Ovine CD markers.  

Due to the process in retrieving MSC’s, there can be a mixed population of cells been 

extracted, including hematopoietic stem cells and blood cells (Khatri et al., 2009). There 

are several methods of purifying the extracted cells and leaving just MSC. The MSCs 

will adhere to tissue culture plastic another method is by density gradient centrifugations 

which a method to isolate the MSC into a layer by using ficoll to filler out cells that can 

be extracted before seeding on a plate (Yamamoto et al., 2015). Cell sorting is another 

approach that would isolate MSC from other cell types and can be done by flow 

cytometry (Boxall et al., 2015). Frequent changes of the DMEM+ can prevents the 

adherence of non-MSCs to tissue culture plastic (Soleimani et al., 2009). MSC could also 

be isolated directly from compact bone and more limit the amount of cross-contamination 

that can be seen in other methods (Guo et al., 2006; Zhu et al., 2010). 

Once differentiated the osteoblasts can be stained by either von Kossa, were silver ions 

adhere to anions on the calcium salts (however no specific for calcium) which produced 

by the osteoblasts, the silver salts are reduced, and there's a colour change to dark 

brown or black. While the alizarin red stain binds to the calcium deposits react with 

calcium cation formed from chelate produced by the cells (Wang et al., 2006).To further 

confirm osteoblast has been differentiated Raman spectroscopy can be used to assess 

nodules be produced by the cells for the presence of HA and this can be done on live 

osteoblast cultures which beneficial over alizarin reds staining (Gough et al.,2003). Cell 

mineralisation can also be characterised using a field-emission scanning electron 

microscopy (FE-SEM), energy-dispersive X-ray spectroscopy (EDS) can be used to 

confirm mineralisation in carbon-coated samples (Persson et al., 2018). Transmission 

electron microscopy and x-ray diffraction can be used to measure the structure, 

composition and mineralisation of the bone tissue been formed. Chemical and physical 

characteristics of the mineralised nodules, which can be assessed by Fourier transform 

Infrared Spectroscopy (FTIR) and X-Ray Diffraction (XRD). FTIR can be used to identify 

biochemical changes in cells, while XRD enable phase identification of crystalline 

material and cell dimensions (Ishii et al., 2007).  

2.6 Conclusions 

This chapter had two aims; firstly, to identify whether MSC was isolated from Ovine bone 

marrow aspirates. While the second aim was the characterisation of five available 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6350342/#B23
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6350342/#B67
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commercial BGS were investigated for their ability to induce osteoinduction by 

investigating metabolic and external ALP release.  

The isolated MSC where capable of undergoing tri-lineage differentiation which a 

fundamental characterisation of MSC’s. This result and the previously published studies 

indicating that MSCs can be isolated from Ovine MSCs leads to the conclusion that the 

cells extracted were MSCs and could be used for further experiments within this thesis. 

The InductigraftTM showed the greatest overall fold change in metabolic activity over a 

21-day experiment (399.4%) (p <0.001). This with the results of external ALP activity 

showing that InductigraftTM had a high level of activity would lead to show Inductigraft 

had the best performance of all BGS investigate. These results align with previous 

studies that showed the combination of SiHA and increased strut porosity, produces a 

graft enables increased osteoinductive tendencies. 

Orthoss® had a high level of external ALP activity but performed below expectations 

compared to previous studies that demonstrated that Orthoss® would encourage both 

MSC attachment and osteoinduction (Kouroupis et al., 2013; Kouroupis et al., 2012; 

Dorati et al., 2014). Changes were observed in the pH levels of Orthoss® media, which 

is an indicator that the pH was more alkaline. This is described as a side effect of the 

process in making Orthoss® which causes the formation of CaO (Tseng et al., 2013). 
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Chapter 3 

Investigation into the Cellular Activity on Orthoss® Bone Grafts. 

3.1 Introduction 

This Chapter will focus on the Orthoss® BGS product produced by Geistlich 

(Switzerland). Throughout the experiments in Chapter 2, it became apparent that 

Orthoss® had a low initial cellular adherence during the in vitro experiments and those 

cells that did adhere failed to thrive and proliferate throughout the 21-day experiment. 

There have been contrasting reports published about Orthoss® effectiveness. Kouroupis 

et al. stated Orthoss® as an “excellent natural BGS” and “bone subpopulation can rapidly 

migrate towards, attach and expand” however these studies were in vivo (Kouroupis et 

al., 2013).  

Others have reported that Orthoss® has low levels of cellular attachment, proliferation 

and metabolic activity that decreased over time (El-Jawhari et al., 2016; Kubosch et al., 

2016). Tseng et al., (2013), noted that the sintering process caused the formation of 

CaO, which affected the surrounding environment by changing the pH, making it 

unsuitable for the cellular seeding attachment. 

Deproteination is the process of eliminating proteins from living materials. Deproteination 

occurs when xenogeneic bone undergoes a heat treatment process (Murugan et al., 

2003). Orthoss® also known as Bio-Oss® is widely studied bovine xenograft consisting 

of a mineral osseous matrix obtained after the removal of organic components of 

medullar bovine bone during a thermal treatment at 300oC according to the 

manufacturer’s data (Accorsi-Mendonca et al., 2006). The standard production of 

xenogeneic bone occurs by cleaned of any materials before been dissected into sections 

and then boiled in distilled water for 12 hours before a further 12 hours in a 2% NaCl 

solution before washing in an acetone-ether mixture at a ratio of 3:2. The bone is then 

heated for 18hours, and then end product produced is a to hydroxyl carbonate apatite 

phase material (Murugan et al., 2003).  

The novelty of this research is the comparison of the conditioned Orthoss® and ActifuseTM 

as neither has been compared after conditioning. Then there was also a novel 

experiment of taking conditioned DMEM+ (which is DMEM+ taken off the BGS that has 

been conditioned) and then placed onto cells to investigate the materials are leeching 

materials that is causing harm to the cells. Conditioning of the BGS in DMEM+, which 

contains FCS  will enable the proteins within FCS to adhere to the surface that can 

change the physiochemical properties of the BGS surfaces. 
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3.2 Aims and Hypothesis 

3.2.1 Aim 

To investigate whether the issues with the Orthoss® BGS was a batch issue or was it an 

issue with the manufacturing and investigate whether these issues could be solved by 

conditioning its surfaces. Secondly, investigate if conditioning the BGS in DMEM+ which 

will enable proteins to adhere to the BGS surfaces and possibly increase the 

performance of the Orthoss® BGS in relation to cellular attachment and proliferation. 

3.2.2 Hypothesis 

1. The process of developing Orthoss® BGS, causing harm to the seeded cells 

during in vitro experiments. 

2. The conditioning of Orthoss® BGS in DMEM+ media could potentially increase 

cellular attachment and proliferation by changing the physicochemical properties 

of the surface. 

3.2.3 Objectives 

1. To compare the difference between Orthoss® granules and Orthoss® blocks in 

metabolic activity, Live/Dead assay and cell morphology. 

2. To investigate whether conditioned Orthoss® granules could increase cellular 

attachment and proliferation rate of the adhered cells. 
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3.3 Materials and Methods 

3.3.1 Study design  

There are different forms of commercially available Orthoss® products. Orthoss® 

granules (Ref: 30870.7) have the same porosity structure and chemical composition as 

Orthoss® blocks (Ref: 30867.5). Both are represented in Table 3.1. The Orthoss® 

granules were previously investigated in Chapter 2. A comparison between the granule 

and block forms of bone graft was made to investigate whether the issues seen in the 

previous chapter was down to a batch issues and the difference in the material structure 

enabled a clear visible difference in materials. 

Table 3.1 Structural and chemical difference of two commercially Orthoss® products. 

Substrate Size 
Macro 

Porosity 
Strut 

Porosity 
Chemistry Company 

Orthoss® 
Granules 

1-2mm/2-
4mm 

80% (100-
300um) # 

10-20nm 
Deproteinised 
bovine bone 

Geistlich, 
Swiss 

Orthoss® 
blocks 

10 mm x 
10 mm x 8 

mm. 

80%(100-
300um) # 

10-20nm 
Deproteinised 
bovine bone 

Geistlich, 
Swiss 

      # Kouroupis et al., 2013.  

 

The in vitro experiments were performed over 21-days using Ovine MSCs to investigate 

whether the issues were on both surfaces. AlamarBlue® was used to compare metabolic 

activity. Cellular viability was visually assessed using a Live assay and cellular 

morphology using SEM. It was investigated if conditioning Orthoss® for 24 hours in 

DMEM+ could increase cell attachment and proliferation (Shchukarev et al., 2012).  

A second experiment to investigate whether Orthoss® granules conditioned in DMEM+ 

before cell seeding can have improved performance. To condition the Orthoss® granules, 

they were submerged into a DMEM+ (this contained 10% FCS and 1% P/S). At the end 

of submerged time (24, 48, 96 and 168 hours); the conditioning media was removed and 

placed onto cells seeded cells. AlamarBlue® was monitored 72 hours post-seeding. 

While the 168 hours conditioned granules, were tested on 1, 4, 7 and 14 days. 

Conditioning of BGS materials has been done previously using DMEM with 10% fetal 

bovine serum for periods of 1 and 7 days (Shchukarev et al., 2012). When compared to 

the non-conditioned materials, the addition of the medium showed significant increases 

after 1 day concerning their protein attachment, surface charge and chemical 

composition (Shchukarev et al., 2012). They also noted that there was a charge reversal 

by changing the atomic ration of Na/Cl and this was seen to aid the protein layer 

formation, which will have a subsequent effect on cell recognition and causing a higher 

level of biomineralisation (Shchukarev et al., 2012). For this reason, it was attempted to 

condition the surface of the Orthoss® in the hope to increase its performance due to its 

weak performance chapter 2. 
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A third investigation examined whether the Orthoss® BGS leached materials into the 

DMEM+, which could be affecting cells. It was hoped conditioning could remove any 

leeching materials from the BGS. The MSCs were seeded onto a cell culture plate 

(Corning® Costar®, USA) before been submerged in conditioned DMEM+ (this contained 

10% FCS and 1% P/S) for 24 hours. AlamarBlue® was performed at 24 and 48 hours to 

investigate metabolic activity, and then a Live/Dead assay was done to assess the 

conditions of the cells. 

3.3.2 Cell Seeding 

0.08g of both BGS were seeded in the same manner as previously stated 

in Section 2.3.4. 

3.3.3 Cell Metabolic Activity 

AlamarBlue® assay was performed as outlined Section 2.3.5 and performed days 1, 4, 

7 and 14.  

3.3.4 Cell Viability 

The Live assay was performed on day 21, as described in Section 2.3.6.1.  

3.3.5 Scanning Electron Microscopy 

The SEM experiment performed as previously outlined in Section 2.3.7.2.  

3.3.6 Conditioned Granules and Media 

To condition, the granules, 0.08g of Orthoss® were incubated in 2mls of media at 37oC 

for 24, 48, 96 and 168 hours. The control was ActifuseTM. 

3.3.7 Seeding onto Conditioned Granules 

Seeding into the conditioned granules was performed in the same manner as non-

conditioned granules. The cells were allowed to adhere and proliferate for 72 hours 

before the performance of an AlamarBlue® assay. 72 hours was selected, as it is a time 

point investigated in the mass spectrometry experiments in chapter 6. The final time point 

for 168 hours was selected to represent a full week of conditioning. For the 168 hours 

conditioned granules, AlamarBlue® was performed at 1, 4, 7 and 14 days.  

3.3.8 Conditioned DMEM+ Media 

Cells were seeded as stated in Section 2.3.4 and allowed to proliferation for 24 hours. 

The Orthoss® conditioned DMEM+ was then added. The control for this experiment was 

ActifuseTM conditioned in DMEM+ media.  

AlamarBlue® was performed at 24 hours. Fresh conditioned DMEM+ add to the cells for 

a further 24 hours before a second AlamarBlue® was done. 



  

80  

3.3.9 Statistical analysis 

Normality was checked using the Kolmogorov- Smirnov and Shapiro Wilkinson test. If 

data was normal, the comparison was made using an independent student T-test. For 

non-parametric data, comparison was made using the Mann Whitney U test with a 

Bonferroni correction. The data analysed was performed using SPSS version 24 

(Chicago, USA). The figures were made using GraphPad Prism version 7.0.0 (San 

Diego, USA). These experiments were run in n=9 where there was 3 cell lines and 3 

repeats of each unless stated otherwise. 
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3.4 Results 

3.4.1 Comparison of Orthoss® BGS: Cell Metabolic Activity  

AlamarBlue® was performed on the Orthoss® blocks to confirm the metabolic activity 

results of Orthoss® granules from Chapter 2. Both are represented in Figure 3.1. The 

Orthoss® blocks had a higher metabolic activity at each time point when compared to the 

granules; however, these differences were not significant (p=0.1). 

  

 

Figure 3. 1 Comparison of Orthoss® Metabolic activity over 14days. Measured by 

AlamarBlue® assay (n=9). Orthoss® blocks was not significantly increased compared to 

Orthoss® granules at any time point (p=0.1). The error bars represent the standard error 

of the mean. 

3.4.2 Live assay 

The Live assay performed at 21 days post-seeding and showed a low adherence of 

viable cells on both Orthoss® structures (Figure 3.2).  
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Figure 3. 2 Live assay of Orthoss® samples 21 days post cell seeding. (a) Orthoss® 

granules and (b) Orthoss® blocks. Both surfaces show similar limited cellular attachment. 

 

3.4.3 Scanning Electron Microscopy 

The SEM images enabled a closer investigation into cellular attachment and morphology 

(Figure 3.3). As shown previously in Chapter 2, it was difficult to find any cells adhered 

to either Orthoss® surfaces. The difficulty in finding any cells attached to both structures 

was due to the low cell numbers and low proliferation based on the results seen in both 

the AlamarBlue® and Live assays. 
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Figure 3. 3 Scanning Electron Microscope images of Orthoss® 21 days post cell 

seeding. (a) Orthoss® blocks and (b) Orthoss® granules. No adhered cells found on 

either surface. 

 

3.4.4 Seeding Cells onto Conditioned Granules 

Metabolic activity of cells on conditioned granules for either 24 or 48 hours was 

investigated. This was performed 72 hours post-seeding using. The control for this 

experiment was ActifuseTM granules that were conditioned for the same period. 

The ActifuseTM outperformed Orthoss® by 2.24 (±1.4), which was not significance 

(p=1.00) (Figure 3.4). The ActifuseTM had higher levels of metabolic activity cells at both 

time points when compared to Orthoss®. There was a higher level of difference between 

the two samples on the 48 hours conditioned BGS 2.62, which was significant 

(p=0.0001). 
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Figure 3. 4 Metabolic activity at 24 and 48 hours post-conditioning BGS's. 

Performed by AlamarBlue® assay (n=3).  No significant difference noted between any 

samples (p=1.00). The error bars represent the standard error of the mean. 

 

3.4.4.1 Extended Conditioning Period of Orthoss® Granules 

An extended period of conditioning of 96hours demonstrated ActifuseTM again 

outperformed Orthoss® in metabolic activity by 2.5% (±-0.1) in the 24 hours conditioned 

samples (Figure 3.5). Measured via AlamarBlue® assay while the difference was 2.6% 

(±0.1) on the 48 hours conditioned granules. 

The cell proliferation on ActifuseTM conditioned for 24 hours showed a higher significant 

compared to the Orthoss® sample by 6.2% (±2) (p=0.005). The 48 hours samples 

showed a more significant difference of 9.9% (±-3.3) between the materials (p=0.0001).  
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Figure 3. 5 Metabolic activity of 96 hours conditioned BGS. Performed by 

AlamarBlue® assay (n=3). Both ActifuseTM time points had significantly higher metabolic 

activity compared to counterpart Orthoss® samples (24 hours (p=0.05) and 48 hours 

(p=0.001)). The error bars represent the standard error of the mean. 

 

3.4.5 Conditioned DMEM+ Media  

Cells were seeded onto tissue culture plates in DMEM+ and allowed proliferate for 24 

hours before the media was exchanged for conditioned DMEM+. 120 hours post media 

change the metabolic activity was assessed. Cells in the DMEM+ conditioned by 

Orthoss® had a lower metabolic activity compared to the ActifuseTM in both samples. This 

was an exploratory experiment with an n=3 to investigate whether condition media was 

potentially leaching materials that could be potential affecting cells adhering. 
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Figure 3. 6 Metabolic activity of cells in conditioned DMEM+ media. AlamarBlue® 

assay was performed 120 hours post-seeding (n=3). Significant ActifuseTM and 

Thermanox® activity compared to both Orthoss® time points (p=1.0). The error bars 

represent the standard error of the mean. 

 

MSCs were seeded on Thermanox® disc for it, was 24 hours then the DMEM+ was 

removed, and Orthoss® conditioned media was added, this appeared to hurt the 

previously healthy cells within five minutes. The adhered MSCs began to deteriorate 

(Figure 3.7 (a)), and this deterioration increased with time. The deteriorating cellular 

membrane appeared to contract, and the cells became shrunken with blebs forming that 

appears to be composed of cellular components.  

Light microscopy showed blebs floating in the media, as shown in Figure 3.7 (a). Cellular 

blebbing is associated with cells undergoing apoptosis. This issue was not apparent in 

the control of ActifuseTM conditioned media (Figure 3.7 (b)).  
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Figure 3. 7 Cells in conditioned DMEM+ media. Images taken on light microscopy. 1.5 

hours after media was changed on seeded cells. (a) Orthoss® conditioned DMEM+ 

media; (b) ActifuseTM conditioned DMEM+ media. Orthoss® conditioned DMEM+ media 

appear to cause cells to undergo apoptosis. 

 

On day 14 post-seeding a Live/Dead assay was performed. This showed visually there 

were more cells adhered to the ActifuseTM control (Figure 3.8). Cellular morphology 

between the two conditioned media differs. The cells in ActifuseTM appeared to have an 

elongated cellular structure, whereas the cells grown in Orthoss® conditioned media 

appear where shrunken and more rounded. 
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Figure 3. 8 Live/Dead assay of cells on tissue culture plastic in conditioned media. 

(a) Orthoss® 24 hours, (b) Orthoss® 48 hours, (c) ActifuseTM 24 hours, (d) ActifuseTM 48 

hours. Cells in Orthoss® media appear more condensed and had lower numbers 

compared to the elongated and more viable cells in conditioned ActifuseTM media control.  
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3.5 Discussion 

This chapter sets out to investigate why Orthoss® underperformed throughout chapter 2. 

The low performance of the Orthoss® had not been reported to the same extent in 

previous similar studies.  

El-Jawhari et al. reported that Orthoss® had lower cellular attachment and proliferation 

rates when compared to the two other grafts in their study Orthoss-collagen® (Gieslich, 

Swiss) and VitossTM (Stryker, Malvern, PA) (El-lawhari et al., 2016) while Kubosch et al. 

(2016) showed that there was a tendency for cells on Orthoss® to decrease in both cell 

numbers and metabolic activity. 

Some studies have shown Orthoss® BGS to be successful in producing a favourable 

response from the adhering cells. Kouroupis et al. reported that Orthoss® promotes rapid 

migration of MSCs, adherence, proliferation and, differentiation (Kouroupis et al., 2012; 

Kouroupis et al., 2013). In the 2013 study, Orthoss® granules in conjunction with a bone 

marrow aspirate and autografts (Kouroupis et al., 2013). They showed the Orthoss® 

granule’s ability to attract and to be colonised by MSCs (Kouroupis et al., 2013). Dorati 

et al., (2013) coated the Orthoss® in a polylactide-co-glycolide (PLGA) which was shown 

to improve the graft’s ability to stimulate growth and proliferation of adhering fibroblastic 

cells (Dorati et al., 2013). However, not until after 15 days of incubation was their cells 

adhered to non-coated Orthoss® blocks and appeared to act in the same manner as the 

cells on the coated Orthoss® (Dorati et al., 2013). 

3.5.1 Metabolic Activity 

The initial study in this chapter was an investigation to confirm that deproteinised bovine 

bone graft Orthoss® granules did not support cell proliferation and attachment, as shown 

throughout Chapter 2.  

An in vitro comparison was made between Orthoss® granules (1-2mm) and blocks (1cm 

x 1cm x 2cm). These differences enabled a visual difference in samples. Both materials 

have the same internal structure but different overall structural shape. The results 

showed that the block form had a slight increase in cell metabolic activity on Day 14. 

However, this was non-significant. No cells were found visually adhered to either 

Orthoss® surfaces after using SEM. This is the same as Chapter 2 SEM results. Overall, 

the results showed that both forms of Orthoss® have limited ability to attract, attach and 

support the proliferation of the MSCs. This indicates that Chapter 2 results for Orthoss® 

granules were a true reflection of the Orthoss® BGS. 

3.5.2 Conditioned Granules  

Conditioning of the BGS in DMEM+, which contains FCS  will enable the proteins within 

FCS to adhere to the surface that can change the physiochemical properties of the BGS 
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surfaces. These changes to the physiochemical properties could potentially affect 

cellular adherence and subsequent cellular proliferation. 

Firstly, experiments were designed to condition the Orthoss® granules in DMEM+ before 

seeding cells. Twenty-four hours of conditioning a BGS has shown previously to increase 

the amount of bioactivity on the BGS (Shchukarev et al., 2012). ActifuseTM was used as 

the control. The conditioning of the Orthoss® was performed to allow the graft to become 

accustomed to the in vitro conditions before cell seeding and for proteins to adhere to its 

surface. 

The conditioned granules were seeded with Ovine MSCs for 24 hours before the 

metabolic activity was measured by AlamarBlue® assay. In the samples conditioned for 

24 hours showed ActifuseTM outperformed Orthoss® by 2.5% (±-0.1), and this increased 

on the 48 hours conditioned samples to 2.6% (±0.1) on samples.  

However, these periods selected to allow the grafts to adjust have appeared not to cause 

any difference and the Orthoss® graft that again was still eclipsed by the ActifuseTM in 

terms of cellular attachment and metabolic activity. To evaluate whether the conditioning 

periods were too short, this meant an extended period of conditioning was investigated 

to allow more protein attachment to occur. The BGS (n=3) conditioned in DMEM+ for 96 

hours showed, again was no significant improvement in cellular metabolic activity at 1, 

4, 7, and 14 days. 

3.5.3 Conditioned Media 

To discover whether the Orthoss® BGS were created an environment that was harming 

the adhering cells, a conditioned media was generated. Orthoss® granules into in 

DMEM+ for 24 and 48-hour periods and this was placed onto MSCs adhered to tissue-

cultured plastic for 24 hours.  

Within five minutes of adding the Orthoss® conditioned media to the MSCs that had been 

seeded and allowed to proliferate on tissue culture plates, there was an apparent 

negative effect to the cells and began to deteriorate. A visual inspection showed that the 

cells had become shrunken in shape with the cell being to deteriorate, and the cells 

began to bleb, which is indicative of apoptosis. Cells can undergo apoptosis due to 

cellular processes that include cell turnover, development, immune system, hormone-

dependent atrophy or chemically induced cell death (Elmore, 2007). 

This was not apparent in the control of ActifuseTM conditioned media control, indicating 

that the Orthoss® BGS leached a material into the media that harmful to the adhering 

cells.  

The pH levels results from Chapter 2 showed Orthoss® having a high pH at every time 

point. These pH readings mean the media is more alkaline compared to the other 

samples. Tseng et al., (2013) reported that the pH levels that changed even by an 

increase of 0.5 towards a more alkaline pH, which is higher than normal bodily fluid pH 
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levels. It is possible that Orthoss® was maybe leaching CaO, and that is affecting cellular 

activity. This leaching of CaO could be due to the deproteinising process and may not 

be causing the same effect as in other studies due to more copious amounts of 

surrounding fluid that could cause a smaller change if any to the pH levels of the media.  

The presences of CaO as reported by Tseng et al., (2013) would have the ability to cause 

the media’s pH to become more alkaline, as calcium oxide reacts with the water in 

DMEM+ causing the formation of calcium hydroxide, which in turn can increase the 

alkalinity of the DMEM+.  

A more alkaline media, the solution cannot only affect the local biological 

microenvironments, but it can affect cell metabolism, function, bone tissue formation and 

mineralisation (Monfoulet et al., 2014). Monfoulet et al., 2014 noted that MSCs within an 

alkaline pH up to 8.27 were unaffected in terms of proliferation and did not note any 

osteogenic differentiation; however, they noted at pH at 8.85 cells stopped proliferating 

and at a pH of 9.37, the cells died.  

3.5.4 Live/Dead Assay 

Cell viability and morphology were investigated using a Live/Dead assay. This visually 

showed a clear difference in cellular morphology and viable cell numbers between the 

sample and control. The control cells appear to have an elongated healthier cellular 

structure with a higher amount of viable cells. Whereas the cells grown in the Orthoss® 

conditioned media appeared shrunken and with fewer viable cells present.  

This appeared to be apoptosis-like cell death. Apoptosis causes shrinkage, rounding of 

the cell’s overall structure and formation of cellular debris (Elmore et al., 2007). This 

issue may be neutralised in larger volumes of DMEM+ for in vitro experiments or, in 

vivo where the bodies’ fluids may dilute and neutralise the adverse effects of CaO 

produced by Orthoss®. This may allow the graft to support cell attachment. Kubosch et 

al., (2016) believed that the decrease in viable cells that they noted overtime was due to 

the absence of blood that carries nutrients and growth hormones that are found in the in 

vivo but are not emulated to the same extent in vitro.  

3.5.5 Limitations  

However, the conditioning of BGS was not able to cause an increase in the performance 

of Orthoss® in terms of cellular attachment and proliferation. I was not able to identify the 

CaO leaching into the media that was suggested by previous studies, and this was a 

limitation of the study. There was no direct comparison between the conditioned and 

non-conditioned Orthoss®  this would have helped indicated whether there was any 

change in the by performing conditioning. 

This would have required identifying its differences compared to non-conditioned media. 

Mass spectrometry could have been used to investigate for the presence of CaO or any 
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other ions been released from the Orthoss®. An investigation into whether the cells were 

undergoing apoptosis would have also been appropriate to confirm apoptosis was 

occurring. To perform this requires one of the following methods; flow cytometry, 

fluorescence microscopy or commercially available apoptosis assays. It may be possible 

that organic material, albeit degraded in the calcining process, will be affecting. 

Increasing the cell numbers seeded exponentially onto the Orthoss® may have increased 

its performance due to higher numbers of cells adhering; however; it could have also led 

to increased cell death. The failures with Orthoss® could be associated with the in 

vitro conditions, as in vivo investigations have shown that Orthoss® supports bone 

formation. 

3.6 Conclusions 

This chapter was done to access whether the below expectations of Orthoss® within 

chapter 2, causing cellular attachment and proliferation. These experiments were done 

to investigate whether this was a batch issue. Initially, a comparison was made between 

two different forms of Orthoss®, one was the granules used in chapter 2, and the second 

was a block version. Two different structures were used to ensure batch differences and 

give a visual difference to make comparison easier. 

Both grafts had similarly poor results with cellular attachment and proliferation. These 

results are different from those who reported Orthoss® will encourage both MSC 

attachment and osteoinduction (Kouroupis et al., 2013; Kouroupis et al., 2012; Dorati et 

al., 2014). However, there several other publications that noted Orthoss® poor 

performance. El-Jawhari et al. (2016) reported lower cellular attachment and proliferation 

compared to other grafts. While Kubosch et al. (2016) showed that there was a tendency 

for decreased cell metabolic activity on Orthoss® overtime, this reduced activity may be 

due to the increased pH levels reported in Chapter 2 which causes the surrounding 

environment more alkaline. 

Conditioning of the Orthoss® BGS was performed to investigate if it would improve the 

performance of the graft; however, conditioning the BGS didn’t appear to increase the 

performance of the grafts.  

Conditioned media was created to investigate whether the Orthoss® BGS increase 

alkaline media affecting the potential for cells to adhere to. Healthy cells cultured in 

Orthoss® conditioned media died, indicating that the alkaline solution is affecting the 

cells.  

These issues may not be relevant during in vitro experiments as the alkaline solution 

may be neutralised in these situations leading to the positive results seen in many 

previously published studies into Orthoss®. 
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Chapter 4 

Proliferation and Differentiation of Mesenchymal Stem Cells on Sintered Discs of 

Bone Graft Substitutes. 

4.1 Introduction  

In Chapter 2, the BGSs composed of SiHA showed the highest potential to increase 

bioactivity levels. The chemical composition of a graft induces bioactivity directly by 

releasing ionic products that will interact with cells through ion channels or affecting the 

local pH, which can indirectly influence the adherence of proteins, growth factors and 

cells (Lee et al., 2011).  

The addition of 0.8wt% Si to HA has shown to stimulate collagen type 1 synthesis within 

osteoblast-like cells and leading to the promotion of osteoblastic differentiation (Reffitt et 

al., 2003). While, Patel et al., (2002) described in vivo studies that the addition of Si ions 

into the HA lattices can increase bioactivity when compared to the non-substituted HA. 

While Gibson et al., (1999) described In vitro studies of osteosarcoma cells had 

increased metabolic activity and again in a 2003 study by Botelho et al., demonstrated 

that the SiHA enhanced bioactivity, which resulted in the formation of apatite at earlier 

time points. While Botelho et al. (2006) studied showed that SiHA also caused increased 

levels of cellular adhesion.  

This chapter focuses on the influence that the chemical composition of selected BGSs 

have on osteoinduction. Two chemical compositions where selected, (1) synthetic 

hydroxyapatite (HA) that represents ApaPoreTM and (2) silicate-substituted 

hydroxyapatite (SiHA), which is used for the production of both ActifuseTM and 

InductigraftTM.  

The powdered materials used to form the granules were compressed into a disc then 

sintered to produce dense discs (DD). This will control the surface topography. Sintering 

created the highest density disc possible and reduced grain growth (Champion, 2013).  
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4.2 Aims and Hypothesis 

4.2.1 Aim  

This study aimed was to investigate whether the combination of Si and hydroxyapatite 

as a BGS has the potential to influence the proliferation and differentiation of Ovine 

MSCs 

4.2.2 Hypotheses 

1. Increased proliferation rates will be shown on the DD formed of SiHA compared 

to that of HA. 

2. There will be increased levels of osteogenic differentiation of Ovine MSCs 

seeded on the SiHA surface compared to HA alone. 

4.2.3 Objectives 

1. Create sintered DDs of both HA and SiHA. 

2. Compare the differences between the HA and SiHA DDs concerning metabolic 

activity, ALP assay, and cellular morphology. 
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4.3 Materials and Methods 

These protocols were successfully performed by a previous member of my laboratory 

group and published in their thesis (Samizadeh, 2010). 

4.3.1 Study Design  

This study focuses on whether a combination of silicate and hydroxyapatite as a BGS 

can affect cellular attachment, differentiation and the formation of apatite. All surface 

topography of the BGS was removed by compressing their chemical components and 

sintering them into DD. This allowed for an investigated into the effect the BGSs 

chemistry as on the adhering MSCs. 

The same fine ceramic powder that was used to create ApaPoreTM formed from HA (Ca10 

[PO4]6[OH]2)(Ca10(PO4)6-x(SiO4)x(OH)2-x) powder. While for SiHA (Ca10(PO4)6-x(SiO4)x 

(OH)2-x) that is also used for the production of both ActifuseTM and InductigraftTM. 

Depending on the BGS, the sintering temperature cycles were adjusted to ensure that 

the chemistry matched that of the commercial granule form. The sintered DD was used 

for in vitro experiments over 28-days. Metabolic and ALP activity was monitored on days 

4, 7 and 14 after seeding the Ovine MSCs. While SEM images were used to assess cell 

morphology on the same days and additionally at day 28. 

4.3.2 Production of Dense Discs  

The dry ceramic powder that was used to produce the HA DD ((Ca10[PO4]6[OH]2); Lot 

number: A00X0A16910) was supplied by Dr Karin Hing (Queen Mary University, 

London). Baxter Healthcare Ltd supplied the SiHA ceramic powder (Lot number: 

SOOPOO27420). 

Methanol was used to clean the equipment as any debris present could cause the DD 

during the sintering process rendering the DD unusable. 1g of the dry ceramic powder 

was placed in the die mould between the upper and lower plates (Figure 4.1(b)). The 

assembled die was placed into the chamber of the Specac Atlas manual hydraulic press 

(Specac, UK) (Figure 4.1 (a)) and before being aligned, the release valves were closed. 

The side-lever was activated to raise the press base plate, and a 120 MPa load was 

applied to the die assembly and held for 1 minute. This pressure ensures that maximal 

powder compaction at the targeted load was achieved to create a DD, that once sintered 

measuring 10 mm diameter and 2 – 3 mm in thickness. 
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Figure 4. 1 Equipment used for pressing dense discs. (a) Manual hydraulic press, 

(b) Pressing die, (c) 1g of HA powder in the die, (d) pressing discs (e) Die with bolster, 

(f) sintered press disc. 

 
4.3.3 Sintering of Dense Discs 

The sintering temperatures for SiHA and HA were different: 

 

Table 4. 1 Sintering temperature of the DD. The DD was held at their respective 

temperature for two hours. 

Ceramic powder Maximum Sintering Temperature 

HA 1200oC 

SiHA 1250oC 

 

The temperature was slowly increased at a rate of 5oC per minute until the sintering 

temperature was reached. Once reached, it was held for 2 hours before returning to room 

temperature at a rate of 10oC per minute.  

Once the sintered DD were cooled, the following measurements were taken to calculate 

the density: diameter (μm) (d), and the thickness (μm) (t). The density of DD was required 

to be >96%. To calculate the density equation, 4.1 below was used: 

 

Volume = πr2 x t 

= π (d/2) 2 x t (units in cm (divide by 20 to get mm)). 
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4.3.4 X-Ray Diffraction 

X-Ray Diffraction (XRD) was used to measure the chemical composition of the sintered 

DD. Technical staff at Queen Mary University, London obtained the XRD spectrum and 

analysed it.   

The spectrum was obtained using a Siemens Xperts-Pro diffractometer (Siemens, 

Germany). The samples were scanned continuously by a graphite detector from 20o to 

70o 2θ, at a scanning speed of 1o/min 2θ at a minimum step size 0.02 o 2θ for a count of 

2.5 seconds. The monochromatic Cu-K radiation of Ka1 = 1.540598 nm and Ka2 = 

1.544426 nm with an intensity ratio of 0.5 was used. The three software programs used 

to define the crystallography parameters were: 

1. Xpert HighScore Plus software and the ICDD database.  

2. Pickpx2 software (Queen Mary University, UK).  

3. UnitCellWin software. 

4.3.5 Cell Seeding and sterilization of Dense Discs 

The discs were sterilized by being placed into a glass container that had a loosen lid and 

placed within an autoclave where steam at a pressure of approximately 15psi and 

attaining a temperature of 121oC. These were allowed to dry entirely before seeding with 

cells. It should be noted that these sterilized DD were not cleaned to remove any 

endotoxins that may have been adhered before cell culture experiments. Seeding was 

performed as previously outlined in Section 2.3.4. 

4.3.6 Cell Metabolic Activity 

AlamarBlue® assay was performed days 1, 4, 7 and 14 as outlined in Section 2.3.5.  

4.3.7 Cell Differentiation  

The ALP assay was performed as previously outlined in Section 2.3.6.1.  

4.3.8 Scanning Electron Microscopy 

The SEM experiment performed as previously outlined in Section 2.3.7.2. 

4.3.9 Statistical analysis 

Normality was checked using the Kolmogorov- Smirnov and Shapiro Wilkinson test. If 

data was normal, the comparison was made using an independent student T-test. Non-

parametric data comparison was made using the Mann Whitney U test with a Bonferroni 

correction. The data analysed was performed using SPSS version 24 (Chicago, USA). 

Figures were made using GraphPad Prism version 7.0.0 (San Diego, USA). These 

experiments were run in n=9 where there was 3 cell lines and 3 repeats of each unless 

stated otherwise. 
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4.4 Results 

4.4.1 Manufacture of Dense Discs of Bone Graft Substitute Materials 

4.4.1.1 Disc Density 

The volume and density of the sintered DD was calculated. The density of each DD was 

required to be above <96%. Any of the DD that did not meet this requirement or had any 

chips/cracks could not be used for experiments as cracks could increase the surface 

area, altering the results of the experiments. 

 

Table 4. 2 Measurements of DD. Average value of volume (cm), density (g/cm) and 

density percentage of the DD after sintering. 

 Volume (cm) Density (g/cm) Density % 

HA 0.2918 3.0023 95.09 

SiHA 0.3172 2.9658 94.75 

 

4.4.1.2 XRD Analysis 

The XRD analysis showed similar results to those presented in Samizadeh (2010), who 

performed the same DD sintering processes of HA and SiHA. The XRD is an analytical 

technique that enables a phase identification and crystallographic structure of crystalline 

materials. XRD was used to separate the chemical phases that were the correct 

formation for the DD that were required for this experiment.  

The XRD data in Figure 4.2 presented no additional phases and that the chemistry was 

shown to be phase pure in both samples. High levels of crystallinity that can be noted in 

both spectrums as high and narrow peaks. Differences in the intensity of the spectrums 

were due to the presence of Silicon in the SiHA DD (Figure 4.2 (b)) (Gibson et al., 2002; 

Kim et al., 2003). The Ca/P ratio of the HA DD and Ca/(P+Si) ratio of SiHA found by the 

XRF spectrometry analysis which confirms that the presences of the silicate ion within 

SiHA as 0.8wt% (Jamil et al., 2018).  
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Figure 4.2 XRD spectra of the sintered DD. (a) HA and (b) SiHA. Performed by Queen 

Mary University, London technical staff. Differences in the intensity of the spectrums 

were due to the presence of Silicon in the SiHA. 
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4.4.2 Cellular Activity 

4.4.2.1 AlamarBlue® Metabolic Activity Assay  

AlamarBlue® measured metabolic activity on days 4, 7 and 14. This is represented 

in Figure 4.3, while the percentage changes presented in Figure 4.4. Initially, the HA 

DD had higher activity on day 4 of 108.6 (±1.2). There was then a non-significant 

increase of 54% by day 7 (p=1.0). Between days, 7 and 14 there was a non-significant 

decrease of -8.58%. (p=1.0). Comparisons between days 4 and 14 showed a non-

significant difference increase of 41.22% (p=1.0). There was a large variation between 

samples on day 14 as one of the replicates was lower than all other samples. 

The SiHA DD had an initial metabolic activity of 113.9 (±2.3) on day 4 before to a 120.4% 

increase, which was significant by day 7 (p=0.03). Between days 7 and 14, there was a 

non-significant decrease of 2.4%, (p=1.0). A significant difference was noted between 

days 4 and 14, with an increase of 115.1% (p=0.04). 

 

 

Figure 4. 3 Metabolic activity of MSCs on sintered DD over 14 days. AlamarBlue® 

measured (n=9). Significantly more activity on SiHA between days 1 and 14 (115.1% 

(p=0.04)). No significant between the same period on HA (p=1.0). The error bars 

represent the standard error of the mean.  
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Figure 4.4 Percentage change in metabolic activity between days 1 and 14. 

Measured by AlamarBlue® assay (n=9). SiHA had a higher fold changed compared to 

HA (41.22% (p=1.0)). The error bars represent the standard error of the mean. 

 

4.4.2.2 Alkaline Phosphate Assay 

External ALP activity was measured on days 4, 7 and 14 (Figure 4.5). Initially on day 4, 

the HA ALP activity was 158.5 (±2.9) before decreasing non-significantly by day 7 to 

155.1 (±4.2) (p=1.0). The increase on day 14 was non-significantly (9.7 (±3.7); (p=0.5)). 

No significant change between days 4 and day 14 either (p=0.3).  

SiHA DD ALP activity on day 4 was 158.41 (±2.9) before decreasing non-significantly by 

day 7 to 158.2 (±3) (p=0.7). A non-significant increase was noted between days 7 and 

14; there was a non-significant increase of 10.5 (±1.7), (p=1.0). Between days 4 and day 

14, there was a significant difference with an increase of 131.19 (p=0.04). 
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Figure 4.5 Externally released ALP activity of the DD over 14 days. Measured by 

spectrometer (n=9). Non-significant ALP activity noted all SiHA samples compared to 

HA (p=1.0). The error bars represent the standard error of the mean. 

 

4.4.2.3 Scanning Electron Microscopy  

SEM imaging allowed for a visual assessment of cellular attachment, morphology and 

the presence of any extracellular matrix produced by cells 

(HA Figure 4.6; SiHA Figure 4.7).  

There where cells adhered to both surfaces initially and the cells appeared to proliferate 

as the number of cells increases at the later time points. The cellular morphology of the 

adhered cell on day 4 appeared to be a flatter structure with long protruding extended 

spindles. However, by day 14, the cellular morphology changes and the cells appear to 

become more cuboidal in shape and similar to the structure of osteoblasts.  

There were confluent layers of cells coating the entire SiHA DD surfaces by day 7 

(Figure 4.6), but confluent layers of cells were not seen on the HA DD surfaces until day 

14 (Figure 4.7). 

Both surfaces had deposits of extracellular matrix been produced by day 7, and these 

increased in frequency with time. These nodules are associated with the cells that were 

proximity and are believed to be associated with mineralisation (Fratzi et al., 2004; Thian 

et al., 2006). From a visual inspection, there appeared to be a higher amount of nodules 

on the surface of the SiHA samples. 
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 Day 4   Day 7   Day 14   Day 21 

 

Figure 4. 6 Scanning Electron Microscopy images of cells on HA sintered DD. 

Images taken on days 4, 7, 14 and 21. Increase in cell activity with time points. Day 21 

shows possible mineralisation (indicated by the arrow). 
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 Day 4   Day 7   Day 14   Day 21 

 

Figure 4. 7 Scanning Electron Microscopy images of cells on SiHA sintered DD. 

Images taken on days 4, 7, 14 and 21. Increase in cell activity with time points. Day 21 

shows possible mineralisation (indicated by the arrow).  
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4.5 Discussion 

This study investigated whether the chemical composition of selected BGSs can 

influence cellular viability, proliferation, and osteogenic differentiation. The BGS 

chemical compositions that were selected included HA (Ca10[PO4]6[OH]2) (Ca10(PO4)6-

x(SiO4)x(OH) 2-x) representing ApaPoreTM. While the SiHA (Ca10(PO4)6-x(SiO4)x(OH)2-x) 

represented both ActifuseTM and InductigraftTM. As stated before, both ActifuseTM and 

InductigraftTM have the same chemical composition but differ in their strut porosity and 

throughout Chapter 2; strut porosity was shown to influence cell adherence and 

osteoinduction levels. The topographical features of certain BGS can increase their 

overall surface area, possibly triggering osteogenic differentiation (Habibovic et al., 

2004). However, the chemical composition and surface chemistry of BGS has been 

known to be critical to the success of the graft and if optimized can enhance the potential 

to be a clinically successful outcome (Hing, 2006).  

The results presented in this chapter show that the hypothesis of higher metabolic activity 

of the SiHA DD, when compared to the HA DD, was correct. While it was not clear 

whether SiHA increased the levels of osteogenic differentiation compared to the DD of 

HA. These results mirror those of Chapter 2, where the BGS formed from SiHA 

(Actifuse® and Inductigraft®) outperformed the HA (ApaPore®). This was possibly due to 

the addition of Si ions into the HA lattice.  

4.5.1 X-ray diffraction 

There were differences in the intensities between the HA and SiHA XRD patterns. This 

is due to the presence of the Si, which is known to aid in the sintering and will cause a 

lower crystallinity when at the same calcination temperatures than HA (Gibson et al., 

2002; Kim et al., 2003).  

The density of the DD was measured to show the discs had a higher density percentage 

of over 98%; this showed the discs lacked or had minimal porosity that would require 

them to be excluded from the experiments. Before 28 days in vitro experiment, all the 

sintered DD were sterilised using an autoclave, and any further work with them was 

performed in a cell culture hood to maintain the sterilise conditions. As noted in the 

methods section, these DD were not clean of any endotoxins that could have been 

adhered before the cultured experiments. 

4.5.2 In Vitro experiments Results  

The results presented in this chapter demonstrated similar outcomes to previous studies 

that compared the addition of Si ions to the HA. These studies have shown to increase 

biological activity of the adhered cells compared to HA alone in terms of the ability of the 

grafts to attraction, proliferation and differentiation (Pietak et al., 2007; Sun et al., 2015; 

Hing et al., 2005; Gibson et al., 1999; Reffitt et al., 2003). Si presence is to be essential 
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for the development of healthy bone and cartilage (Pietak et al., 2007). As discussed in 

the introduction there have been many studies that have proposed and shown that 

chemical composition and surface chemistry can indirectly affect many factors including; 

the initial absorption proteins to its surface and the subsequent attachment cells. Also, 

as discussed previously, SiHA has been linked to increased bioactivity when compared 

to non-Si substituted HA (Pietak et al., 2007). 

There are several theories of how this influence occurs. One is that it occurs by an active 

effect whereby the Si that has been substituted (Bohner et al., 2009). The other is a 

passive effect; for example, involves either calcium release, change in the surface 

chemistry or topography (Bohner et al., 2009).  

Bohner et al., (2009) analysis of Si-substituted calcium phosphate led them to believe 

that the BGS should be reclassified as drug delivery system as the release of ions during 

the resorption process should be known as a drug and the therapeutic levels that depend 

on the release rate and availability of the ions should be considered.  

Several studies have shown that the addition of 0.8wt% silicon ion (2.6wt% silicate) has 

the ability to cause significant enhancements to the surface by attracting proteins to 

adhere and some of these proteins have been associated with increasing the bioactivity 

of the material (Patel et al., 2005; Hing et al., 2006; Guth et al., 2010; Campion et al., 

2010). Hing (2005) described that substituting Si into HA latticed enhanced the bioactivity 

of the HA through either its surface chemistry and surface charge or possibly the 

controlled release of Si from its surface.  

Several studies that demonstrate that Si substituted materials will affect the surface 

charge, which in turn increased bioactivity including protein adsorption, osteoblast 

attachment and the subsequent cellular response including ALP production and collagen 

I synthesis during In vitro studies (Hing et al., 2007). Hing et al., (2006) suggests that the 

introduction of Si substitution increases the dissolution rate during in vivo investigation. 

This is a synergistic mechanism with the rate of free Si being released which is a dose-

dependent effect, and there is an optimal level of Si, which can stimulate an increased 

in bone matrix synthesis with enhanced organisation and there is no benefit to increased 

free Si concentrations (Hing et al., 2006).  

4.5.2.1 Metabolic activity 

At days, 4, 7 and 14, the metabolic activity was accessed by AlamarBlue® assay. The 

sterilised sintered DD was seeded with Ovine MSCs cells (n=9). The initial results on 

day 4 showed that both DD had similar levels of metabolic activity (HA 108.6±1.2 and 

SiHA 114.0±3.8). Both showed increased metabolic activity by day 7; during this period, 

the SiHA sample increased by 120.4%; however, HA only increased by 54.5%. SiHA had 

a reduced metabolic activity at 14 days of -2.4% while HA only increased by 8.6%. This 
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reduced activity could be due to a lack of surface area for the cells to continue growing 

as cells had already consumed the entire disc surface area in the preceding time point.  

There was a significant in metabolic activity increase between days 4 and 14 on SiHA 

with a 131.2% change (p=0.04). HA, however, was a non-significant increase of 41.233% 

(p=1.0) between the same time points. It was noted that on day 14 there was a large 

variation in metabolic activity on the HA this was due to one of the three replicates of HA 

exhibiting a lower than expected activity compared to the other samples.  

During Gibson et al., (1999) study, they seeded cells onto tissue culture plastic and then 

added extra silicon ions to the DMEM. The addition of Si ions led to a significant increase 

in cell metabolic activity. While Hing et al., (2006) demonstrated in vitro investigations 

where Si was substitution into HA lattices assisted both bone ingrowth and repair at 

earlier stages within the porous structure of the scaffolds. Hing et al., (2006) believed 

this occurs due to physio-chemistry and metabolism of both bone formation and bone-

resorbing cells releasing trace levels of bioavailable Si. They also suggested that Si 

presence in optimal levels within scaffolds can overcome any effects within defect sites 

due to mechanical stress shielding or poor host bone metabolism (Hing et al., 2006). 

Higher levels of metabolic activity on SiHA may cause an increased rate of adhesion, 

proliferation, and differentiation of cells due to the dissolution of the Si content 

(Szurkowska and Kolmas, 2017). Lasgororceix et al., (2014) investigated the behaviour 

of SiHA during in vitro and in vivo experiments with and without insulin adsorbed to its 

surface. Insulin is a growth factor that is involved in many physiological processes and 

has to influence osteoblastic cells to proliferation, differentiation and stimulate 

osteocalcin production. Their results indicated that SiHA did not encourage cell adhesion 

and proliferation compared to HA alone. However, when they absorbed insulin onto its 

surface, there was an increased cellular focal contacts and RhoA activity. They believed 

that the addition of insulin and Si could enhance the cellular response to the grafts. The 

also noted a slightly higher inflammatory response to SiHA compared to the HA during 

the in vivo experiments. 

Botelho et al. (2011) study showed increased levels of osteoblasts caused by the 

addition of the Si into the HA lattice. They state incorporation of Si leads to increased 

hydrophilicity of HA, and this will increase interfacial tension to the presence of 

unsaturated Si-O bonds leading to the formation of Si-OH in the surrounding 

microenvironment. They noted increased Si concentration could speed up apatite 

formation when compared to HA alone, which could support the mechanism of enhanced 

bioactivity on SiHA and leads to enhanced dissolution rate and physical-chemical 

properties. They also noted that SiHA is more electronegative, meaning the surface 

charge sites are preferential for nucleation of amorphous calcium phosphate apatite 

layer when compared to HA alone. This occurs via the adsorption Ca2+ ions, which can 
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attract phosphate groups (Botelho et al., 2011). Guth et al., (2010) suggested that this 

occurs due to the addition of Si affecting the surface charge, ionic interface and the 

resultant hydrophilicity of the surface.  

The optimal amount of Si was shown to 0.8%, which can cause a higher amount of 

osteoblast development markers when cells were in the presence of Si (Honda et al., 

2012). They suggested this was due to cell-induced to differentiation towards the 

osteoblastic lineage and noted that it was optimal compared to 0% or 1.6% (Honda et 

al., 2012). They noted that the latter percentage leads to lower levels of cellular 

attachment and proliferation. They believed that this occurred because the Si content 

has a critical effect on culture conditions (Honda et al., 2012). 

In studies that have included trace amounts of Si within the structure of the graft, there 

was enhanced biological performance in relation to the physiological process of bone 

compared to those that do not, and these are associated with the Si induced changes to 

implants material properties (Vallet and Arcos, 2005). This enhanced bioactivity is linked 

to the higher levels of adsorption of cells and the release of Si into the surrounding 

surfaces and solution (Ducheyne et al., 1999). 

4.5.2.2 Alkaline Phosphate Assay 

As noted previously, the ALP assay was performed on the externally released cellular 

ALP. ALP production often used to early indicators of preosteoblastic differentiation 

(Golub et al., 2007; Stein et al., 1990). There should be an early increase in ALP levels 

caused by the production of ALP in parallel with osteoid production (Stein et al., 1990). 

There then will be a subsequent decline in ALP levels, and this is due to the 

mineralisation of the matrix (Stein et al., 1990). 

Between any time point investigated, there were non-significant change in ALP activity 

in either SiHA and HA. In previous studies, SiHA has demonstrated an ability to induce 

an earlier positive response in ALP activity when compared to other BGS compounds 

(DeGodoy et al., 2015). DeGodoy described SiHA samples that had increased porosity 

showed earlier differentiation of MSCs with an up-regulation in the ALP expression when 

compared positive and negative controls. They also noted that there was a trend for 

cellular differentiate towards the matrix producing osteoblasts with also late-stage up-

regulation of osteocalcin that was produced pre-osteocytes (DeGodoy et al., 2015). 

Gibson et al., (1999) demonstrated that the addition of the substituted Si ions into HA 

could enhance osteoblasts cellular activity and increased apatite layers formation on 

SiHA in simulated body fluid (SBF) when compared to non-substituted HA. In the 2006 

study by Guth et al., the presence of Si in a solution could affect the ALP levels, and they 

showed that these levels are related to the amount of Si presence, its concentration, and 

the localisation. 
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Reffet et al., (2003) indicated the concentration of Si is orthosilicic acid could stimulate 

the synthesis of collagen type 1 within osteoblast and claim that the Si enhanced the 

differentiation of osteoblastic cells. However, they note that the mechanism of how Si 

directly affects osteoblastic differentiation and the commitment to mineralization is 

unclear. However, Seaborn and Nielsen (1994) mention that Si-deficient animal 

experiments still report organic matrix formation but mineralization is affected, and they 

believe that it is the Si affecting the bone matrix synthesis indirectly.  

4.5.2.3 Scanning Electron Microscope 

SEM imaging enables a visual investigation into both cellular morphology and 

extracellular matrix production on the surfaces of the discs. The sintered disc surface 

enabled a more accurate analysis of cellular morphology when compared to the surface 

topography and porosity of granule forms in Chapter 2.  

It was strikingly evident that the entire surface of both samples were coated with cellular 

activity quickly. Notably, at each time points, there were increased numbers of cells 

which are an indicator proliferation was occurring. This lead to a clear confluent 

monolayer of cells at day 7 on SiHA however, HA was not coated fully until day 14. 

Cellular morphology initially appears to have a typical MSCs cellular structure with a 

spindle-like morphology. At later time points, the morphology changed, and the cells 

appear to become more cuboid-like in a structure similar to cells that have differentiated 

towards osteoblastic lineage. 

By day 14, the images show the presence of extracellular matrix nodules formed in close 

approximation to cells that were adhered to the surface. Apatite formation on a BGS 

surface was critical for bone induction, and its formation is thought to an indicator for 

bioactivity formation. These nodules are typically formed from calcium hydroxyl 

carbonate apatite, which is equivalent in the composition and structure of the inorganic 

phase of natural bone and this formation of nodules (Garcia-Gareta et al., 2015). The 

formation of an apatite layers will be typically found in conjugation with the deposition 

with other organic factors that include osteogenic protein that could have the ability to 

induce osteogenic differentiation (Barradas et al., 2011). However, if apatite fails to 

deposit, osteoinduction will also fail even with the presence of osteogenic proteins to the 

surface (Barradas et al., 2011). 

The release of Si has been shown to promote biomimetic precipitation; this will cause 

the increased solubility and occurs through the creation of crystalline defects with 

substitution that is associated charge compensation mechanism, by generating a more 

electronegative surface with the exchange of SiO ions that will cause the material to 

become a nano-crystalline material (Pietak et al., 2007).  

Patel et al., (2002) described Si ions incorporated into HA could increase bioactivity 

during an In vivo experiment that resulted in bone ingrowth into both HA and SiHA 
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granules when in direct contact with bone. There was more significant bone growth in 

the SiHA sample (Patel et al., 2002). Balas et al., (2002) demonstrated increased 

bioactivity levels and the formation of an apatite layer on to the surface of the implant 

due to the presence of Si ions when compared when Si is absent. The 2003 Porter et 

al., study suggests that incorporation of Si ions into the HA lattice has the ability to 

increased rates of dissolution compared to non-substituted. The release of Ca, P and Si 

ions will cause subsequent diffuse through the ceramic grains to bone and the HA 

interface, which will be driven by a concentration gradient. An increased concentration 

of these ions can increase rates of biological apatite precipitation and induced bone 

apposition on graft surfaces (Porter et al., 2003). This is also associated with the 

accelerated results seen when the Si ions increases in the bioactivity of HA samples 

(Porter et al., 2003). 

4.5.3 Limitations 

The study could be made more robust by increasing the “n” number. Ovine MSCs were 

used for this study; however, human MSCs would have allowed for a better comparison 

with other similar studies. Zon et al., (2008), showed different cell populations would 

respond differently to the addition of silicate to a BGS. Even if roughness analyses were 

not performed, the topography of the disc surface should have been measured to confirm 

the entire disc surface was uniform. The protocol performed under the guidance and 

within the used Dr Hing lab at Queen Mary University. Unfortunately, this was not 

accessed and meant that the results couldn’t be confidently called control. This was 

performed as the method in the Castagna(2016) and Samizadeh, (2010). These studies 

were performed in an in vitro setting, and could not match the complex mechanisms that 

occur during differentiation in vivo due to a limited ability to mimic the in 

vivo environment. 

4.6 Conclusions 

The chemical composition of a graft induces bioactivity directly by releasing ionic 

products that will interact with cells. This chapter focuses on the influence that the 

chemical composition of selected BGSs have on osteoinduction. This study aimed was 

to investigate whether the combination of Si and hydroxyapatite as a BGS has the 

potential to influence the proliferation and differentiation of Ovine MSCs. Compressed 

into a compact disc to control the surface topography so that chemistry is just 

investigated.  

The metabolic activity experiment indicated that SiHA appeared to promote increased 

levels of both cellular adherence and proliferation when compared to HA throughout the 

28-day in vitro experiments. SiHA had a non-significant higher fold changed compared 

to HA (41.22% (p=1.0)). Both materials showed similar amounts of ALP activity levels 
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between the two graft materials. In SEM images, both materials showed visually cellular 

proliferation and mineralisation production by day 28. 

The results showed that SiHA could increase cellular attachment and proliferation which 

within keeping with previous studies that have shown that the addition of silicon ions to 

HA is a cost-effective method of boosting cellular adherence and proliferation levels 

while increasing the grafts osteoinductive potential (Zuo et al., 2008).  
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Chapter 5 

Protein Attachment to Bone Graft Materials 

 5.1 Introduction. 

Protein attachment occurs within seconds of placing BGS granules into biological fluid, 

and proteins will be attracted to it and begin to interact with its surface. These protein 

interactions are critical for the successful integration of the implant and the formation of 

bone tissue (Guth et al., 2010; McFarland 2000; Green et al., 1999; Rouahi et al., 2006; 

Kilpadi et al., 2001; Rouahi et al., 2006). Protein adsorption has been shown to influence 

subsequent biological events that lead to cellular recruitment, attachment and mobility 

(Wang et al., 2012; Chatakun et al., 2014; Anselme, 2000; Lampin et al., 1997). These 

will have downstream effects on cell proliferation and osteoblast differentiation (Wang et 

al., 2012; Chatakun et al., 2014; Suzuki et al., 1997). 

By the time the cells arrive, the BGS surface is generally coated in a monolayer of 

proteins, such that the MSCs do not directly “see” the BGS surface but instead “see” a 

layer of proteins to which the cells attach (Schmidt et al., 2009). 

Studies have shown that the amount and type of proteins that attach to different scaffold 

materials will vary and this variation has been reported to be due to factors that include 

surface area, charge, graft chemistry, and topography (Lee et al., 2014; Mathe et al., 

2013). The adherence profile of proteins will alter over time as proteins begin to adhere 

and then detach in a process where competitive displacement. This will result in the 

earlier absorbed proteins been replaced by proteins with stronger binding affinities. This 

process is known as the “Vroman effect” (Vilaseca et al., 2013; Hirsh et al., 2013).  

The novelty within the chapter includes the experiments that investigated the variation in 

the amounts of proteins attaching to these five different BGS’s and how protein profile 

will change over the four-time points. This comparison has not been made previously 

using these specific BGS and over these particular time points. This chapter will also 

draw a comparison between different methods of protein detaching proteins from the 

surface of the grafts and this comparison was not found previously in publication.  
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5.2 Aims and Hypothesis 

5.2.1 Aim 

This study aimed was to investigate differences in protein adsorption of the previously 

investigated five different BGS (ActifuseTM, ApaPoreTM, β-TCPTM, InductigraftTM, and 

Orthoss®) over four time-points (30 seconds, 1 hour, 24 hours and 72 hours).  

5.2.2 Hypothesis 

The amount of protein adhered to each BGS surface will vary depending on both the 

BGS and the time points investigated. 

5.2.3 Objectives 

1. To quantify and compare the total amount of proteins adsorbed onto the surface 

of five BGS materials using a micro bicinchoninic acid (BCA) assay at 30 

seconds, 1 hour, 24 hours and 72 hours. 

2. To physically separate the attached proteins using SDS-PAGE gel and to 

quantify: 

1. Relative molecular mass.  

2. Protein distribution among fractions. 

3. Protein purity. 

4. To determine the relative abundance of proteins present on the 

different scaffolds at each of the time-points.  
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5.3 Materials and Methods 

5.3.1 Study Design 

Protein adsorption on the five BGS investigated throughout this thesis with uncoated 

Thermanox® discs used as control. Each graft was immersion in bovine FCS 

(ThermofisherTM, UK) for investigated following 30 seconds, 1 hour, 24 hours and 72 

hours to allow for proteins with the FCS to adhere to their surface. 

The time point of 30 seconds was used, as it is known that proteins will adhere to the 

surface of a graft within seconds after being submerged in biological fluid (Ramazanoglu 

and Oshida, 2011). One hour was selected because it is known for being a critical time 

for proteins to adhere that can attract inflammatory cells (Thevenot et al., 2011). Twenty-

four hours was selected, as during this period the barrier between graft and bone will be 

filled with a blood clot and growth factors and cytokines that function to attract both 

neutrophils and macrophages are released (Liu and Kerns, 2014). This includes bone 

morphogenic proteins, osteoinductive factors, growth, and differentiation factors, and the 

can mediation of inflammation, improving bone formation (Einhorn, 2005; Kuzyk and 

Schemitsch, 2011). Seventy-two hours was selected, as it is known to be a favourable 

time for cellular response in terms of spreading and proliferation (Alves and Wassall, 

2009).  

These experiments were performed with an n=3. This consisted of one FCS sample 

repeated three times. FCS is widely available, and frequently cell culture experiments 

and its proteins have been documented, however, it does contain varying amounts of 

these proteins depending on the individual sample (Zheng et al., 2006; Usta et al., 2014). 

The FCS was diluted to 10% as this the percentage used in DMEM+ during cell culture 

experiments. 

5.3.2 Protein Attachment  

00.5g of each of the materials investigated were immersed in 2mls of 10% FCS 

(ThermofisherTM, UK) in a petri dish (Corning, USA) and shaken on an Orbital Oscillator 

(KJ-201BD) (Kangjian, China), while in a 37oC incubator. These samples were shaken 

for 72 hours, 24 hours, 1 hour and 30 seconds.  

5.3.3 Protein Detachment  

Once the respective time-points had elapsed, the FCS was removed. The granules were 

gently washed in dH20 to remove excess FCS within the porous structure. The protein-

coated BGS scaffolds were transferred to fresh well plates to eliminate any false readings 

due to protein attachment to the plate surface and not the granules.  

Several methods of protein detachment were investigated in this study. The first method 

used 500µl of a 6M urea solution for 30 minutes as reported by Rashid et al., (2008). 
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However, this showed limited success; when these samples were run on SDS PAGE 

gels, only very faint bands were present, suggesting a limited amount of protein had 

been extracted from the material surface. 

The second method investigated used a 10% SDS and water mixture (Wang et al., 2014; 

Rosengren et al., 2003). This technique resulted in more visible protein bands compared 

to the urea solution; however, after discussion with technical staff within University 

College London’s Mass spectrometry (MS) unit, I was advised that this technique might 

damage the mass spectrometer.  

Therefore, a third method investigated used a PBS solution prepared at pH 10. This 

detached the highest amount of protein samples surface compared to the other 

techniques. For all subsequent experiments, this method was used. The increased pH 

levels was done with the addition of NaOH and measured by Fisher Scientific Accumet 

AB15 pH mV Meter (Thermo Scientific, USA). 

The protein-coated BGSs were immersed in 2 ml of PBS at pH 10 and then placed in an 

incubator at 37oC for 2 hours on an Orbital Oscillator (KJ-201BD) (Kangjian, China). The 

adhered proteins detach into solution at varying times depending on how tightly the 

proteins were bound (Fang et al., 2005). 

The solution containing the detached proteins was used to measure total protein content, 

relative molecular mass, protein distribution among fractions, protein purity and the 

relative abundance of proteins present on the different scaffolds at each of the time-

points.  

5.3.4 Micro BCA Assay (Total Protein Content) 

A micro BCA assay is a colourimetric detection and quantitation kit used to determine 

the total concentration of detached proteins from each BGS investigated. This 

experiment was repeated three times. Thermo ScientificTM Micro BCATM Protein Assay 

Kit (product No, 23235) (Thermo Scientific, USA) was used. The Micro BCA assay 

measured protein concentration within the range of 0.5 μg/ml to 1.5 mg/ml. 

5.3.4.1 Preparation of Albumin Standards 

Albumin (BSA) standards were prepared using the BSA standard ampule (2.0mg/ml), 

which was placed into an Eppendorf diluent in the sample buffer and final dilutions of 

200ug/mL, 40ug/mL, 20ug/mL, 10ug/mL, 5ug/mL, 2.5ug/mL, 1ug/mL, 0.5ug/mL and 

0ug/mL (Blank) were prepared. The Micro BCA working reagents were prepared by 

mixing 25 parts of Micro BCA regent A with 24 parts of Micro BCA reagent B with 1 part 

of Micro BCA reagent C. A 150μl of the sample being tested was mixed with 150μl of the 

working reagent in a microplate before being shaken for 30 seconds. The plate was 

incubated at 37oC for 2 hours before been placed into the Tecan spectrophotometer 
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(Tecan Trading AG, Switzerland) where it was shaken for 5 seconds before the 

absorbance was read at 562nm.  

 

5.3.5.1 SDS-PAGE  

Protein analysis using SDS-PAGE gel electrophoresis is a standard method that elutes 

recovers and separates proteins (Kurien et al., 2012). The gel used allows small proteins 

to move through its matrix faster than larger proteins where less migration is seen. 

Protein structure and charge are also known to affect the mobility of proteins through the 

gel.  

The SDS-PAGE gels were made of two components: (a) a separating gel and (b) a 

stacking gel. Altering the percentage of acrylamide present within the separating gel 

adjusted the size of pores present within the gel, which in turn controlled the physical 

separation of the proteins during electrophoresis. A 10% gel concentration was selected 

for use. Other percentage gels were investigated; however, 10% gel offered the best 

resolution of protein bands. Table 5.1 represents the reagents used. 

Table 5.1 Reagents used for 10mls of a 10% separating gel for SDS page gel. 

Regents Supplier Quantity 

H2O - 3.8 ml 

Acrylamide/Bis-acrylamide (30%/0.8w/v) Bio-Rad, USA 3.4 ml 

1.5 Tris (pH=8.8) Thermo Scientific, USA 2.6 ml 

10% (w/v) SDS Thermo Scientific, USA 0.1 ml 

10% (w/v) ammonium persulfate (AP) Thermo Scientific, USA 100ul 

TEMED Thermo Scientific, USA 10ul 

 

A stacking gel was used to improve protein resolution before electrophoresis and 

concentrate the proteins before entering the separating gel. Table 5.2 represents the 

regents used for Stacking gels. Before pouring the stacking gel on top of the separating 

gel, a comb was placed to form the sample wells and allowed to set.  

Table 5. 2 Reagents for the 5ml of Stacking gel for SDS page gel. 

Regents Supplier Quantity 

H2O - 2.975 ml 

0.5 M Tris-HC, pH 6.8 Bio-Rad, USA 1.25 ml 

Acrylamide/Bis-acrylamide (30%/0.8w/v) Thermo Scientific, USA 0.05 ml 

10% (w/v) ammonium persulfate (AP) Thermo Scientific, USA 0.67 ml 

10% (w/v) SDS Thermo Scientific, USA 0.05 ml 

TEMED Thermo Scientific, USA 0.005 ml 
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15μl of each of the protein samples was combined with 5μl of loading dye (Thermo Fisher 

ScientificTM, USA) and heated to 60oC for 3 minutes to denature the proteins. 

15μl of the denatured protein samples were then loaded into the wells. The first lane of 

each gel was used for the protein standard ladder (Thermo Fisher ScientificTM, USA). An 

electrical field of 120V was used to push the proteins through the gel, which was run until 

the protein marker dye reached the end of the gel.  

5.3.5.2 SDS-PAGE Gel Staining 

InstantBlueTM (Expedeon Ltd, UK), a ready-to-use Coomassie protein stain was used 

where staining occurring within 15 minutes without the need for fixing, washing, and 

destaining. Once electrophoresis was performed, the gel was then placed in 20 ml of the 

InstantBlueTM staining solution. The bands were visible within 15 minutes at room 

temperature with gentle shaking. 

 

5.3.5.3 Analysis of InstantBlueTM Stained SDS-PAGE Gels 

Once stained, each gel was imaged using a ChemoDocTM XRS+ system (Biorad, U.S.A). 

The images where taken and analysed using ImageLabTM; (version 5.2.1 build 11; Bio-

Rad, U.S.A). 

5.3.6 Statistics Analysis 

Normality was checked using the Kolmogorov- Smirnov and Shapiro Wilkinson test. If 

data was normal, the comparison was made using an independent student T-test. For 

non-parametric data, comparison was made using the Mann Whitney U test with a 

Bonferroni correction. Pearson correlation was calculated using GraphPad. The data 

analysed was performed using SPSS version 24 (Chicago, USA). Figures were made 

using GraphPad Prism version 7.0.0 (San Diego, USA). These experiments were run 

in n=3 where there 3 repeats of each unless stated otherwise. 
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5.4 Results 

5.4.1 Micro Bicinchoninic Acid Assay (Micro BCA Assay) 

The BCA assay results showed that Orthoss® had the highest total protein concentration 

at all time-points investigated (Figure 5.1).  

 

Figure 5.1 Comparison of protein concentration removed from BGS surfaces. 

Measured by BCA assays results (n=3). Orthoss® at 72 hours had the highest protein 

levels while the lowest was 30 seconds, in ApaPoreTM. The error bars represent the 

standard error of the mean. 

 
At the 30 seconds, the highest amount of total protein measured was Orthoss® (0.63 

μg/ml (±0.008)) with significantly more protein when compared with all other samples 

investigated (p < 0.001 in all cases) (Figure 5.1). Both ActifuseTM and InductigraftTM had 

similar protein levels with no significant differences between them. There were 

significantly lower protein levels on ApaPoreTM (0.25 μg/ml (±0.030)) when compared to 

all other groups except for β-TCP (p = 0.495). 

At 1 hour, Orthoss® showed a significantly increased protein levels compared to 30 

seconds of 117.46% (p < 0.001). β-TCPTM also had a significant increase of 75% to 0.56 

(±0.024) (p < 0.001). There was a significantly decrease in proteins levels on 

InductigraftTM group compared with all other groups except ActifuseTM (ApaPoreTM p = 

0.008; β-TCPTM p < 0.001; Orthoss® p < 0.001). 

At 24 hours, Orthoss® had a significant increase of 158.39% (p < 0.001). InductigraftTM 

had significantly higher (p<0.001) protein levels compared to β-TCPTM (219 μg/ml 

(±0.060)) and ApaPoreTM (0.218 μg/ml (±0.060)). However, InductigraftTM was not 
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significantly higher compared to ActifuseTM (p=0.052) with a difference of 0.214 μg/ml 

(±0.060). 

Again, at 72hours Orthoss® had significantly higher protein levels when compared to all 

other grafts (p < 0.001). The levels of proteins detached from Orthoss® reached the 

maximum optical density reading on the Tecan spectrophotometer (Tecan Trading AG, 

Switzerland) of 5ug/ml. InductigraftTM  had a significant decrease in protein levels of 

7.15% but remained significantly higher than ActifuseTM (p=0.01), with different protein 

levels of 0.108μg/ml.  

5.4.2 Comparison of proteins overtime on each surface 

The comparison of protein adsorption onto the ActifuseTM surface showed an initial 

decrease in protein adsorption, which was not significant between 30 seconds and 1 

hour (p = 0.068). By 24 hours, there was a non-significant increase in protein levels (p = 

1.0). A further non-significant increase was noted at 72 hours (p = 1.0). There was a 

significant change measured between 30 seconds and 72 hours (p = 0.001). 

ApaPoreTM showed a significant increase after 1 hour, compared to the initial 30 seconds 

time point (p = 0.02). 24 hours post-immersion, there was a non-significant decrease in 

amounts (p=1.0). Then a non-significant increase was noted between 24 hours and 

72hours (p=1.0). There was a significant change measured between 30 seconds and 72 

hours (p = 0.001). 

A significant increase between 30 seconds and 1 hour was noted on β-TCPTM (p = 

0.0001). By 24 hours there was a significantly decreased in protein levels from the 1-

hour (p = 0.023); however, levels significantly increased to its highest amount at 72 hours 

post-immersion (p=0.001). There was a significant change measured between 30 

seconds and 72 hours (p = 0.001). 

InductigraftTM results indicated a non-significant decrease in protein levels between 30 

seconds and 1 hour (p=0.165). Followed by a significant increase in protein levels at 24 

hours to 0.70 μg/ml (p=0.01), (0.317 (± 0.046)). There was a non-significant decrease 

by 72 hours (p = 1.0). There was a significant change measured between 30 seconds 

and 72 hours (p = 0.001). 

The Orthoss® group demonstrated, significantly increased protein levels at each of the 

time points investigated. The results showed that protein levels doubled between 30 

seconds and 1 hour (p=0.001). This trend continued at 24 hours (p=0.001) and 72 hours 

(p < 0.001). 
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5.4.3 SDS PAGE Gel 

5.4.3.1 SDS PAGE Gel: ActifuseTM 

Bands of proteins can be observed between 55kDa and 150kDa (Figure 5.2). A 

smearing of protein was present in the 30 seconds, 24 hours and 72 hours time points. 

A band was present at approximately 55kDa in all samples; however; it was less 

prominent at the 1-hour time-point. There are two visual protein bands at between 55kDa 

and 70kDa in the 30 seconds, 24 hours and 72 hours lanes. There is also a single band 

between 70kDa and 100kDa in 30 seconds, 24 hours and 72 hours. There are also 

several other fainter bands present of lower molecular mass identified in the 30-second 

lane.  

There is an apparent visual decrease of bands presented between 30 seconds and 1 

hour before rising again by 24 hours. A predominately-thick band is possibly the well-

characterised serum albumin at 66kDa. (The band showed slightly below the 55kDa 

marker; this was due to the alignment of the molecular weight ladder and lanes of 

samples that appears to be slightly off). 

 

Figure 5.2 SDS-PAGE gel of protein isolated from ActifuseTM. FCS proteins detached 

from the BGS surface after submersion for 30 seconds; 1 hour; 24 hours and 72 hours. 

Proteins stained using InstantBlueTM (Expedeon, U.S.A). Imaging performed using 

ChemoDocTM XRS+ system (Biorad, U.S.A). The molecular weights ladder is shown on 

the left.  
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5.4.3.2 SDS PAGE Gel: ApaPoreTM 

This SDS-PAGE gel (Figure 5.3) showed smearing of bands particularly at the 1, 24 and 

72-hour time points and between 170kDa and 130kDa. Distinct protein bands are not 

identified at the 30-second time point in this group. There is no visible band where a 

band is expected to represent serum albumin. This should be at 66kDa. Samples in this 

group produced the lowest amount of visible protein bands compared to all other BGS’s. 

There are a few possible reasons for this, including the amount of protein may be of a 

concentration that is too low to form a band. Another possibility could be due to the 

degradation of the proteins before running on the gel. However, the low levels of proteins 

do correlate with the results was seen in the BCA assay that also showed ApaPoreTM 

having low levels of proteins.  

 

Figure 5.3 SDS-PAGE gel of protein isolated from ApaPoreTM. FCS proteins 

detached from the BGS surface after submersion for 30 seconds; 1 hour; 24 hours and 

72 hours. Proteins stained using InstantBlueTM (Expedeon, U.S.A). Imaging performed 

using ChemoDocTM XRS+ system (Biorad, U.S.A). The molecular weights ladder is 

shown on the left. 
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5.4.3.3 SDS PAGE Gel: β-TCPTM 

The β-TCPTM gel showed intensely stained bands at the 72-hour time point (Figure 5.4). 

These bands began above the top of the ladder, and their increased intensity indicated 

an increased quantity of proteins when compared to other time-points. At each of the 

time points investigated except for the 30-second lane, a smearing of proteins was seen 

at approximately 55kDa indicating high amounts of protein present. The dominant thick 

band at 66kDa could be serum albumin and is well resolved. This band at 72 hours is 

brighter than the other times as it may have the highest levels of serum albumin. At 

30seconds, there was a very faint band representing a low amount of serum albumin 

present. Defined protein bands were also observed at the 100kDa and 130kDa markers. 

 

Figure 5.4 SDS-PAGE gel of protein isolated from β-TCPTM. FCS proteins detached 

from the BGS surface after submersion for 30 seconds; 1 hour; 24 hours and 72 hours. 

Proteins stained using InstantBlueTM (Expedeon, U.S.A). Imaging performed using 

ChemoDocTM XRS+ system (Biorad, U.S.A). The molecular weights ladder is shown on 

the left. 
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5.4.3.4 SDS PAGE Gel: InductigraftTM 

InductigraftTM appeared to have the most amounts of visual protein bands when 

compared to other BGS’s (Figure 5.5). Four bands can be seen between 55kDa and 

100kDa and at all-time points, and these bands increased in intensity with time. As time 

increased, the presence of more faint bands became apparent between 55kDa to 

170kDa and with bands that appeared above the 170kDa ladder. A thick band represents 

the serum albumin at 66kDa; however, the band is shown slightly below the 55kDa 

marker, this is due to the alignment of the molecular weight ladder to the sample lanes 

was slightly off similar to the ActifuseTM SDS PAGE gel. The amount of serum albumin 

appears to increase at each time point; this was identified by the growing intensity of the 

bands at the later time points.  

 

 

Figure 5.5 SDS-PAGE gel of protein isolated from InductigraftTM. FCS proteins 

detached from the BGS surface after submersion for 30 seconds; 1 hour; 24 hours and 

72 hours. Proteins stained using InstantBlueTM (Expedeon, U.S.A). Imaging performed 

using ChemoDocTM XRS+ system (Biorad, U.S.A). The molecular weights ladder is 

shown on the left. 
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5.4.3.5 SDS PAGE Gel: Orthoss® 

In this group, as time increased, the number of protein bands increased in amount and 

their intensity (Figure 5.6). The majority of the proteins present were between 55kDa 

and 170kDa. However, at 24 and 72 hours, several bands that represented proteins of 

lower molecular mass had appeared, and these were not evident at 30 seconds and 1 

hour. Fourteen visible bands were present at 72 hours, representing more protein bands 

compared to other BGSs investigated. The amount of serum albumin (66kDa) increased 

with time and 72 hours having the highest amount of all time points; while the lowest 

band intensity was noted at 30 seconds. This correlates with the BCA assay, which 

showed it had the highest amount of protein at each time point. 

 

 

Figure 5.6. SDS-PAGE gel of protein isolated from Orthoss®. FCS proteins detached 

from the BGS surface after submersion for 30 seconds; 1 hour; 24 hours and 72 hours. 

Proteins stained using InstantBlueTM (Expedeon, U.S.A). Imaging performed using 

ChemoDocTM XRS+ system (Biorad, U.S.A). The molecular weights ladder is shown on 

the left. 
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5.5 Discussion 

The adsorption of proteins to the BGS surface is considered to be one of the primary 

factors in influencing the amount and type of cellular interaction that will occur between 

the implant and host (Hayes et al., 2012; Botelho et al., 2006; Deligianni et al., 2000; 

Anderson et al., 2008; Keselwsky et al., 2005). Deligianni et al., (2000) suggested protein 

and cellular responses to the implant are reliant on the composition of both physical and 

chemical characteristics of the BGS, particularly the chemical composition. Within 

seconds of submerging an implant into biological fluid, proteins will absorb to the implant 

surfaces. This is the first critical step within the sequential biological events that will 

occur, and this is why it may play a significant role in affecting the microenvironment 

surrounding the BGS. Differences in BGS surfaces can affect the interactions with 

proteins, and it is this interaction, which can control cellular functions and their 

subsequent functions (Alves et al., 2010). Surface engineering of BGSs aims to mimic 

the natural bone topography, and as a result, the molecular mechanisms that cause the 

adsorption of proteins onto the graft surface (Nath et al., 2004). By regulating the proteins 

that adhere to a scaffold surface, it may be possible to influence the different cellular 

interactions and subsequent bone formation (Norde et al., 1992; Combes et al., 2002). 

Nath et al. (2004) suggests the surface could potentially be engineered to resist 

unwanted protein attachment and tailor the implant to control interactions and increase 

biocompatibility.  

In 1969, Brash and Lysman were able to demonstrate that the amount of protein 

adsorption to a surface correlates in direct proportion to the concentration of proteins in 

the solution. The cell integrin receptors react to the adsorbed proteins and are the 

mechanisms responsible for the bioactivity (Horbett, 2004). These proteins are 

continually being interchanged with proteins in a solution. This process is known as the 

“Vroman effect” (Vroman and Adams, 1986; Botelho et al., 2011). This effect is how 

proteins naturally compete to attract to a surface and is believed to be one of the 

underlying mechanisms that can trigger molecular cascades (Wang et al., 2012). 

Proteins with lower molecular affinity will adhere to the surface first before being replaced 

by higher molecular weight proteins (Wang et al., 2012).  

The protein adsorption kinetics are time-dependent, this means that the first responding 

adhering proteins interact with the surface and the proteins which arrive later are 

influenced by the proteins that have already adhered to the surface (Fang et al., 2005). 

Hing et al., (2005) suggested that this competitive manner of protein adhesion to a BGS 

surface could be influenced by the quantity of proteins being adsorbed or by variation in 

the proteins that adhere and in their conformation.  

By the time the cells arrive, the BGS surface is coated in a monolayer of proteins, and 

these cells do not directly “see” the BGS surface but instead “see” a layer of proteins to 
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which the cells attach (Schmidt et al., 2009). There have been a number of studies that 

have shown that the proteins which adhere to the surface of the implant has the ability 

to influence a response the subsequent adhering phenotypic cells and this influence may 

have the ability to initiate osteoinduction via an intracellular signalling cascade (Allen et 

al., 2006; Sawyer et al., 2014).  

The different surface characteristics of the five BGSs investigated in this chapter is one 

of many factors known to be responsible for influencing the diversity of proteins that 

adhere to. These BGSs were submersed into FCS, and then the quantity of protein 

absorbance was assessed by micro BCA, SDS-PAGE gel electrophoresis was used to 

analyse distribution, purity and relative abundance of proteins.  

5.5.1 Current knowledge of protein interaction with BGS. 

The BGS surface interactions with proteins will be affected by both the physical and 

chemical properties of the grafts, which can be critical in influencing the response of the 

proteins in terms of quantity and diversity (Rosengren et al., 2002).  

The chemical formula and surface topography of the BGS’s and the amount of proteins 

in the surrounding fluid and tissues are all critical in determining the amount of proteins 

that will adhere to the implant (Guth et al., 2010; Fang et al., 2005: Thevenot et al., 

2011).  

Wang et al., (2012) proposed hydrophobicity, ions and surface charge will also influence 

protein absorbance and these levels of protein adsorption were affected by the release 

of ions into the surrounding area, which has been reported to be controlled by the BGS 

surface charge. 

Bajpai et al., (2007) discussed how the majority of studies that investigations into protein 

and implant surface interactions in terms of electrostatic and van der Waals interactions 

will focus on surface charge, protein size and solution ionic strength. However, there is 

a correlation between protein adsorption and the concentration of proteins in the solution 

should take into consideration adsorption isotherm and Langmuir equations due to the 

lower complexity and broader applicability to the different adsorption data (Baipai et al., 

2007).  

The addition of silicate to the HA lattice will influence a combination of the above factors 

(Guth et al., 2010). They showed that the cellular adhesion is sensitive to the protein 

layer that develops on the discs and that there is a difference in the protein layers of HA 

and SiHA with enhanced cellular attachment on the latter. They believe this is because 

of the presence of Si on the apatite surface; however, they suggest it is more likely 

related to a presence of a counterbalancing ions associated with a difference in a surface 

charged with increased hydrophilicity. In further studies, they commented on significantly 

higher levels of co-localization actin and integrin in cells that were adhered to SA discs 

and not on HA discs. They believe that this occurs on SiHA via a separate mechanism 
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to HA and the higher levels of integrin may cause higher levels of enhanced osteoblastic 

cellular attachment and development.  

During protein adherence studies, the competitive manner that this occurs in have shown 

that surface topographies negate any effect physicochemistry has on this matter, but 

both micro and nano topographies could be more influential (Hing et al., 2005; Guth et 

al., 2010). Rashid et al., (2008), the study used discs of SiHA and HA-coated in proteins 

using a 10% FCS for 10 minutes, 2, 4, 8, 12 and 24 hours then removed the attached 

proteins using a 6M Urea. They demonstrated increased the level of protein adherence 

to SiHA during compared to an HA BGS and during in vitro studies, this lead to increased 

cellular attachment, proliferation, and differentiation.  

5.5.2 Attaching and Detaching Proteins off BGS surfaces 

Once the granules reached their respective time points, the adhered proteins needed to 

be detached from the surface. Several different methods were assessed, including a 

10% SDS solution, Urea, and pH10 PBS solution. After discussions with MS technical 

staff, they felt confident that the PBS solution would not damage the MS machines.  

5.5.3 BCA assay 

The colourimetric changes of the micro BCA assay showed visual colour changes in 

each of the groups and indicated low protein (Green) and high protein amounts (dark 

purple). Once the micro BCA analysis was performed, it showed that at 30 seconds and 

1 hour, both ActifuseTM and InductigraftTM had similar protein levels, and both showed 

significantly higher levels when compared with ApaPoreTM and β-TCPTM. These results 

are similar to those of Guth et al., (2010), who reported that silicate-substituted HA (as 

in ActifuseTM and InductigraftTM) have the potential to attract proteins in a combination of 

factors associated with the addition of silicate, that includes on its surface and the ionic 

charges at the interface. Guth et al. (2010) removed all topographical features similar to 

the experiments in chapter 4 and to investigate whether the chemistry alone could affect 

protein absorbance. They do note that total protein adsorption at early time points is not 

found to be a good indicator of the graft’s potential overall performance (Guth et al., 

2010). 

Protein levels of both ApaPoreTM and β-TCPTM increased at the latter two-time points 

compared to the levels on the silicate-substituted HA BGS and at 72 hours, the β-TCPTM 

had the second-highest protein levels behind Orthoss®.  

Orthoss® had significant (p=0.0001) higher levels compared to all other BGS at all time-

points. At 72 hours, InductigraftTM had higher protein compared to ActifuseTM. This 

increased protein levels on InductigraftTM BGS could be due to the increased strut 

porosity that leads to higher surface area, in turn, enabling more proteins to adhere to 

its surface (Coathup et al., 2012).  
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A Pearson correlation test of the surface area of the BGS explored in Chapter 2 was 

then compared to the results of the BCA assay at 72 hours gave a Pearson R = 0.6414. 

This means that there is a positive correlation between the surface area available and 

the amount of protein adhering.  

5.5.4 Increased amounts of proteins on Orthoss® 

Orthoss® had the highest protein levels at each time-point. In Tseng et al., (2013) study, 

one of their aims was to investigate the adsorption of proteins to BGS’s of which Orthoss® 

was one. They measured the influence that extracellular matrix (ECM) proteins have on 

the adhesion of osteogenic cells by measuring the viability of the adhering cells. Extra 

ECM proteins (fibronectin, vitronectin, and type I collagen) were added to the FCS 

solution, and the BGS was a condition in for 12 hours before cell seeding. They 

measured cell viability using water-soluble tetrazolium salt-1 dye (Tseng et al., 2013). 

Their results indicated that coating BGS in ECM proteins would increase cell 

attachment in vitro (Tseng et al., 2013). This appears not to be the same in my study as 

my results indicated that Orthoss® had the highest concentration of protein attachment 

at each of the time points investigated. This could be related to the surface area 

calculation discussed in Chapter 2 of which Orthoss® had the highest percentage area 

of all five grafts. This is also noted in the Pearson correlation discussed in the above 

section.  

5.5.5 SDS page 

Noh et al., (2006) states that the standard method to measure multi-protein adsorption 

is by using SDS-PAGE gel as it an excellent for both separation and quantification of 

proteins. They were able to observe adsorption behaviours of proteins and the effects 

this adsorption has on proteins kinetics. They also observed the Vroman effect believing 

it not to occur due to biochemistry or protein adsorption kinetics but actually due to a 

physical process.  

The proteins were separated using SDS-PAGE gel, enabling the relative abundance and 

the purity of those proteins detached. The SDS-PAGE gels allowed for a comparison to 

the BCA assays results. In all the SDS-PAGE gels, there may be proteins presents; 

however; the amount of protein was too low in quantity to form a visible band and could 

be identified using mass spectrometry. The higher BCA assay results corresponded to 

increased numbers of protein bands and higher intensities in the SDS-PAGE gels. The 

serum albumin protein was used as an example of a well-characterised protein and one 

of the most abundant proteins, which causes a thick band at approximately 66kDa. 

Serum albumin functions include transport of hormones, fatty acids, and various 

compounds through the bloodstream.  
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ApaPoreTM sample that had the lowest overall micro BCA assay levels also had the 

lowest amount of visible bands in its SDS-PAGE gel. This was evident with the lack of 

serum albumin bands, which appeared in all other samples. The lack of these serum 

albumin bands could be due to the possible degrading of the band or the low quantity of 

this protein to form the visible band. 

In comparison, the Orthoss® SDS-PAGE gel had the highest BCA assays readings and 

had the highest levels of visible protein bands in its gel and the most intense band 

represented by serum albumin at 72 hours.  

The results of this chapter showed that proteins are adhering to all surfaces. Variation in 

proteins depends on the graft being investigated and how the length of time it was 

submerged in FCS. The next chapter hopes to identify which proteins are adhering to 

the different materials and their relative amounts. 

5.5.6 Limitations 

A limitation of this study is that in vivo environments will attract different proteins that are 

not fully comparable to the in vitro environment. Different serum concentrations may give 

a different protein profile. There are also issues about protein conservation between two 

different species. FCS was used because this serum is most commonly used in cell 

culture experiments and previous studies investigating BGS, and ovine cells used it as 

a component of DMEM media (Samizadeh, 2010).  

5.6 Conclusions 

This chapter investigated the protein levels of the five BGS at four-time points. The 

adherence of proteins to an implant is one of the first events to occur once it is 

submerged into biological fluids. These proteins can influence the success of the graft, 

and the profile of these adhered proteins will change over time may be due to the 

influence of the Vroman effect. This was demonstrated by the amount of protein attached 

to each of the BGS measured by micro BCA assay and physically separate the attached 

proteins using SDS-PAGE gel. The results indicated that the highest levels of proteins 

were on the Orthoss® BGS, which was not expected based on its performance in both 

Chapters 2 and 3. However, the Pearson correlation between the surface area available 

and the amount of protein adhering to the BGS surface showed a positive correlation. 

Previous studies have shown that BGS that have been developed by HA will attract lower 

proteins amounts compared to graft developed from SiHA. This was demonstrated here 

with ApaPoreTM an HA material having lower protein adherence compared to both SiHA 

materials ActifuseTM and InductigraftTM.  

The surface area is also an essential factor and ActifuseTM, which has a lower strut 

porosity/surface area, had lower protein amounts compared to InductigraftTM, especially 

at 24 hours. The combination of surface area and chemistry, leading to increased protein 
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amount adhered could potentially be why there is a higher cellular response from 

InductigraftTM during the in vivo experiments in Chapter 2. 
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Chapter 6 

The Identification of Proteins Detached from the Bone Graft Materials Surfaces 

by Mass Spectrometry. 

6.1 Introduction 

It has been long accepted that proteins mediate the biological response to the implants 

and affect the behaviour of cells (Amini et al., 2013; Schmidt et al., 2009). The proteins 

that adhered may potentially promote bone healing by mediating cellular recruitment, 

attachment performance and differentiation (Hing et al., 2004; Guth et al., 2010).  

This chapter focus on the identification of the proteins detached from the surfaces of the 

graft during Chapter 5. The relative quantity of the detached proteins was assessed at 

four time-points. Different methods of protein isolation and Mass Spectrometry (MS) was 

compared, and the final experiments were conducted using Tandem Mass Tags™ 

(TMT™) (Thermo Fisher Scientific Inc., UK) and LC-MS/MS. The proteins identified were 

subsequently ranked on their potential to influence a multitude of factors, including 

cellular attachment and osteoinduction. The top five ranking proteins were further 

investigated to find which had the potential to increase the bioactivity of BGS when 

coated onto the surface before cell seeding in vitro. 
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6.2 Aims and Hypothesis 

6.2.1 Aims 

The main aim of this study was to identify the proteins that were detached from the 

surfaces of the five different BGS materials in Chapter 5. This required optimising the 

method of isolating proteins using MSCs. The relative amounts of proteins adhering to 

the grafts over time will be investigated to show the dynamic interchange of proteins. 

This will illustrate the attachment and detachment of proteins from the surface over time, 

showing a possible Vroman effect.  

Once the proteins are identified, they will be investigated for their potential to impact 

cellular attachment and osteoinduction of MSCs. The top five ranking proteins will be 

investigated further, with the two proteins judged to have the potential to increase the 

BGS performance selected for In vitro experiments in Chapter 7. 

6.2.2 Hypothesis  

There will be differences in the proteins and their relative quantities that adhere to 

different surfaces. The highest number of proteins found on the Si substituted BGS. 

6.2.3 Objectives 

1. Evaluate different methods of protein isolation for MS analysis. 

2. Identify the detached proteins using M/S analysis.  

3. Rank the identified proteins by their potential to affect cells grown on the BGS 

surface.  

4. Demonstrate that the profile of absorbed proteins changes over time, illustrating 

the Vroman effect. 
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6.3 Materials and Methods 

6.3.1 Study Design 

This study was designed to identify the proteins that were detached from the five different 

BGS investigated in previous chapters, after the grafts were submerged in FCS for 30 

seconds, 1, 24 and 72 hours. Proteins were isolated for identification; three different 

techniques were compared using MS (n=1).  

The optimal MS technique selected to measure protein was Tandem Mass Tags™ 

(TMT™) paired with liquid chromatography (LC-MS/MS; n=2). The MS identified proteins 

were then ranked using different online resources that calculate the protein’s influence 

on cellular attachment and osteoinduction. 

6.3.2 Protein attachment to and detachment from the BGS surfaces, 

Protein attachment to the BGS was performed as in Section 5.3.2. Detachment was 

performed as in Section 5.3.3  

6.3.3 SDS-PAGE Gels. 

The SDS-PAGE Gels made, run and stained as performed Sections 5.3.5.1 and 5.3.5.3.  

6.3.4 In-Gel Tryptic Digestion and Mass Spectrometry. 

The extraction of the separated proteins from the SDS-PAGE gels was completed using 

an In-gel tryptic digestion kit (89871) (Thermo Fisher Scientific Inc., UK). The first step 

included excising the protein bands from the gel, and it was reduced in size, before then 

being placed into an alkylation buffer before been shrunk again by acetonitrile. The 

shrunken sample was placed into 37oC-activated Trypsin (10μl) to digest the protein into 

peptides overnight. Then it was placed into a 1% formic acid solution for 5 minutes to 

extract the peptides before digestion buffer was added to stop the enzymatic reaction.  

This sample was transferred to UCL’s School of Pharmacy where MS technical staff 

used a Thermo LCQ Duo Mass Spectrometer coupled with an LC system to produce raw 

data, which was submitted to the online Mascot database (www.matrixscience.com; 

Matrix Science Ltd, UK) to identify the proteins. The search terms used can be found 

in Table 6.1.  
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Table 6. 1 Search terms used for In-Gel Tryptic Digestion. 

Field Selected 

Taxonomy Filter Mammals 

Enzyme Trypsin 

Quantitation method None 

Variable Modifications 
Carbamidomethyl (C), 

Oxidation (M) 

Peptide Mass Tolerance 1.2 

Peptide Mass Tolerance Units Da 

Fragment Mass Tolerance 0.6 

Fragment Mass Tolerance Units Da 

Mass values Monoisotopic 

Instrument type ESI-QUAD-TOF 

Isotope error mode 0 

 

6.3.5 In-Solution Digestion 

A new protocol was developed involving in-solution separation and digestion of the 

detached proteins based on previous work by Zheng et al., (2006). Sized spin columns 

separated and produced batches of proteins within a specific size for MS. This involved 

placing the detach protein solution into Spin-X columns (with a Cut-off 10kDa) (Sigma-

Aldrich, UK) and centrifuged for 30 minutes at 4oC (13000xg). A 100μl of protein mixture 

(>10KDa) was added to 500μl Dithriothreitol (4mM) and incubated for a further 30 

minutes at 60oC. Then 500μl Iodoacetamide (20mM) was added and allowed to react at 

room temperature for 1 hour. Protein precipitation was performed using 1000μl of 100% 

ethanol for 20 hours at 4oC before being centrifuged for another 30 minutes at 13000xg, 

at 4oC. Over 3-hours, SpeedVac removed any remaining liquid. The proteins were 

broken down into peptides by incubating them in 1000μl Ammonium Bicarbonate buffer 

(0.1 M, pH 8.2) containing 0.2mg trypsin incubated for 37oC for 24 hours before a final 

SpeedVac evaporation for a further 3 hours.  

These samples were again sent for LC/MS at Mass Spectrometry Laboratory at UCL 

School of Pharmacy, where the technical staff executed the same MS experiment as 

completed in section 6.3.4. However, after one run of this MS experiment, the MS 

machine used above became unusable due to a mechanical issue, placing the machine 

beyond repair.  
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6.3.6 Tandem Mass Tags™ (TMT™) and LC-MS/MS 

For these experiments, Tandem Mass Tags™ (TMT™) paired with liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) was used. The CEMS 

Proteomics Facility, at Kings College London, Denmark Hill, was used.  

6.3.6.1 Sample Preparation of Tandem Mass Tagged Proteins  

Once the proteins were detached from the BGS, the protein solution was stored at -20oC 

and transferred to the CEMS Proteomics Facility. The technical staff preformed the 

Tandem Mass Tagging proteins as per the protocol. TMT10plex™ Isobaric Label 

Reagent Set (Catalogue number: 90110; Thermo Fisher Scientific Inc., UK) was used. 

1ml of each of the protein solution sample was reduced to 200μl. Then the proteins were 

precipitated, washed and formed into a pellet before being solubilised in a dissolution 

buffer (1M triethylammonium bicarbonate) for TMT labelling. 

6.3.6.2 Enzymatic Digestion and Peptide Labelling 

The newly solubilised proteins were modified and digested as follows. Tris (2-

carboxyethyl) phosphine was used to reduce the Cysteine residues. This was then 

derivative-using iodoacetamide to create a stable form of Carbamidomethyl derivatives 

before the solution was digested by Trypsin overnight at 37oC. The peptides were 

labelled with the appropriate TMT labels. The labelled peptides from each time-point 

from the same BGS were combined. The labelled peptides were purified and excess 

labels removed by solid-phase extraction, and the remaining purified labels were 

lyophilised. 

6.4.6.3 OFF-GEL Fractionation 

The lyophilised peptides were reconstituted in an isoelectric focusing buffer, and the 

peptides were then resolved using isoelectric point on immobilised pH3-10 gradient strip. 

This generated five fractions for each of the BGS. A portion of each fraction was purified 

using both Ziptips (Merck, German) and lyophilised. 

6.4.8 LC-MS/MS  

The fractionated peptides were each reconstituted using ammonium bicarbonate and 

then loaded into LC-MS/MS analysis. The chromatographic separations were performed 

using the EASY NanoLC system (Thermo Fisher Scientific, UK). The peptides were 

resolved by reversed-phase chromatography on a 75µm C18 PepMap column. A three-

step linear gradient of acetonitrile in 0.1% formic acid was used and added to the eluted 

protein at a flow rate of 300nL/min over 120 minutes.  

The eluted solution was ionised by electrospray ionisation using the Orbitrap Velos Pro 

(Thermo Fisher Scientific Inc., UK) that was operated under Xcalibur v2.2 software 

(Thermo Fisher Scientific Inc., UK). The instrument was run in an automated data-



  

136  

dependent switching mode, selecting precursor ions based on their intensity for 

sequencing by higher energy collision-induced fragmentation using a Top 10 method. 

MS/MS analyses were performed using the collision energy profiles, chosen based on 

the mass-to-charge ratio (m/z) and the charge state of the peptide. There were two 

separate runs performed at different times for each of the BGS materials, giving a total 

of n=2. 

6.4.9 Database Searching  

The raw data produced by the MS/MS was used to produced lists of proteins isolated 

from the BGS surfaces at different time points; two different databases were used. These 

were: 

1. Proteome Discoverer Daemon (Thermo Fisher Scientific Inc., UK). 

2. Proteome Discoverer 1.4 (Thermo Fisher Scientific Inc., UK). 

Then the Mascot search algorithm version 2.2.06 (www.matrixscience.com) was used to 

search a ‘Bos Taurus’ protein database (6870 reviewed entries for ‘Bos Taurus’; 

www.uniprot.com). A full list of the database setting is in Table 6.2. 

Table 6. 2 The setting used for the Mascot search database TMT. 

Field Selected 

Precursor Ion Mass Tolerance 20ppm 

Fragment Ion Mass Tolerance 0.8Da 

Digestion Enzyme Trypsin 

Allowance of Missed Cleavages. 3 

Variable Modification 3 missed cleavages 

Fixed Modifications Carbamidomethyl (Cysteine) 

TMT Lysine and N-terminus 

 

6.4.10 Ranking of Identified Proteins 

The logic behind ranking the identified proteins came from different online databases. 

The proteins were given a score based on the potential influence they could have on 

MSCs. The basis for the score for each database can be found in the different tables 

below. All of the scores were combined for each protein and ranked from highest to 

lowest.  

6.4.10.1 Uniprot 

Uniprot (www.uniprot.org) is a database that contains information derived from research 

literature. The scoring system represented in Table 6.3. 
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Table 6. 3 Uniprot: The scoring system is associated with the Uniprot database. 

Option Score 

Yes 10 

No 0 

 

6.4.10.2 PathCards: Pathway unification Database 

PathCards (www.pathcards.genecards.org) is a database of human biological pathways 

and their annotations. The scoring system represented in Table 6.4 

Table 6. 4 Pathway of interest using PathCards database. 

Option Score 

Yes 10 

Possibly 5 

No 0 

 

6.4.10.3 OsteoChondroGene DB 

OsteoChondroDB (www.itb.cnr.it/osteochondrogene/php/search_physio.php) is a 

database that facilitates the mining of mechanisms involved in bone tissues and cellular 

differentiation. The scoring was given depending on whether the protein is present in a 

pathway of interest; the scoring represented Table 6.5. 

 

Table 6. 5 Present of the gene using OsteoChondroGene DB. 

Option Score 

Yes 10 

Possibly 5 

No 0 

 

6.4.10.4 Human Protein Atlas 

Human Protein Atlas (www.proteinatlas.org) is an online database that will show the 

spatial distribution of proteins in human tissue. The scoring represented in Table 6.6. 

Table 6. 6 Human Protein Atlas scoring. 

Option Score 

High 10 

Medium 7 

Low 3 

No result 0 
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6.4.10.5 Biograph.be 

Biograph.be is a data mining database that will offer prioritisation of functional 

hypotheses where the lower the percentage, the more close the linkage to the function. 

This required investigating the proteins associated genes. Represented in Table 6.7, 

while the scoring system represented in Table 6.8. 

Table 6. 7 The functions investigated on Biograph.be 

Function 

Osteoblast differentiation 

Osteoblast proliferation 

Regulation of cell differentiation 

Cellular differentiation process 

Prostheses and implant 

Cell Adhesion 

Bone Development 

Response to protein stimulus 

Osteoblast development 

Positive regulation of cell-substrate adhesion 

Positive regulation of cell differentiation 

 

Table 6. 8 The scoring associated with Biograph.be database. 

Ranking Score 

≤ 1% 10 

1≥2% 7 

2≥3% 5 

3≥5% 3 

≥5% 0 

 

6.4.11 Heat maps  

Heat maps were created using the Xlstat (Addinsoft, France) software. This was done 

using the relative percentage amounts of the proteins.   
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6.5 Results  

6.5.1 Comparison of the Different Protein Sample Preparation and Mass 

Spectrometry  

This experiment used the Orthoss® 72 hours (Table 6.9). The lowest amount of proteins 

identified was on the in-gel tryptic digestion method, which identified 8 proteins. In-

Solution digestion was able to identify more proteins (30); however, there were 106 

proteins identified using TMT. 

Table 6. 9 The number of proteins identified by the different protein samples 
preparation and the MS techniques. 

Mass Spectrometry Techniques Number of Proteins Identified 

In Gel Tryptic Digestion 8 

In Solution Digestion 30 

Tandem Mass Tags™ 106 

 

6.5.2 Relative Amount of Protein at Four Timepoints. 

The TMTs were adhered to the proteins before MS/MS to detect proteins; this will 

produce high sensitivity and reduces the signalling noise. TMT labelling enabled 

quantitative and quantitative proteome analysis (Thompson et al., 2003).  

The relative amount of each protein was calculated by comparing the peptide amount 

between the samples. Figure 6.1 shows two separate runs were combined, and an 

average calculated.  

The per cent fold change for all samples is represented in Figure 6.7. The fold change 

of each sample was calculated relative to the time point, which preceded it. This method 

was used for all subsequent analysis of proteins detached from the surfaces of BGS. 
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Figure 6. 1 Relative protein amounts removed from BGS. Performed by MS TMT 

labelling with LC/MS at four-time points (n=2). Relative protein amounts represented as 

Log10. InductigraftTM at 24 hours the highest relative amount of protein. The lowest 

amount of protein was ActifuseTM (30seconds). The error bar represents the standard 

error of the mean. 
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6.5.2.1 Relative Amount of Proteins on ActifuseTM at Each Time Point. 

The relative protein amount on ActifuseTM over the four-time points is represented 

in Figure 6.2. Initially, at 30 seconds, the number of proteins was lowest before 

increasing by 6850.38% after 1 hour. There was a decrease at 24 hours (-27.87%) before 

rising again at 72 hours of 67.48%. The percentage increased for protein between 30 

seconds and 72 hours was 8296%.  

 

Figure 6. 2 Relative protein amount on ActifuseTM. Four-time points were measured 

using TMT labelling with LC/MS (n=2). 72 hours had the highest relative amount while 

the lowest was at 30 seconds. The error bars represent standard error of the mean. 
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6.5.2.2 Relative Amount of Proteins on ApaPoreTM at Each Time Point. 

The relative protein amounts on ApaPoreTM over the four-time points are shown 

in Figure 6.3. There was a decreasing of -58.38% by 1 hour from 30 seconds. There 

was then an increase at 24 hours of 122.28% before decreasing at 72 hours by -20.25%. 

There was a decreased in the protein levels between 30 seconds and 72 hours was -

26.22%.  

 

Figure 6.3 Relative protein amount on ApaPoreTM. Four-time points were measured 

using TMT labelling with LC/MS (n=2). 30 seconds had the highest relative amount while 

the lowest was at 1 hour. The error bars represent standard error of the mean. 
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6.5.2.3 Relative Amount of Proteins on β-TCPTM. 

The relative protein amounts on β-TCPTM over the four-time points are shown 

in Figure 6.4. There was an increase of 444.32% by 1 hour from the low 30-second level. 

The amount of protein then decreased by 24 hours by 206.87% before rising again at 72 

hours by 139.1%. There was a percentage fold decreases between 30 seconds and 72 

hours by 26.2%. 

 

Figure 6. 4 Relative protein amount on β-TCPTM. Four-time points were measured 

using TMT labelling with LC/MS (n=2). 72 hours had the highest relative amount while 

the lowest was at 30 seconds. The error bars represent standard error of the mean. 
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6.5.2.4 Relative Amount of Proteins on InductigraftTM, 

The relative protein amounts on InductigraftTM over the four-time points are shown 

in Figure 6.5. 30 seconds was the lowest level before increasing by 648.35% by 1 hour, 

further increased by 1077.03% at 24 hours before decreasing at 72 hours by -54.53%. 

The percentage fold increases for proteins between 30 seconds and 72 hours was 

3893.54%.  

 

Figure 6.5 Relative protein amount on Inductigraft TM. Four-time points were 

measured using TMT labelling with LC/MS (n=2). 24 hours had the highest relative 

amount while the lowest was at 30 seconds. The error bars represent standard error of 

the mean. 
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6.5.2.5 Relative Amount of Proteins on Orthoss®. 

The relative protein amounts on Orthoss® over the four-time points is shown 

in Figure 6.6. The protein levels at 30 seconds was the lowest of all time points before 

increasing by 648.3% at 1 hour. There was a further increase at 24 hours of 1077.03%. 

Again 72 hours there was a to 54.53% increase. The total percentage fold increase 

between 30 seconds and 72 hours was 3904.78%.  

 

Figure 6.6 Relative protein amount on Orthoss®. Four-time points were measured 

using TMT labelling with LC/MS (n=2).72 hours had the highest relative amount, while 

the lowest was at 30 seconds. The error bars represent standard error of the mean. 

 

 

 

 

30 Second 1 Hour 24 Hours 72 hours

0

5×108

1×109

4×109

6×109

8×109

1×1010

Time Points

R
e
la

ti
v
e
 P

ro
te

in
 A

m
o

u
n

t



  

146  

 

Figure 6.7 Percentage fold change of relative protein amount. It was measured using 

TMT labelling with LC/MS (n=2). The fold change was calculated on the time point before 

it. The highest increase was on ActifuseTM between 30 seconds and 1 hour. The largest 

decrease was on ApaPoreTM between 30 seconds and 1 hour. 
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Figure 6.8 Similarity of proteins on each surface. Measured using TMT labelling with 

LC/MS (n=2). (a) ActifuseTM, (b) ApaPoreTM, (c) β-TCPTM, (d) InductigraftTM and (e) 

Orthoss®. 31 proteins found adhered to all surfaces. Highest amount of proteins only on 

a single surface was InductigraftTM (37). 

  

6.5.4 Heat maps 

Heat maps enable a visual representation of the proteomic data, showing quantitative 

patterns across time points. The data represents the specific amount of the different 

proteins, expressed in a variety of colour in the heat maps below.  

The relative amount of proteins levels is expressed in colour intensity on the heat map 

in a red-green colour scheme. The red represents the highest protein amount identified 

at that particular time, while green is an indicator of low protein amounts.  

The different BGS were separated into individual heat maps that have separated into 

four columns representing the four-time points. The heat maps below show that the 

interactions of proteins with the different surfaces and change with time points. Some 

proteins attach in relatively large quantities at early time points before being overtaken 

by other proteins, while others start low and increase with time. This shows the changing 

protein profiles of the different BGS surfaces. 
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Figure 6. 9 Heat map of relative amounts of protein identified from ActifuseTM. 

Measured using TMT labelling with LC/MS (n=2). Images formed using Xlstat (Addinsoft, 

France) software. Red represents the highest protein amounts. Green represents low 

proteins amounts. Black represents no protein found.  
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Figure 6. 10 Heat map of relative amounts of protein identified from ApaPoreTM. 

Measured using TMT labelling with LC/MS (n=2). Images formed using Xlstat (Addinsoft, 

France) software. Red represents the highest protein amounts. Green represents low 

proteins amounts. Black represents no protein found.  
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Figure 6. 11 Heat map of relative amounts of protein identified from β-TCPTM. 

Measured using TMT labelling with LC/MS (n=2). Images formed using Xlstat (Addinsoft, 

France) software. Red represents the highest protein amounts. Green represents low 

proteins amounts. Black represents no protein found.  
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Figure 6. 12 Heat map of relative amounts of protein identified from InductigraftTM. 

Measured using TMT labelling with LC/MS (n=2). Images formed using Xlstat (Addinsoft, 

France) software. Red represents the highest protein amounts. Green represents low 

proteins amounts. Black represents no protein found.  
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Figure 6. 13 Heat map of relative amounts of protein identified from Orthoss®. 

Measured using TMT labelling with LC/MS (n=2). Images formed using Xlstat (Addinsoft, 

France) software. Red represents the highest protein amounts. Green represents low 

proteins amounts. Black represents no protein found.  
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6.5.5 Top 5 ranked proteins 

The highest-ranking protein was Fibronectin (FINC) and can be found on all surfaces. 

Collagen alpha-1(I) chain (COL1A1) found on all surfaces and was the second-highest 

ranked protein. The CD44 protein was the third-highest ranked protein and was only 

found on four surfaces (ActifuseTM, ApaPoreTM, InductigraftTM and Orthoss®). Collagen 

alpha-2(I) chain (COL1A2), the fourth-highest protein, only found on four surfaces 

(ActifuseTM, ApaPoreTM, β-TCPTM and Orthoss®). The fifth-ranked protein was Thyroid 

hormone receptor beta (THRB) and was found on all of the surfaces. The top 5 ranked 

proteins identified are presented in Table 6.10 with their score and which surface they 

adhered too. 

Table 6. 10 The top five ranked proteins identified by MS. 

Protein Score Surface 

FINC 99 All 

COL1A1 95 All 

CD44 76 ActifuseTM, ApaPoreTM, InductigraftTM and Orthoss®. 

COL1A2 63 ActifuseTM, ApaPoreTM, β-TCPTM and Orthoss®. 

THRB 54 All 
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6.6 Discussion 

6.6.1 Background 

The absorbed protein layer on a BGS occurs within seconds of being submerged in a 

biological fluid and mediate the subsequent cellular responses (Guth et al., 2010). The 

composition of the BGS influences the proteins that absorb and the amounts that attach, 

while the attached proteins mediate cell recruitment and regulate the cellular response 

through their molecular receptors.  

Currently, the role that surface adhered proteins play in osteoinduction is still poorly 

understood (Li et al., 2011). Understanding the critical roles that these proteins play in 

orchestrating the signalling cascade could lead to engineering BGS that enhance protein 

attachment and could potentially increase differentiation of osteoblasts (Li et al., 2011).  

El-Ghannam et al. (2009) showed there were significantly higher numbers of serum 

proteins attached to HA when compared to bioactive glass and surface-modified porous 

bioactive glasses. However, they noted increased protein concentrations did not 

increase cell adhesion to its surface (Ghannam et al., 2009). As discussed previously, 

the composition of the protein layer can influence the cellular response, and this has 

been shown with HA and SiHA surface where the can form a protein layer that has 

caused enhanced levels of cellular attachment (Guth et al., 2010). It’s also clear that 

variations in strut porosity, higher strut levels will increased surface area, affects the 

amount of proteins as there is more surface for proteins to adhere too (Coathup et al., 

2012).  

Although processing the proteins after detachment from the graft surfaces is time-

consuming, the data produced can increase the understanding of how BGS promote 

bone healing and integration into bone (Lv et al., 2013). Hakkinen (2009), states that 

performing proteome analysis produces large quantities of valuable data. Proteomics 

analysis enables the identification of proteins that are involved in the pathways of 

interest, including cell signal transduction that could regulate and control cell 

differentiation (Ji-Hyun Lee, 2014). Proteins that have the ability to effects the adhesion 

of MSCs to the surfaces and the cell recruitment through the interaction with cell surface 

receptors (El-Ghannam et al., 1999; Guth et al., 2010). According to the 2017 review by 

Tang et al., several different molecules can regulate the orchestration of MSCs towards 

the osteogenic differentiation; these can include hormones, cytokines, morphogens, 

growth factors, matrix proteins, transcription factors and their co-regulatory proteins. As 

mentioned before, signalling pathways can also be affected, and these pathways 

include; Hh, notch, Wnt, and FGF signalling. 

Using LC-MS/MS-based quantitative methods in conjugation with TMT labelling, it 

enabled the identification of the proteins and their relative amounts over time can be 

elucidated. This enables a comparison of the relative amount of each protein across 
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each time point on a single graft. Unfortunately, this technique does not allow a 

comparison of the relative amounts of specific proteins on different grafts at each time 

point.  

6.6.2 Mass Spectrometry Techniques  

Chapter 5 demonstrated that the amount of protein detached from the BGS surfaces 

varies depending on the grafts chemistry, topography and surface area. The first method 

attempted to identify the detached proteins used to isolate the protein bands from SDS 

PAGE gels before in-gel tryptic digesting and LC/MS. The results returned were a lower 

number than expected, with only 8 proteins were identified. The issue with this technique 

was a limited amount of protein solution that could be run on SDS PAGE gels, resulting 

in limited the amount of protein extracted from the gel leading to a further limited amount 

of protein identified by LC/MS. 

The second method investigated used an in-solution separation based on previous work 

by Zheng et al. (2006). This involved separating the proteins by their mass using spin 

columns that would separate proteins by size before digesting them. This method has 

no limit on the amount of protein that could be isolated from the protein solution; meaning 

larger volumes could be used in MS analysis. This technique had led to 30 proteins being 

identified. However, this method did not enable the relative amount of proteins to be 

calculated. 

Tandem mass tags (TMTs) enabled the relative amount of proteins to be calculated. 

TMT tags were used to identify the proteins at each time point. Then all four-time points 

from each BGS were then combined into one solution before LC/MS. This method was 

able to identify 106 proteins. 

The ability to quantify the protein levels at each time point showed attachment and 

detachment of specific proteins over time, an effect that generally referred to as the 

Vroman effect. The heat maps show a visual change of the overall amount of proteins 

and give a visual representation of the changes in relative amounts of each protein over 

the four-time points.  

6.6.3 Analysis of the Mass Spectrometry Results. 

While 106 proteins were identified, it was imperative to find which proteins had the 

potential to increase the bioactivity of the BGS. A scoring system was developed to rank 

the proteins against each other and isolation proteins of interest. This system unitises 

previously known information on proteins involved in bone formation that was produced 

by the databases and these were assigned a score. If the output was positive, the score 

was high, but if there was a negative or no output, the score was lower.  

Below is an example of the scoring system using FINC (the highest scoring protein). On 

the human protein atlas, which showed FINC having low expression levels in bone, 
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meant it was given a score of 3. It was then given a score of 10 for being present on the 

OsteoChondroGene database. The results from all the different databases were 

combined, and the total score was determined. The top five proteins were investigated 

in more detail through literature searches. It was also assessed whether the protein was 

freely available to purchase at a high enough quantity to make it cost-effective to pre-

adhere them to the surface of the graft. 

6.6.4 Top Five Proteins 

The top five proteins selected for further investigation included: (There is further 

information on FINC and COL1A1 in the below section 6.6.5). 

1. FINC (Fibronectin): It has been well established that FINC is involved in cellular 

adhesion, migration and processes that include wound healing, bone formation, 

blood coagulation and host defence (Steffens et al., 2012).  

2. COL1A1 (Collagen alpha-1(I) chain): Type 1 collagen is found in abundance of 

bone and tendons. 

3. CD44 (CD44 antigen): CD44 is a cell surface glycoprotein involved in cell 

interaction, cell adhesion and migration. CD44 mediates cell-cell and cell-matrix 

interaction, including interaction with osteopontin, which is essential in bone 

remodelling (Senbanjo et al., 2017; Goodison et al., 1999; Weber et al., 1996). 

CD44 plays a significant physiological roll in organ and tissue structures and 

regulates lymphocyte activation (Goodison et al., 1999). 

4. COL1A2 (Collagen alpha-2 (I) chain): COL1A2 is associated with COL1A1 and 

found in high amounts in connective tissue such as bone and tendons. COL1A2 

has been demonstrated to regulate osteoblast and osteocyte differentiation (Guo 

et al., 2016).  

5. THRB (Thyroid hormone receptor beta): Involved in osteoinductive pathway and 

the highest-ranking protein on all surfaces. It is also involved in controlling bone 

development and maintenance within osteoblasts (Bassett et al., 2016). THRB 

has been shown to increase skeletal development due to advanced 

endochondral and intramembranous ossification and increased bone mineral 

deposition during the development stage in mice (O'Shea et al., 2012). 

6.6.5 Noted Other Proteins 

Other proteins of interest included; Alpha-2-HS-glycoprotein (FETUA) (7th ranked) is 

known to influence the promotion of the mineral phase of bone tissue, found during bone 

growth were it's suggested that it is involved in endochondral ossification (Uniprot.com; 

Schinke et al., 1996; Yang et al., 1991). Albumin (12th ranked) found on all surfaces and 

Weszl et al., (2012) has reported that the absorbing Albumin onto allograft with MSCs 

before freeze-drying would improve the bone formation. They also noted that this would 
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significantly increase the MSCs proliferation; however, it was shown to only affect on 

human bone surfaces and not on hydroxyapatite or bovine bone scaffolds (Weszl et al., 

2012). TRFE, also known as Serotransferrin (16th) may have a role in stimulating cell 

proliferation and studies have shown that growing cells in its presence increased 

proliferation of osteoblasts progenitor cells although it also suppressed ALP activity of 

osteoblasts, which has been shown to be a marker of osteoblast differentiation 

(Uniprot.com; Yang et al., 2011).  

6.6.6 Top Two Proteins 

The top two proteins FINC and COL1A1 were selected for further research. Both of which 

have been used to coat the surface of tissue culture plastic to increase cell-seeding 

efficiency (Weszl et al., 2012; Athanassiou et al., 2001). Both FINC and COL1A1 proteins 

indirectly interact through their Arginylglycylaspartic acid peptide motif with other proteins 

and integrin leading to enhance cellular attachment (Parenteau-Bareil et al., 2010). 

6.6.5.1 Fibronectin 

FINC is one of the most critical proteins the from serum that when adsorb to the surface 

of implants has shown to be responsible for enhanced osteoblastic adhesion and the 

interactions between cellular attachment and implant in terms of cell adhesion, 

proliferation and migration (Pierschbacher et al., 1984; Kennedy et al., 2006).  

FINC is associated with increased cellular adhesion, migration, proliferation and 

osteoblastic differentiation (Chatakun et al., 2014). Chatakun et al., (2014) concluded 

that there using FINC to pre-treat biomaterial improves the osteogenic differentiation on 

both titanium and polymer surfaces. Athanassiou et al., (2001) noted that FINC could 

also aid in increasing the adhesion strength to 107% of MSCs compared to known 

coated. Deligianni et al., (2006) explained HA-coated with FINC had shown increased 

cellular adhesion strength when interacted with osteoblasts on smooth surfaces during in 

vitro conditions. They also showed that when the surfaces are rough, increasing cellular 

attachment. Chatakun et al., (2014) demonstrated this further with in vitro, experiments 

where FINC was absorbed to HA surface leading to significant increases in cell adhesion; 

this increased by 40% (Smooth) and 62 % (Rough). 

Pierschbacher et al., (1984) results showed that cellular attachment is aided by the cells 

recognition of arginine, glycine and aspartic acid residues. Kennedy et al. (2006) study 

suggested that FINC causing quicker proliferation of hydrophobic regions with increased 

surface energy. Osteoblasts secrete FINC when undergoing differentiation has led the 

researcher to believe that it participates in the formation of bones and Moursi et al., 

(1996) demonstrated that osteoblasts that have interacted with the central cell-binding 

domain of the endogenously produced FINC during early stages of differentiation and 

this leads to both normal morphogenesis and gene expression.  
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A layer of FINC adsorbed onto CaP has been shown to improve proliferation, while 

promoting MSCs towards early differentiation osteoblasts (Cairns et al., 2010). FINC has 

also shown to enhance vascular calcification by promoting the osteoblastic differentiation 

of vascular smooth muscle cells via the ERK signalling pathway (Chatakun et al., 2014; 

Ding et al., 2006).  

In studies, FINC has shown to promote the binding and differentiation of the adhering 

osteogenic cells when absorbed to either SiHA and HA, and other studies have shown 

that the absorption of FINC can have a positive effect on the cellular morphology and 

actin formation in osteoblasts in vivo (Castagna et al., 2012). Rico et al. (2009) suggests 

that there is a correlation between FINC absorption and osteoblast adhesion through 

morphology and actin cytoskeleton formation. 

However, some in vivo studies have shown less profound effects of FINC (Schonmeyr 

et al., 2008). Schonmeyr et al., (2008) results showed that the addition of FINC to HA 

was capable of significantly increasing cellular attachment and proliferation when 

investigating in vitro; however, they note it is not a profound difference, and these results 

were replicated during in vivo conditions. Also, Tseng et al., study showed that the 

attached FINC to BGS would increase cellular attachment but only on specific BGS, as 

in Orthoss®. They noted that FINC hurt cellular attachment compared to a non-coated 

surface (Tseng et al., 2013). Jae-Jo et al., (2011) stated that when FINC is pre-absorbed 

to a surface, it could affect the competitive adsorption and desorption of the other serum 

proteins.  

6.6.5.2 COL1A1 

Collagen is regarded as the most beneficial biomaterials (Lee et al., 2001). An essential 

structural protein can aid both the formation and mineralisation of bone (Boskey et al., 

1999; Robey et al., 1996). Collagen is one of the most abundant proteins within the body 

and COL1A1 accounts for 90% of the total body’s collagen (Strover et al., 2010). Very 

few people are known to have an immune reaction to collagen, which is beneficial for 

when it is coated onto implant (Parenteau-Bareil et al., 2010). 

COL1A1 has the potential to influence the BGS surface; it is also used as an early 

indicator of osteoblast differentiation and is expressed in newly formed bone by 

osteoblasts and osteocytes (Walsh et al., 2017; Suzuki et al., 2001). COL1A1 has been 

shown to contribute to increased growth rates of bone and decreased fractures (Speed 

et al., 2016).  

Composite bone substitutes, which are composed of porous inorganic calcium 

phosphate and collagen, can be osteoconductive and have excellent bone formation 

properties (Erbe et al., 2005). Collagen is commonly used is tissue engineering 

applications, and studies of the collagen/HA combination have shown the potential to 

mimic skeletal bones (Parenteau-Bareil et al., 2010). Reyes-Sanchez et al., (2017) noted 
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that in conjugation with polyvinylpyrrolidone and autografts, COL1A1 can cause an 

enhanced response in bone consolidation process when placed rabbit model. Another 

study has noted that collagen-coated PLGA/HA, scaffold caused an increase in 

mechanical strength and hydrophilic properties, which can aid both cellular adhesion and 

proliferation (Bi et al., 2018). They also developed a scaffold+Col+DGEA that can to 

promote osteogenesis (Bi et al., 2018). MSCs, when cultured in the presence of 

COL1A1, have shown increased levels of ALP activity and increased osteoblastic 

differentiation, forming mineralised tissue more rapidly (Mizuno et al., 2000).  

It has also been stated that COL1A1 can independently induce the expression of 

osteogenic differentiation markers (Viale-Bouroncle et al., 2014). This includes both ALP 

and OPN that occurs through the FaK and ERK pathways (Viale-Bouroncle et al., 2014). 

The FaK pathway is involved in promoting cellular turnover with the extracellular matrix 

and can promote cellular migration while being critical for the osteogenic differentiation 

of MSCs. While the ERK pathway is involved in different pathway that including growth 

factors including osteoblast differentiation and skeletal development. 

6.6.6 Limitations  

There was limitation, including time and budget to work with a mass spectrometry 

machine if it was possible could have increased the “n” number to strengthen the 

statistical significance of the study. The relative amount calculated the amount of each 

protein, and it is possible that if there were a different source of serum, it would have 

produced a different protein profile. To classify which proteins were the most interesting 

to investigate further different online databases were used to investigate their potential 

to induce an osteogenic effect, it may have been interesting to investigate other proteins 

identified however this would have taken an extended period.  

A was limitation included proteins that were expected to be present, such as bone 

morphogenic proteins (BMP’s), were not identified. This may be due to the proteins not 

being attached, or they may have possibly been washed off or degraded during the 

detachment process or in the MS analysis.  

6.7 Conclusions 

This study was performed to identify the proteins detached from five different BGS 

materials in the previous chapter and identify which two proteins could potentially 

increase cellular attachment and differentiation towards the osteogenic lineage. 

This required optimising the method of isolating proteins using MSCs. The proteins were 

identified and measured their relative amounts using TMT labelling with LC/MS. Once 

the proteins are identified, they will be investigated for their potential to impact cellular 

attachment and osteoinduction of MSCs and the top five ranking proteins were 
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investigated further, and the top two proteins were selected based on their potential to 

increase the BGS performance. 

The relative amounts of proteins adhering to the grafts over time show the dynamic 

interchange of proteins. This illustrated the attachment and detachment of proteins from 

the surface over time, showing a possible Vroman effect.  

106 different proteins were identified with 36 unique proteins identified adhered to 

InductigraftTM that were not found adhered to any other surface. Vroman effect was 

evident with heat maps which shows the protein levels were fluctuating over time. Not all 

the proteins could be investigated further due to both a limited amount of budget and 

time. The proteins were ranked based on the information from different online databases 

about their ability to affect osteoinductivity and bone repair. The highest-ranking proteins 

were FINC and COL1A1. Previous studies have shown they have the potential to affect 

cellular adhesion, osteoinduction, and proliferation.  
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Chapter 7 

The Effect of Selected Proteins Adsorbed onto HA on Cell Activity 

7.1 Introduction 

After ranking the proteins identified in Chapter 6 identified the top two proteins as 

Fibronectin (FINC) and Collagen type I, alpha-1(I) Chain (COL1A1).  

As discussed previously, FINC has multiple effects on cellular interactions, including 

cellular adhesion, migration, growth and differentiation of cells (Pankov et al., 2002). 

Cowles et al. (1998) noted that FINC is the earliest bone matrix proteins synthesized by 

osteoblast. It then proceeded by the synthesis of collagen in the development of bone 

(Cowles et al., 1998). Lee et al., (2014) showed coating an implant with FINC caused 

increased contact osteogenesis during early bone healing stages.  

COL1A1 is crucial in terms of strength and support of tissues such as cartilage, bone, 

tendon and skin. COL1A1 is known to be an early marker of osteoprogenitor cells (Jikko 

et al., 1999). Mizuno et al., (2000) have shown COL1A1 can influence cellular behaviour, 

induce the osteoblastic differentiation and cause a four-fold increase in ALP activity 

compared to control after only 6 days compared to controls. They also noted that it 

caused the production of calcium nodules after 12 days of culturing (Mizumo et al., 

2000).  

Both proteins where coated independently onto the surface of different sintered discs the 

HA investigated in Chapter 4. By coating the disc with the proteins, it is hoped that it 

could enhance cellular attachment and the osteoconductive when compared to the non-

coated HA surfaces.  
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7.2 Aims and hypothesis 

7.2.1 Aims 

The main aim for these experiments was to investigate whether the highest-ranked 

proteins identified in the previous chapter (FINC or COL1A1) have the potential to induce 

higher levels of cellular attachment or subsequent osteoinduction of MSCs that were 

seeded to sintered discs of HA compared to non-coated HA.  

7.2.2 Hypothesis 

The addition of either FINC or COL1A1 will increase the number of cells that adhere to 

the surface of the sintered HA discs and cause an increased cellular attachment or rate 

of osteoinduction compared to the non-coated HA. 

7.2.3 Objectives 

1. Coat sintered dense disc of HA with either FINC or COL1A1 proteins before cell 

seeding.  

2. Investigate whether the addition of these proteins will increase either cellular 

attachment, proliferation or boost the level of ALP production when compared to 

non-coated sintered discs. 
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7.3 Materials and methods 

7.3.1 Study Design 

This study investigated whether the coating, with either FINC or COL1A1, could 

potentially increase the performance of sintered discs of HA. The proteins were allowed 

to adhere to the surface of the sintered discs before seeding with MSCs. Once adhered 

MSCs were seeded.  

On days, 4, 7 and 14 AlamarBlue® assessed the metabolic activity, and the ALP assay 

will indicate early bone formation. On day 21 post, cellular seeding SEM will be used to 

investigate cellular attachment and structure. 

These experiments were performed with an n=9 with control of non-protein coated 

sintered HA discs. The experiment will be considered successful if osteoinductive activity 

increased when compared to the non-coated discs. 

7.3.2 Production of Sintered Dense Discs  

Performed as outlined in Section’s 4.3.2 and 4.3.3.  

7.3.3 Absorbance of proteins 

A concentration of 0.1mg/ml of each of the proteins was made in DMEM without any 

other additives. A pipette was used to drop 0.1µl/mg onto the top surface of the sintered 

disc and allowed to adhere for 1 hour in an incubator at 370C at 5% CO2. Millipore 

(Millipore Limited, UK) supplied the FINC (Ref: 341631-1MG), while Abcam (Abcam plc. 

UK) supplied the COL1A1 (Ref: ab7526). 

7.3.4 Cell Seeding  

Performed as previously outlined in Section 2.3.4.  

7.3.5 Cell Metabolic Activity, Alkaline Phosphatase assay and Scanning Electron 

Microscopy Analysis. 

AlamarBlue® assay performed as in Section 2.3.5. The ALP assay performed as 

previously outlined in Section 2.3.6.1. While the method for the SEM experiment 

performed as it was in Section 2.3.7.2. 

7.3.8 Statistical analysis 

Normality was checked using the Kolmogorov- Smirnov and Shapiro Wilkinson test. If 

data was normal, the comparison was made using independent student T-test. For non-

parametric data, comparison was made using the Mann Whitney U test with a Bonferroni 

correction. The data analysed was performed using SPSS version 24 (Chicago, USA). 

The figures were made using GraphPad Prism version 7.0.0 (San Diego, USA). These 
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experiments were run in n=9 where there was 3 cell lines and 3 repeats of each unless 

stated otherwise.  
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7.4 Results 

7.4.1 Cell Metabolic Activity  

A significant difference on day 4 between FINC and COL1A1 of 16.2 (±3.4) (p=0.012). 

There was also a significant difference between FINC and the non-coated control of 30.6 

(±4.5) (p>0.001). However, no significant difference noted between COL1A1 and non-

coated control (p=0.052).  

On day 7, no significant difference reported between COL1A1 and FINC of 5.5 (±8.5) 

(p=1.000), but COL1A1 was slightly higher activity. No significant difference between 

either of the samples and the control (p=1.000).  

The final time point Day 14 again showed no significant difference in metabolic activity 

between FINC and COL1A1 of 17.0 (±12.8) (p=1.000); however, there was a significant 

difference between the protein-coated samples and the controls (FINC (p=0.001) and 

COL1A1 (p=0.003)). These comparisons are represented in Figure 7.1. 

 

 

Figure 7. 1 Cell metabolic activity of protein-coated DD over 14days. Measured by 

AlamarBlue® assay. Significant difference on day 14 between coated surfaces and the 

non-coated control (FINC (p=0.001) and COL1A1 (p=0.003)). The error bars represent 

standard error of the mean. 
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In Figure 7.2, the results represent the percentage fold increase in metabolic activity 

between day 4 and 14 that showed there was significant in all samples tested (p=0.001). 

 

Figure 7. 2 Percentage fold change in metabolic activity of protein-coated DD. 

Measured by AlamarBlue® assay (n=9). Significant differences in all samples and control 

between days 1 and 14(p=0.001). The error bars represent standard error of the mean. 

 

7.4.2 Alkaline Phosphatase Assay 

 

Figure 7. 3 External ALP activity of protein-coated DD over 14days.  Measured by 

spectrometer (n=9).  Significant ALP levels on FN on day 14 compared to other samples 

(COL1A1 (p=0.000) and control (p=0.016)). The error bars represent standard error of 

the mean. 
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ALP levels (Figure 7.3) were initially higher on COL1A1 compared to the other two 

surfaces, but this was not significant (p=1.000). At day 7 FINC ALP levels are higher 

than the two other surfaces, and this trend continues into day 14. FINC ALP activity was 

significantly higher than the other two surfaces at day 14 (COL1A1 (p=0.000) and control 

(p=0.016)). The ALP activity of COL1A1 dropped below that of the control, however, not 

significantly (p=0.0016).  

7.4.3 Scanning Electron Microscopy 

The SEM imaging allowed for the assessment of cellular attachment, morphology and to 

assess whether there were any presents of extracellular matrix being produced (FINC 

coated HA sintered dense discs Figure 7.4, COL1A1 coated HA sintered dense 

discs Figure 7.5 and non-coated HA sintered dense discs Figure 7.6).  

There appears to be cells attached and growing on all surfaces, with an appearance of 

increasing numbers of cells at each time point indicating the cells were proliferating. 

From a visual assessment suggested that higher numbers of cellular attachment can 

seem on the FINC coated HA sintered dense discs at each time point. 

The cells on the protein-coated surfaces appear to coat the entire discs by day 7 and 

begin to form layers of cells by day 14. The cells on the control surface appear to colonise 

the surface at a slower rated compared to the coated surface.  

On day 21, the surfaces appear to higher levels of extracellular granules believed to be 

associated with mineralisation with the highest amount found on FINC coated surface 

compared to the COL1A1 and with little to no mineralisation production on the control 

surfaces.  

As for cellular morphology, the normal MSCs morphology is for cells to be flat and have 

long protruding extended spindles. This shape of cells can be seen on the early time 

points. However, at the later time points, the cells appear to change their cellular 

morphology becoming more cuboidal in shape, which is typically associated with 

osteoblasts morphologies. 
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Figure 7. 4 SEM images of cells adhered to FINC coated on sintered DD of HA. (a) 

Day 4, (b) Day 7, (c) Day 14 and (d) Day 21. Cell numbers appear to increase in number 

with time.   

 

Figure 7. 5 SEM images of cell adhered to COL1A1 coated on sintered DD of HA. 

(a) Day 4, (b) Day 7, (c) Day 14 and (d) Day 21. Cell numbers appear to increase in 

number with time.   
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Figure 7. 6 SEM images of cells on non-coated control of sintered DD of HA. (a) 

Day 4, (b) Day 7, (c) Day 14 and (d) Day 21. Cell numbers appear to increase in number 

with time but visually less cells compared to other surfaces investigated.
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7.5 Discussion 

7.5.1 Introduction 

Understanding the influences that proteins have on the molecular biology of a cell, can 

and could lead to potentially increasing the levels osteoinduction. Guth et al. (2010) 

reported that cellular adhesion on calcium phosphate was associated with adsorbed 

proteins rather than the substrate itself. 

During Chapter 6, the top two proteins, FINC and COL1A1, were selected. It should be 

noted that other candidate proteins that could be important; however, due to time and 

monetary constraints; other less abundantly attached proteins with potential to influence 

MSC differentiation was not investigated.  

By coating the HA discs with either of the selected proteins, it was hoped they could 

potentially increase the performance concerning of the HA. This approach may have the 

ability to increase the performance of the other grafts. The combinations of these proteins 

with different BGS have previously been investigated. FINC has long been established 

as an excellent protein that increased cell adherence to surfaces (Pierschbacher et al., 

1984) and can be found in high levels during osteogenesis at the early stages of bone 

healing and binds to osteoblasts and to other ECM proteins to aid in osteoblastic 

adhesion, differentiation and matrix mineralization (Tseng et al., 2013). Lee et al., (2014) 

showed that coating an implant with FINC showed increased contact osteogenesis 

during early bone healing stages.  

COL1A1 is, therefore, a candidate to combine with a BGS (Parenteau-Bareil et al., 2010). 

An immune reaction to COL1A1 is rare (Parenteau-Bareil et al., 2010). The absorption 

of COL1A1 to surfaces has previously shown to promote both osteoblastic differentiation 

and their activity (Sogo et al., 2007). MSCs, when cultured in the presence of COL1A1 

have shown increased ALP activity and mineralisation inducing osteoblastic 

differentiation (Mizuno et al., 2000). These increases are due to the amino acid sequence 

within the protein and integrin’s that can affect cell adhesion (Sogo et al., 2007).  

However, as discussed in the previous chapter Orthoss® when pre-coated with FINC 

proteins reduced cell attachment and harm its bioactivity, however, when Orthoss® is 

coated with COL1A1 proteins it had a positive impact causing enhanced cell adhesion 

(Tseng et al., 2013).  

7.5.2 Metabolic activity 

The AlamarBlue® assay performed here was used to assess the metabolic activity of the 

cells that have adhered to the discs on days 4, 7 and 14. In the previous experiments in 

Chapter 4, cell proliferation on HA was reduced in comparison to the SiHA DD all time 

points. The results presented in this chapter showed that addition of the FINC and 

COL1A1 appears to increase the performance compared to the non-coated HA. FINC 
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coated discs initially had significantly higher metabolic activity when compared COL1A1 

and the control (p=0.012; p=0.000). COL1A1 coating induced higher metabolic activity 

compared to the non-coated surface; however, this was not significant (p=0.052).  

There was a substantial percentage fold increase in metabolic activity of the protein-

coated surfaces with FINC had 121.3% activity over the control (p=0.001), and COL1A1 

had a slighter lower difference of 104.3%, which was also significant (p=0.003). 

The day 4 results are comparable with previous studies that showed that the FINC 

protein increased cellular attachment initially, but COL1A1 has also shown to increase 

the initial adhesion (Deligianni et al., 2006; Somaiah et al., 2015). Deligianni et al., (2006) 

noted that FINC preabsorption onto HA surface resulted in enhanced osteoblastic 

adhesion to the graft surface. They noted that there was increased osteoblast 

attachment on smooth HA surfaces (165%) compared to on rough HA surfaces (73%) 

when performed under in vitro conditions. Kilpadi et al., (2001) also suggests that FINC 

enhances the HA performances in relations to stimulated increased cellular attachment 

on rough surfaces compared to the smooth metal surfaces. El-Ghannam et al., (1999) 

suggested that FINC coating onto a CaP layer which was on bioactivity glass could 

increase osteoblast cellular adhesion.  

Several other studies that mirror the results presented in my study, which show increases 

in proliferation growth compared to non-coated controls (Somaiah et al., 2015; Linsley 

et al., 2013). While Kilpadi et al., (2001) also suggests that FINC enhances the HA 

performances in relations to stimulated increased cellular attachment on rough surfaces 

compared to the smooth metal surfaces. 

Jae Jo et al., (2011) reported initial results that appeared to confirm a positive response 

of cellular attachment in the present of FINC, but they noted that this response faded 

leading to the conclusion there were no benefits to coating with FINC. These results are 

different from the results shown here. 

Somaiah et al., (2015), results demonstrated that collagen can increase cellular 

migration, adhesion, proliferation under stressful conditions and increased osteogenic 

differentiation. However, their results, showed similar results to my study that FINC out 

preformed both COL1A1 and controls, with increases in metabolic activity and 

proliferation when compared to the control sample (Somaiah et al., 2015). 

7.5.3 Alkaline Phosphate Assay 

ALP activity is an indicator of osteoblastic activity and widely accepted as a biochemical 

marker of early mineralisation (Sabokbar et al., 1994). The results presented here 

indicate that COL1A1 protein may induce earlier osteoblastic differentiation. Which is in 

contrast to those reported in Somaiah et al., (2015). They who believes that COL1A1 

induces osteoinduction even in the absence of other osteoinductive factors.  
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The high levels of ALP activity on the FINC coated HA compares with Lee et al., (2015) 

and Ogura et al., (2004) whose studies showed that cells adhered to FINC coated tissue 

culture plastic, caused an increase in ALP activity compared to cells grown in the 

absence of FINC. Carins et al., (2010) noted there was an enhanced response in 

osteoblast-like cellular differentiation and proliferation to the coating FINC onto HA at 

earlier time points. They noted their results indicated that the addition of FINC on top of 

the microstructure and roughness, causing increased attachment and enhanced cellular 

differentiation (Carins et al., 2010). 

7.5.4 Scanning Electron Microscopy 

SEM was used to study the morphology of the cells that have adhered to the BGS 

surface. By day 7, the surface of the entire disc was colonised with cells, which formed 

layers. These layers made it challenging to assess the morphology of cells directly 

attached to the disc surface; however, the fact that cell layers had formed at this time 

point indicates the high proliferation rate of cells on these surfaces.  

Both protein-coated surfaces showed a high amount of mineralisation production by day 

28 compared to the control surfaces, where there was limited extracellular matrix 

nodules formations. However, FINC visually had a higher number of extracellular matrix 

nodules formation compared to COL1A1.  

These nodules were associated with the cells nearby and were often associated with 

bone formation (Thian et al., 2006). Thian et al., (2006) also noted that the SiHA coated 

surfaces they investigated could form a carbonate-containing apatite nanocrystalline 

structure faster than the non-SiHA coated controls when submerged in simulated body 

fluids. Osteoblast create these nanocomposite structure of bone that was released by 

ECM, where apatite crystals formed, however precise role that they have in bone 

formation is mostly unknown (Boonrungsiman et al., 2012). Once formed, these 

crystallites can grow spontaneously and transform into bone-like apatite the surface of 

the implant. 

7.5.5 Limitations 

There were limitations to these studies, including pre-coating proteins onto a sintered 

DD may be different to coating on granules. By creating a sintered DD, it allowed for a 

comparison of the protein coating but did not allow for an understanding of how vital the 

graft architecture is for protein binding (Sant et al., 2008). Changes to either the 

micro/macro architecture or chemistry influence how the proteins interact with the graft 

(Hutmacher, 2001). It should also be noted that a complex matrix of proteins possibly 

have a greater impact on cell proliferation and osteoinduction than individual proteins.  
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7.6 Conclusions 

The main aim for these experiments was to investigate whether FINC or COL1A1 that 

have been coated onto sintered discs of HA could induce an increased level of cellular 

attachment or subsequent osteoinduction of MSCs compared to non-coated HA.  

The results demonstrated that the proteins coated HA surfaces could increase metabolic 

activity compared to the control of non-coated HA surfaces. The FINC appears to have 

a significantly higher level of ALP compared to COL1A1 and non-coated discs by day 14 

(p=0.001). FINC protein also appeared visually to cause an increase in the production of 

extracellular mineralisation nodules compared to other surfaces.  

The overall results would indicate that FINC protein-coated HA can enhance the 

performance of the material compared to COL1A1 control and a non-coated surface.  
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Chapter 8 

General Discussion, Contribution to Scientific Research and Proposals for 

Future Work 

8.1 Introduction and background 

The main aim of this thesis was to investigate the proteins that adhere to different BGS’s 

surfaces and identify which of these proteins have the potential to increase cellular 

attachment and osteoinduction levels of selected BGS’s. The novelty of this thesis 

included: 

1. A comparison was made at a cellular level five commercially available BGS’s 

that have not been previously grouped before. 

2. The identification of proteins that adhere to the five different BGS surfaces after 

being submerged in FCS.  

3. New techniques to identify the proteins required the development of new 

methods to remove the proteins that adhered to the BGS before MS. 

4. 106 adhered proteins, which were identified by these techniques. Ranking 

these proteins could potentially lead to identifying the best proteins that could 

potentially lead to increasing both cellular attachment and osteogenesis.  

5. The final part involved coated a selection of these identified protein onto a BGS 

to investigate whether it would cause increased cellular attachment and 

osteogenesis compared to a non-coated control.  

The initial experiment for the thesis was to confirm that the cells isolated from ovine bone 

marrow aspirate were MSCs. This was confirmed via tri-lineage differentiation staining.  

8.2 Chapter 2 conclusions 

The five BGS’s investigated had variations in physio-chemical, surface topography, 

micro- and macro-porosity. These differences were laid out in detail in Table 1.1. The 

ideal BGS can attract cellular adherence, then proliferate before inducing differentiation 

of MSCs towards the osteoblasts lineage. The 21-day experiment was designed to 

enable a comparison between the BGS about cellular metabolic activity, ALP activity, 

live assay and cellular attachment with SEM.  

The analysis of all the results from these experiments indicated that InductigraftTM 

showed the top ability to attract the most amount of cells to attach initially and had the 

highest possible increased metabolic rate and ALP activity when compared with the 

other four materials and controls.  

InductigraftTM increased activity is due to the combination of SiHA chemical composition 

and increased strut porosity. The addition of Si ions into the HA lattice has been shown 

to influence cellular proliferation, differentiation and osteoinduction levels (Gibson et al., 

1999; Botelho et al., 2006). Si is essential for life, and Si deficiency has shown to lead to 
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a decrease in collagen formation in bone (Seaborn and Nielson, 2002). HA materials are 

enhanced by incorporating silicon into the HA structure, concerning increases bioactivity, 

enhances bone formation and osteoblast cell activity (Polo-Corrales et al., 2014). Regi 

and Acros (2004) showed that SiHA had increased bioactivity both during in vitro and in 

vivo situations leading to increased interactions between bone and implant, which 

causes improved osteointegration and the long-term success of the implant.  

It has also been demonstrated that the incorporation of Si ions into a phase-pure HA can 

stimulate osteoblast-like cell activity when compared to stoichiometric HA. This directly 

affected the biomineralisation processes, cellular differentiation, proliferation, collagen 

synthesis and calcification during early bone development (Gibson et al., 1999; Lee et 

al., 2014; Patel et al., 2002). Si has shown to cause higher rates of electronegative 

surface, and this can aid in effect bone formation, osteoblastic differentiation, and 

proliferation (Price et al., 2013; Lerner and Liljenqvist, 2013). Coathup et al., (2011) 

placed increased strut porosity SiCaP into ectopically, lead to significant bone formation 

compared CaP. They concluded that both are osteoinductive; however, the SiCaP 

samples had significantly higher amounts of bone formed within the sample and on its 

surface. 

ActifuseTM developed from the same chemical composition as InductigraftTM but differed 

in having lower strut porosity. This increased strut porosity has shown to increase bone 

growth within the graft and earlier neovascularization while being able to maintain 

structural strength (Campion et al., 2010). Other have shown that increasing the strut 

porosity will cause surge in osteoinduction and osteointegration levels compared to 

similar materials with lower porosity (Coathup et al., 2012; Coathup et al., 2012; Nakata 

et al., 2016; Yka-Soininmaki et al., 2013). Hutchens et al., (2015) study showed that 

increased strut porosity in SiCaP BGS, that was then placed into ovine distal femoral 

within critical-sized metaphase defects caused the production of higher amounts of bone 

formation at early time points.  

Coathup et al., (2012) investigated whether increasing the strut porosity of both CaP and 

SiCaP BGS, and the results showed increased levels of osteoinduction and bone 

formation in the SiCaP with strut porosity of 30% that were higher than the CaP with 

matching strut porosity. Again Chan et al., (2012) compared the osteoinductivity of 

SiCaP biomaterials with porosities of 22.5%, 32% and 46% at 8, 12 and 24 weeks. At 8 

weeks showed non-significant differences but at 12 weeks, 46% strut porosity had 

significantly increased. Finally, at 24 weeks there was a 75-fold increase in the 46% 

samples compared the rest. Their results indicated that by increasing strut porosity, it 

could lead to both increased bone formation and bone-implant contact. The results I have 

shown in in vitro show comparably that increased strut porosity and chemical structure 

of SiHA can cause these effects at a cellular level. 
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8.3 Chapter 3 conclusions. 

Throughout the comparison of the five BGS experiments of chapter 2, it became 

apparent that there were issues with Orthoss®. This deficiency included failure for cells 

to adhere to the surface and thrive. Literature reviewing showed conflicting with reports 

about Orthoss® capabilities. Kouroupis et al., (2013) studies have reported that it is an 

“excellent natural BGS” which “bone subpopulation can rapidly migrate towards, attach 

and expand” but negate this with low levels of cellular attachment, proliferation and 

metabolic activity which will deteriorate over time (El-Jawhari et al., 2016; Kubosch et 

al., 2016). Tseng et al., (2012) that the sintering process of Orthoss® produces CaO 

formation, which increases the alkaline pH, and this change hurt cellular survival.  

To investigate this matter, two forms of commercially available Orthoss® were selected 

(block and granules). Both were identical in chemistry and porosity but differed on their 

overall structure. Again, the results were poor concerning to cellular adhesion and 

metabolic activity for both forms of Orthoss®. These results are consistent with the 

reports by El-Jawhari et al., who reported Orthoss® had decreased cellular attachment 

and proliferation rates compared to the other grafts within their study (El-Jawhari et al., 

2016). Kubosch et al. (2016) showed Orthoss® metabolic activity to decrease over time 

due to the occurrence of cellular death.  

To try to explain why the cells were failing to thrive, conditioned media was created using 

the Orthoss® to explore whether the granules was leaching materials which may have 

been affecting the potential for cells to adhere. This indicated in the pH reading in chapter 

2 that showed DMEM+ removed from Orthoss® had the highest readings. When healthy 

cells were adhered to tissue culture surface and then Orthoss® conditioned media placed 

onto these cells, the cells began to go towards apoptosis and eventually died. This lead 

to the belief that the Orthoss® BGS were producing substances could affect the cells in 

a negative manner which would correspond with Tseng et al., (2012) result that Orthoss® 

is releasing CaO that would kill cells.  

8.4 Chapter 4 conclusions 

The initial experiments and previously published studies have indicated that the chemical 

composition of the BGSs is critical to quality of the bone repair by affecting attachment 

and osteoinductive potential of the adhering cells (Hing et al., 2007). To investigate the 

role chemical composition has on inducting osteoinduction two chemical compositions 

were selected and representing three of the commercially BGS’s granules (Synthetic 

hydroxyapatite (HA) represented ApaPoreTM, while silicate-substitute hydroxyapatite 

(SiHA) represented both ActifuseTM and InductigraftTM). 

The results of these experiments indicated the sintered SiHA DD promoted higher 

cellular adherence and metabolic activity when seeded with Ovine MSCs in vitro. These 
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results are in line with the results from chapter 2 into the BGS’s and published literature. 

The results in chapter 2 showed that SiHA materials outperformed HA materials in every 

experiment. Previous studies have shown that increased bioactivity can be 

demonstrated with the addition of silicon ions into the HA lattice. These increases apply 

to cellular adherence, proliferation and osteoinductive potential (Zuo et al., 2008). 

8.5 Chapter 5 conclusions  

The profiles of the protein adherence to the different BGS’s is continuously changing as 

proteins adhere and detach overtime. Different methods to detach proteins from the graft 

surface and PBS at pH 10 was selected based on a comparison SDS-Page gel that 

indicated it detached the highest amount. The BCA assay results indicated that the 

highest protein detachment levels from any surface were those from Orthoss®. These 

results were unexpected based on the poor performances about the earlier experiments.  

Previous studies note that HA attracted fewer proteins to adhere to when compared to 

SiHA BGS (Guth et al., 2010). The results from both BCA assay and SDS-Page 

performed in this chapter confirm as the HA material (ApaPoreTM) had lower protein 

adherence compared to both grafts composed from SiHA (ActifuseTM and 

InductigraftTM).  

Another result showed that the increased strut porosity of InductigraftTM meant there was 

a larger surface area for protein to adhere when compare to ActifuseTM. This produced 

higher protein numbers seen at both 24 hours and 72 hours. These results could also be 

linked to the increased activity on InductigraftTM during the in vitro experiments of 

Chapter 2. As reported before proteins can increase the levels of bioactivity and 

osteoinduction (Guth et al., 2010; Campion et al., 2010). The attachment of proteins to 

BGS is a critical event, as the approaching cells are attracted to the adhered proteins 

rather than the graft surfaces (Vroman, 2009; Mager et al., 2011).  

8.6 Chapter 6 conclusions  

Identification of the adhered proteins is critical in mediating further protein attachment, 

cellular recruitment and the regulation the cellular response to the BGS (Hing et al., 2004; 

Guth et al., 2010). Proteins detached from the BGS surfaces were identified by TMT™ 

combined with LC-MS/MS, and through this technique, 106 different proteins were 

identified as well as their relative amounts on the five different BGS over four time-points. 

With this data, it was possible to identify the Vroman effect occurring using the relative 

amount of proteins, which appear to increase and decrease over time, showing an 

interchange of protein attached to the surface.  

After ranking the 106 proteins, the top two candidate proteins identified were FINC and 

COL1A1. Both these proteins have previously linked to indirectly enhanced cell 

attachment (Parenteau-Bareil et al., 2010). FINC is well established for its involvement 
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in cellular adhesion, migration and processes that include wound healing, bone 

formation, blood coagulation and host defence (Steffens et al., 2012). Coating 

biomaterials with FINC has been shown to improve the osteogenic differentiation on both 

titanium and polymer surfaces leading to increased adhesion, cellular differentiation and 

morphology changes (Chatakun et al., 2014; Lee et al., 2015). 

COL1A1 is found in abundance in bone, tendons and commonly used in tissue 

engineering applications. It is crucial in terms of strength and support of tissues such as 

cartilage, bone, tendon and skin. Studies show collagen/HA; combination has the ability 

to potential mimic skeletal bones (Parenteau-Bareil et al., 2010). MSCs, when cultured 

in the presence of COL1A1, have shown increased levels of ALP activity, osteoblastic 

differentiation and formed mineralised tissue more quickly (Mizuno et al., 2000).  

8.7 Chapter 7 conclusions 

The top two proteins independently were coated onto the surface sintered discs of HA. 

These were then compared to control of non-coated HA DD to investigate the proteins 

influence on their performance concerning osteoconductivity. 

FINC coated discs showed significantly higher metabolic activity when compared to both 

COL1A1 and non-coated control. As discussed, other studies have shown similar results 

to these (Somaiah et al., 2015; Linsley et al., 2013; Jae Jo et al., 2011; El-Ghannam et 

al., 1999). Somaiah et al., (2015) showed FINC outperformed both COL1A1 and their 

controls when they also investigated metabolic activity and proliferation. While El-

Ghannam et al., (1999) suggested when bioactive glass are coated in FINC; could form 

a calcium phosphate layer on the surface of the glass, leading to increased osteoblast 

cellular adhesion to its surface. The results from Jae Jo et al., (2011) study, showed 

initial positive response with cellular attachment in the presence of FINC; however, they 

noted that these initial positive results began to fade with time and the protein-coated 

samples eventually had similar results to the control.  

Concerning ALP activity, the FINC coated DD showed an ability to cause significantly 

increased ALP levels when compared to both COL1A1 and the non-coated discs by day 

14. The ALP levels of the FINC samples compare with Lee et al., (2015) and Ogura et 

al., (2004) studies, demonstrated that cells adhered to FINC coated tissue culture plastic, 

had increased ALP activity compared to cells grown in the absence of FINC. 

Carins et al., (2010) also noted enhanced response in osteoblast-like cellular 

differentiation and proliferation to the coating FINC onto HA at earlier time points. The 

addition of FINC on top of the microstructure and roughness caused an increased 

attachment and enhanced cellular differentiation when compared to controls. However, 

my results contrasted those previously performed study by Somaiah et al., (2015), who 

believes that COL1A1 induces osteoinduction even in the absence of other 
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osteoinductive factors. These results could indicate that COL1A1 protein may induce 

earlier osteoblastic differentiation.  

 

8.8 Further extension to experiment performed 

These include the development of a technique that would enable sintered dense discs, 

of the other BGS mentioned in this thesis, to be created. This would enable for 

investigation into all four different chemical composition of the five different BGS 

investigated in this thesis. This would enable an investigation into the influences their 

chemistry has at a cellular activity. 

The development of a porous bag, with pores that were small enough to enable proteins 

to only to adhere to the BGS inside the bag, could be used in vivo. This would enable an 

MS investigation of proteins that interact with the BGS with the in vivo environment. 

These proteins could potentially be different from those identified in the in vitro studies. 

Only two proteins were selected from the investigation of the proteins identified during 

MS analysis. There is a potential possibility that other proteins identified could lead to a 

higher positive cellular activity than the ones investigated in this study when adhered to 

DD. There is also the possibility that a combination of proteins identified could also lead 

to better results.  

At a molecular level, QPCR could be used to look further into the genes responsible for 

osteogenic differentiation. These genes could potentially have increased expression 

levels when stimulated by the protein-coated DD. 

A critical investigation for the future would be an analysis of the protein-coating to identify 

the optimal level of protein to adhere to the DD and to identify how long these proteins 

remained attached to the sintered surfaces.  

A long-term prospect would be to investigate placing a protein-coated BGS into an actual 

fracture site in vivo and to measure the potential increase of bone healing compared to 

the controls. This would lead to further investigations into where freeze-drying the 

adhered protein-coated surface would enable it to be stored “shelf-ready” and could be 

“brought back to life” before implantation into patients during surgery.  

8.9 Conclusion 

In conclusion, proteins are critical to the success of BGS. Proteins adherence to a BGS 

is just as crucial as the physio-chemical, surface topography, micro- and macroporosity 

of the grafts. These adhering proteins can influence how the cells interact with the graft. 

They are critical in aiding the healing of bone repair and increasing the ideal BGS, ability 

to attract cells to adhere to its surface. 
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