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IV  Abstract 

The use of allograft bone is effective in the treatment of large bone loss following tumour 
removal or surgery. However, it is not osteogenic due to a lack of viable osteogenic cells and 
the remaining marrow material is potentially harmful to the recipient. Sterilisation 
techniques, such as gamma irradiation, are routinely used to improve the safety of these 
grafts; however this fails to remove the immunogenic material and may diminish the bones 
innate properties. Thus, wash techniques are being developed to remove the deleterious 
marrow, whilst retaining the native properties of the bone so that through tissue engineering, 
pre-osteogenic cells may be added to aid osseointegration. To this end, this study utilised a 
novel wash process (developed by the National Health Service Blood and Transplant Tissue 
services (NHSBT)) on whole human femoral heads, to assess the resulting material’s 
suitability as a biological scaffold for bone tissue engineering (BTE). Following the wash 
process, marrow removal efficiency was analysed by biochemical testing and histological 
assessment, and biocompatibility of fresh-frozen and washed human bone was assessed using 
extract cytotoxicity assays with BM-MSCs. The results showed a marrow removal efficiency 
of 99.5%, leaving a material with only 16.7 ng DNA/100mg of dry material, and which 
histologically displayed minimal cellular content demonstrating that this was an efficient 
wash process producing an acellular biological scaffold material (<50ng DNA/100mg bone). 
Extract cytotoxicity testing indicated the material was biocompatible. Uniaxial compression 
to failure was performed on 1cm3 cubes using bone samples from mirrored location of 
bilaterally halved femoral heads, with one half washed, whilst the other was fresh-frozen. A 
random orientated “clinical” model was also utilised, with samples processed as fresh-frozen, 
washed and irradiated for comparative assessment. There was no significant change in the 
mechanical strength of the washed material compared to fresh-frozen samples or between 
sterilisation types, suggesting the washed bone was mechanically comparable to existing 
bone allograft stock. BM-MSCs from both young (≤50 years) and old donors (≥70 years) 
were seeded on washed bone cubes from young and old donors, and cultured in standard or 
osteogenic media. Samples were analysed at 0, 14 and 28 day timepoints for cell viability, 
osteogenic gene expression, alkaline phosphatase activity and histological analysis. Results 
indicated significant fold increases in cell metabolism at day 14 and 28, in both medium types 
compared to day 0 (p≤0.001). QRT-PCR data showed increased expression of osteogenic 
markers RUNX2 (p≤0.001), osteopontin (p≤0.001) and osteocalcin (p≤0.001) in both 
standard and osteogenic media with significantly higher RUNX2 and osteocalcin in 
osteogenic medium samples at day 28. Expression of osteogenic genes was significantly 
higher in young donor cells seeded on the washed bone compared to old donor cells, as was 
expression in BM-MSCs cultured on old donor bone compared to young bone. This implies 
that the washed bone was able to induce osteogenic differentiation in BM-MSCs, that young 
donor cells were better able to differentiate than old, and that old donor bone was better able 
to induce osteogenic activity. Additionally, patient-matched BM-MSCs and ASCs, and BM-
MSCs and BM-MNCs were seeded onto washed bone cubes and cultured for 28 days in 
standard or osteogenic media, with gene expression and metabolic activity assessed. The 
washed bone was able to induce osteogenic differentiation of ASCs. Moreover, BM-MNCs 
when cultured on washed bone also expressed osteogenic genes, indicative of osteogenic 
differentiation. These results indicate the efficacy of a novel wash process in producing a 
biological acellular scaffold suitable for bone tissue engineering. Interestingly, data also 
suggests that the age of the cell donor and bone donor may effect osteogenic differentiation 
of seeded cells which has significant implications clinically. 
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This study will aim to assess the use of a novel wash process for whole human femoral heads 

in order to produce an allograft scaffold for bone tissue engineering, which may improve 

clinical outcome over currently available allografts. Initially, the impact of the wash process 

on the biocompatibility and mechanical stability of the allograft bone will be assessed. 

Subsequently, innate biological properties of the resultant bone scaffold will be assessed, 

focussing on its ability to induce osteogenic differentiation of human bone marrow 

mesenchymal stem cells (BM-MSC). Finally, alternative osteogenic cell sources will be 

assessed on the washed bone scaffold with a view to developing a clinically viable bone 

tissue engineering strategy. As such, the introduction will cover aspects of bone tissue 

development, remodelling and healing, as well as bone sterilisation and wash techniques used 

for the production of structures in tissue engineering. 
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1.1 Bone biology 

1.1.1 Formation of bone in developmental stages 

Bone is a complex, functionally rigid organ, composed of organic connective tissue, highly 

specialised cells and inorganic mineral crystals. This rigid, strong, but lightweight 

mineralised composite structure is essential for mechanical stability and mineral metabolic 

homeostasis and contains the bone marrow essential for blood production (Bilezikian et al., 

2008). During an individual’s life, bone formation can be segmented into three levels: 

development and the formation and modelling of new bone; maintenance and the remodelling 

of existing structures to hone use; and decline, whereby more bone is resorbed than is 

deposited, although this is usually as result of age-related diseases such as osteoporosis 

(Bilezikian et al., 2008). 

The bones of the human skeleton are formed either by intramembranous or endochondral 

ossification. These two distinct methods rely on different specialised cell types within the 

mesenchyme, which are produced during foetal development (Rosen et al., 2009). During 

condensation of the mesenchyme, cells are directed to differentiate into either cartilage 

producing chondrogenic cells or bone matrix producing osteoblasts. In areas of bone formed 

by intramembranous ossification, such as the skull and jaw, the expression of runt-related 

transcription factor 2 (Runx2) and subsequent osteogenic differentiation of mesenchymal 

stem cells (MSC) into osteoblasts is required, whilst the formation of the majority of the 

skeleton by endochondral ossification relies upon the chondrogenic differentiation (Figure 

1.1) (Rosen et al., 2009).  
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Figure 1.1: Bone development processes of endochondral ossification and intramembranous 

ossification. In endochondral bone formation (A) the condensation of the mesenchyme 

initiates the differentiation of mesenchyme cells into chondrocytes, which express type II 

collagen to create a cartilage matrix. Chondrocytes in the centre of the cellular mass become 

hypertrophic, changing their protein expression to type X collagen. Continued growth of the 

region causes the formation of a surrounding perichondrium, which is accompanied by the 

invasion of blood vessels and additional stem cell, which differentiate into bone producing 

osteoprogenitors and osteoblast and form a centre of ossification. Alternatively, in 

intramembranous ossification (B), the condensation of neighbouring mesenchyme causes the 

differentiation of mesenchymal cells into osteoporgenitors. These cells express the osteogenic 

transcription factor Runx2, and further mature into osteoblasts, producing new type I collagen 

rich bone matrix which is subsequently mineralised. This process happens in a progressive, 

layered form. Original image adapted from Ornitz and Marie, (2002). 

Runx2 

Runx2 
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The two separate differentiation pathways are regulated initially by the hedgehog/Wnt 

signalling pathways (Hill et al., 2005; Day et al., 2005). Interaction of the Wnt signalling 

proteins, termed cytokines, with cell surface receptors of the Frizzled family (FRZ), prevents 

the breakdown of cytoplasmic β-catenin by sequestering the β-catenin phosphorylating 

protein, axin (Figure 1.2). In the osteoblast requiring intramembranous model of bone 

production, high levels of β-catenin in the cell are maintained through preservation of Wnt 

signalling (Hu et al., 2005), which in turn induces the expression of the essential osteogenic 

promoter transcription factor Runx2 (aka core binding factor alpha 1 (CBFA1) (Ducy et al., 

1997; Otto et al., 1997). This transcription factor is the primary promoter of osteogenic 

differentiation, and after heterodimerising with core-binding factor β (Cbfβ), and itself 

binding to the promoter region, and inducing the transcription of the transcription factor 

osterix (Nakashima et al., 2002; Nishio et al., 2006). The two transcription factors further 

promote the differentiation of cells along the osteogenic lineage, activating the transcription 

of several osteogenic proteins including collagen I, osteopontin and osteocalcin (Ortuno et 

al., 2013; Komori, 2005; Komori et al., 1997). The increase in β-catenin and subsequent 

osteogenic differentiation via Runx2 decreases the production of the chondrogenic 

transcription factor Sox9 and by doing so prevents the formation of chondrocytes and 

endochondral ossification bone formation.  
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Figure 1.2: Stimulation and role of the primary osteogenic promoter RUNX2 in the 

osteogenic differentiation of stem cells. Stimulation by mechno-transduction leads to an 

increase in the expression and release of WNT, which once bound a receptor of the frizzled 

(FRZ) family, promotes the formation of a complex with axin. This complex bound axin is 

unable to phosphorylate β-catenin, preventing its breakdown and enabling it to transverse to 

the nucleus, where it binds the promoter region of the RUNX2 gene. RUNX2 heterodimerises 

with Cbfβ and subsequently binds the 5’-TGTGGT-3’ promoter region present in the genes 

for osterix and the major bone matrix proteins (e.g. osteocalcin and alkaline phosphatase 

(ALPL)), as well as the RUNX2 promoter region; causing a positive feedback loop. Together 

RUNX2 and osterix further promote the transcription of the bone matrix proteins, driving the 

osteogenic differentiation of the cell. 

No WNT stimulation 
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The alternate bone producing pathway of endochondral ossification is required for the 

production of long bones in the foetus, whereby condensation of the mesenchyme begins the 

differentiation of MSCs in chondrocytes through Sox9 signalling (Akiyama et al., 2002; 

Akiyama et al., 2004); thereby beginning the production of a cartilaginous matrix, which 

becomes mineralised through hypertrophy and subsequent osteoblast inclusion. The skeleton 

is formed by a combination of the two processes; however, after initial formation, the 

majority of bone turnover more resembles intramembranous ossification (Brighton and Hunt, 

1991), whilst healing is dependent on both of these processes combined. 

 

1.1.2 Formation and maintenance of skeletal bone 

Bone matrix itself is a composite material of proteins and rigid minerals, allowing for a 

lightweight but strong, flexible and adaptive system capable of withstanding large mechanical 

stresses whilst maintaining a certain degree of elasticity and remodelling capabilities. The 

modelling and remodelling of the bone further enables a certain degree of flexibility in its 

structure, either thickening or removing bone to facilitate its functional need. 

This modelling to suit need occurs as a result of the activity of bone resorbing osteoclasts and 

bone synthesising osteoblasts. Osteoclasts originate from haemopoietic stem cells in a similar 

pathway to macrophages, and excrete demineralising acids and matrix proteases to actively 

remove mineralised bone matrix from the surface of bone, in osteoclastic pits (Boyle et al., 

2003). Osteoblasts, as mentioned previously, originate from MSCs (Figure 1.3), with the 

main function of producing mineralised connective tissue in response to resorption or healing 

factors. These two cell types work in response to growth factor cues from other cell types, as 

well as interactions between the two to produce new bone (Matsuo and Irie, 2008; Takahashi 

et al., 1988). 
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Figure 1.3: Lineage commitment of mesenchymal stem cells to the osteogenic lineage. 

Diagram displays the differentiation of MSCs to osteocytes, the common stages of 

development and essential transcription factors as well as the relative expression times and 

levels (colour saturation) of transcription factors (red), structural proteins (green), maturation 

markers (turquoise and purple) and mineralisation enzymes (blue).  

 

The biological connective tissue is comprised primarily of type I collagen fibrils, together 

with a multitude of different non-collagenous connective proteins including osteocalcin, 

osteopontin, fibronectin, laminin, hyaluronic acid and bone sialoprotein (BSP) (Urist et al., 

1983; Nilsson et al., 1998; Roach, 1994). The constituents of this extra-cellular matrix 

(ECM) can dictate the biochemical nature of the bone produced; influencing the attachment, 

behaviour and differentiation of osteogenic cells and osteoclasts, and ultimately determining 

bone production and remodelling (Hidalgo-Bastida and Cartmell, 2010). This is caused by 

different ECM molecules having unique adhesive and activity-regulating qualities (Frith et 

 
Differentiation 

Alkaline Phosphatase 

Runx2 

Osterix 

Collagen 1 

Osteopontin 
BSP 

Osteocalcin 

RUNX2 
RUNX2 
Osterix 

 
RUNX2 

RUNX2 
Osterix 

 



25 
 

al., 2010; Thibault et al., 2007). Two such proteins, osteopontin and osteocalcin, are the most 

abundant non-collagenous proteins present in the ECM and are both thought to be involved in 

mineralisation and later resorption.  

In bone, osteopontin is expressed by pre-osteoblasts and osteoblasts and to some extent 

resorbing osteoclasts and osteocytes (Merry et al., 1993; Sodek et al., 2000), in response to 

activation of its promoter sequence by Runx2 (Nakashima et al., 2002; Ducy et al., 1997). 

Although its function is not completely understood, osteopontin is commonly located at the 

mineralisation front and plays a large role in the regulation of mineral crystallinity (the type 

of crystals present) of the bone and remodelling (Holm et al., 2014; Qiu et al., 2004; Hunter 

et al., 1996; Roach, 1994), whilst allowing binding of osteoclasts to promote remodelling 

(Reinholt et al., 1990; Rodriguez et al., 2014). Unlike osteopontin, osteocalcin (aka bone gla-

protein (BGLAP)) is only produced by mature osteoblasts, and it is therefore considered a 

specific marker of osteoblast activity and bone production (Brown et al., 1984). Primarily 

located in fully mineralised tissue, osteocalcin is also believed to be involved in the 

regulation of matrix mineral state through its interactions with the collagen matrix (Chen et 

al., 2014; Roach, 1994). Although its function is not fully understood, the vitamin K 

dependent protein (Hauschka et al., 1989) is able to bind hydroxyapatite through calcium 

binding (Hoang et al., 2003), and when released from bone by resorption may be involved in 

endocrine regulation of insulin secretion (Lee et al., 2007). Additionally, osteocalcin 

deficient mice only display increases in their bone density with little resorption, 

demonstrating that osteocalcin may also be a promoter of osteoclast chemotaxis, binding and 

activity (Neve et al., 2013; Chenu et al., 1994; Hoang et al., 2003), and important for later 

bone remodelling (Ducy et al., 1996; Roach, 1994). Together, osteopontin and osteocalcin 

may serve to not only bind bone cells, but also interconnect the protein lattice and improve 

the toughness of the ECM (Poundarik et al., 2012). 
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Additional non-collagenous ECM proteins, such as laminin or fibronectin, dictate cell activity 

through specific interactions with cell surface integrins (Brighton and Hunt, 1991) and 

downstream signalling (Gordon et al., 2009), leading to changes in cell viability and de novo 

bone formation (Au et al., 2007; Jaiswal et al., 2000). This tailoring of activity is essential for 

bone upkeep, altering lineage specificity of cells to maintain the bone (Santiago et al., 2009; 

Frith et al., 2010), which is essential in later remodelling of bone matrix (Klees et al., 2007). 

Additionally, growth factors such as bone morphogenetic proteins (BMP) 2, 4 and 7 are 

encapsulated in the proteinaceous matrix (Pietrzak et al., 2006). These BMPs belong to the 

transforming growth factor β (TGFβ) superfamily and, whilst they have no immediate 

structural function, they are essential controlling factors in the event of bone remodelling and 

the production of new bone (Chaudhary et al., 2004; Urist, 1965).  

This organic ECM is collectively known as osteoid, and is “glued” together with 

hydroxyapatite, a form of calcium mineral, which is deposited by osteoblasts whilst they 

produce the new organic matrix (Nefussi et al., 1985; Anderson, 2003). The hydroxyapatite is 

then enzymatically changed by a tissue non-specific isozyme of the enzyme alkaline 

phosphatase (ALP) (Henthorn and Whyte, 1992; Hessle et al., 2002; Orimo, 2010), a 

membrane bound variant present in multiple tissue types including liver, bone and kidney, 

but which is highly expressed in mineralising osteoblasts. Though this protein is anchored to 

the cell membrane, it is released by the osteoblast as part of matrix forming vesicles, which 

act as nucleation sites for matrix mineralisation and are essential to the formation of 

mineralised tissue (Morris et al., 1992). Whilst the full mechanism by which this enzyme 

functions is not well understood, the enzyme works to increase the local concentration of 

phosphate ions, thereby promoting the binding of these ions to the protein/ hydroxyapatite 

mesh to produce the dense and strong mineralised tissue (Hessle et al., 2002; Whyte et al., 

1994).  
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During the deposition of osteoid, osteoblasts may become encapsulated by their own matrix 

in structures known as lacunae, where they further differentiate into osteocytes. The presence 

of osteocytes denotes a later stage bone formation, as these cells do not proliferate and often 

live for extremely long periods of time. These entrapped cells communicate through a 

network of processes which travel through canaliculi, so that the cells may translate 

information and regulate bone production primarily in response to mechanical stress and 

damage to the rest of the structure, leading to remodelling and repair (Bonewald, 2011). 

 

1.1.3 Remodelling of bone to suit need 

In foetal development and healing, the initial, rapidly produced bone is termed “woven 

bone”, and is characterised by the presence of unorganised collagen fibres. Whilst the 

composition of this mineralised ECM is identical to mature bone, its scaffold-like structure is 

different in organisation, osteocyte phenotype and mineral crystallinity (Shapiro, 2008), and 

is not as mechanically strong as lamellar bone (Buckwalter et al., 1996a; Buckwalter et al., 

1996b). Therefore, in response to mechanical force transduction (Uthgenannt et al., 2007), or 

fracture healing signals, entrapped osteocytes and pre-osteogenic cells signal to permit 

remodelling of the woven bone (Haudenschild et al., 2009; Robling et al., 2008; Kelly and 

Jacobs, 2010). This process of remodelling involves the alteration of the bones’ structure, and 

the reorganisation of woven bone into lamellar, and in doing so establishes its mechanical 

strength.  

Throughout remodelling, osteocytes express regulatory proteins which promote cell 

specialisation (Bonewald, 2011) and determine the activity of osteoblasts and osteoclasts, 

triggering tissue regeneration. Osteoclast activity and the resorption of bone causes the 

release of the growth factors and proteins locked in the bone ECM. The matrix and growth 
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factors present in an environment induce changes in osteogenic protein expression, ALP 

activity and subsequent mineralisation of the ECM thereby dictating the differentiation, 

maturation and activation of osteoprogenitor cells and as such the type of bone produced 

(Huang et al., 2007; Foschi et al., 2012; Supronowicz et al., 2011; Smith et al., 2011). These 

growth factors continue to activate cells in an intrinsic fashion, leading to further 

remodelling, thereby causing a positive osteogenic cycle (Table 1.1).  

Through remodelling, a mature composite mineral matrix termed osseous tissue is formed, 

which accounts for the mechanical stability seen in bone. However, the osseous tissue is not 

one complete solid block of material; instead voids are intentionally produced and refined by 

the bone cells to create different structures, which ultimately help distribute the load placed 

upon the bone, whilst reducing weight and creating a unique niche environment in which 

bone marrow is contained. These structures are known as load bearing cortical and load 

distributing trabecular bone. 
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Table 1.1: Soluble and matrix factors involved in the promotion and activation of bone remodelling 
Factor Type Released by Affects Function References 

FGFα 
(Fibroblast 
growth factor) 

Cytokine Bone resorption 
Osteoprogenitor 
Osteoblasts 

MSCs 
Osteoprogenitors 
Osteoblasts 

Promotes migration and proliferation of 
osteoporgenitors 
Promotes osteogenic activity 

Stoilov et al., 1995 
Eswarakumar et al., 
2002 
Smith et al., 2011 

Chaudhary et al., 
2004 
Nam et al., 2011 

TGFβ Cytokine Bone resorption 
Pre-osteoblasts 
Osteoblasts 

MSCs 
Osteoblasts 

Increases osteogenic gene expression 
including osteopotegerin 

Smith et al., 2011 
Tang et al., 2009 
Takai et al., 1998 

Wildemann et al., 
2007 
Chen et al., 2012a 

BMP2 
(TGFβ 
superfamily) 

Cytokine Bone resorption 
Osteoblasts 

MSCs 
Osteoblasts 

Induces osteoblastic differentiation in 
MSCs and promotes osteoblast activity 

Chen et al., 2012a 
Fan et al., 2014 

 

BMP7 (OP1) 
(TGFβ 
superfamily) 

Cytokine Bone resorption 
Osteoblasts 

MSCs 
Osteoblasts 

Induces osteoblastic differentiation in 
MSCs and promotes osteoblast activity 
Clinical use improves graft integration 

Smith et al., 2011 
Di Bella et al., 2010a 
Chaudhary et al., 
2004 

Sampath et al., 
1992 
Chen et al., 2012a 
Salkeld et al., 2001 

IGF I (insulin-
like growth 
factor) 

Cytokine Bone resorption 
Osteocytes 

MSCs 
Osteoblasts 

Induces osteoblastic differentiation in 
MSCs and promotes osteoblast activity 

Xian et al., 2012 
Sheng et al., 2014 
Huang et al., 2007 

Kalajzic et al., 2005 
Smith et al., 2011 

Sphingosine 1-
phosphate 

Cytokine Osteoclasts Osteoblasts Increases RANKL expression Ryu et al., 2006  

RANKL 
(TNF member) 

Cytokine Osteoblasts Osteoclasts Promotes osteoclastogenesis 
Increase in osteoclast activity 

Udagawa et al., 1999 
Lee et al., 2014 

Osteoprotegerin Soluble 
receptor 

Osteoblasts 
Osteocytes 

Binds RANKL Binds RANKL thereby preventing 
differentiation and activation of 
osteoclasts 

Kong et al., 1999 
Thirunavukkarasu et al., 2000 

Osteopontin Bone ECM 
protein 

Osteoblasts 
during osteoid 
deposition 

Osteoclasts Promotes binding of osteoclasts for 
bone resorption 

Rodriguez et al., 2014 
Reinholt et al., 1990 

Osteocalcin Bone ECM 
protein 

Osteoblasts 
during osteoid 
deposition 
Bone resorption 

Osteoclasts Chemo-attractant to osteoclast cells, 
promoting adhesion and bone resorption 

Neve et al., 2013  
Chenu et al., 1994 
Ingram et al., 1994 
Ducy et al., 1996 
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1.2 Structure and function of bone 

1.2.1 Mechanical function of bones 

Fundamentally, bones are rigid structures which are used to support the soft tissue of the 

human body, allowing the binding of muscles for movement, and meeting at joints, which 

enables this movement. In particular, it is this mechanical function that means long bones 

withstand a large amount of compressive force, both in constant support of weight and in the 

increase in load during movement. To achieve this, long bones are cylindrical in form, and 

comprise of dense bone material which allows them to efficiently direct force through their 

structure, as well as intricate mesh like configurations, which work to evenly distribute it. 

 

1.2.1.1 Cortical bone 

The cortical bone typically forms the dense, minimally porous outer shell of intact bones and 

bony structures. It is surrounded by the periosteum, a connective sheath, important in bone 

maintenance and healing, able to produce bone in thin sections, and which supplies the bone 

with nutrients whilst enabling soft tissue such as muscles to anchor to the bones surface via 

tendons (Kojimoto et al., 1988). The cortical bone is comprised of osteons, cylindrical 

structures produced by osteoblasts. These building blocks of bone are produced by cells 

surrounding blood vessels and nerves in Haversian canals, and consist of concentric layers of 

mineralised bone ECM termed lamellae, which are produced in a contracting manner to 

tightly encircle the original blood vessel (Rho et al., 1998). These osteons are routinely 

redeveloped, with new osteons produced to surround new channels, which have been formed 

through the “cutting cone” action of osteoclasts (Currey, 2002; Buckwalter et al., 1996b). 
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This type of bone material is required for direct load bearing structures, and typically the 

direction of the osteon depicts the direction of load the system is built to withstand. These 

osteon structures are relatively narrow in diameter (0.1-0.4mm), but can be several 

millimetres in length. These osteons, or haversian systems, are surrounded by a cement 

sheath, which is produced so as to bind the new structure into the original bone and reduce 

the risk of cracks forming in the osteon structures (Currey, 2012) (Figure 1.4).  

 

Figure 1.4: Schematic diagram depicting the basic structures of bone and cellular structures. 

Long bones are comprised of cortical and cancellous bone, which themselves are formed by 

layers of ECM termed lamellae. Osteons are fashioned using this lamellar construction and 

represent the building block of cortical bone. Mature osteocytes can be located in lacunae 

structures formed as the cells encapsulate themselves in the ECM they produce, and are 

connected by microscopic tubes called canaliculi. Image adapted from original by Bao et al., 

(2012). 
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Where long bones join each other or the body, such as the hip, large joints allow movement 

whilst also supporting a normal load. The hip joint (the meeting of the femur and the pelvis) 

is the largest joint in the body and is able to regularly withstanding forces as high as 260% of 

the individuals body weight, particularly in activities such as running and jumping 

(Bergmann et al., 2001). 

In order to achieve this, a large contact area is required at the joint to allow smooth un-

impinged movement, and distribution of load due to constant changes in load site. As such, 

the femur (the long bone involved in the hip joint) ends in a bulbous structure, known as the 

femoral head. The femoral head acts to enable the smooth movement of the leg, by 

distributing the site and directionally changing force of the moving joint into a consistent 

uniaxial force running down the shaft of the femur. To do so, the femoral head is internally 

comprised of a sponge like trabecular bone structure, rather than one solid mass of bone 

material, and acts to distribute the forces through compression and tension (Figure 1.5). This 

trabecular bone is able to collectively support a large amount of weight, while reducing the 

need for excess bone material, therefore reducing the total mass of the bone. Trabecular bone 

is therefore relatively abundant in areas where shock and sudden stresses are common, such 

as the end of long bones where the large joints meet, thereby absorbing and dampening the 

initial stress of joint impact (Hayes et al., 1978).  



33 
 

 

Figure 1.5: Diagram depicting the internal structure of the femoral head (A). The sponge like 

structure of the trabecular bone (B) within the femoral head is comprised of lamellar ECM 

layers, which incorporate the cell rich bone marrow. This trabecular mass is encapsulated by 

the cortical bone shell (C) of the femoral head, a dense form of bone comprised of osteons, 

which is itself covered by articular cartilage. Femoral head Image adapted from original in by 

Steven Fruitsmaak. (http://commons.wikimedia.org/wiki/File:Caput_femoris_cortex_ 

medulla.jpg# mediaviewer/File:Caput_femoris_cortex_medulla.jpg). Histology images 

captured at x75 magnification. 
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1.2.1.2 Trabecular bone 

This trabecular system, also known as cancellous bone, is a sponge-like mesh structure, 

highly porous, and encapsulated by a cortical shell and coated by the endosteum, a lining 

membrane of osteoblasts and pre-osteoblasts. The endosteum membrane produces new 

trabecular bone, by the deposition of new osteoid tissue on the trabecular struts, similar in 

lamellar construction to osteons. The trabecular bone, whilst not as mechanically strong as 

cortical, is able to support mechanical load, and works to distribute the load evenly through 

an interconnected lattice of trabeculae (Martin, 1991; Martin, 1984). Importantly, this 

mechanical distribution of force is also important in directing the osteogenic activity of cells, 

with the architecture (Tayton et al., 2012), and rigidity (Haudenschild et al., 2009) of the 

material promoting the osteogenic cell activity if required. As such, the trabeculae are 

produced in structures along the direction of compression and tension in accordance with 

Wolff’s law (Frost, 1994), enabling the trabeculae to adapt to changing mechanical stress, 

preventing breakage by shear force, of which bone is relatively weak at resisting.  

Whilst cortical bone contains only minimal vasculature, the cancellous structure is 

surrounded by blood vessels and many different cells, creating a unique niche containing the 

bone marrow. This marrow component is comprised of a mesh-like ECM containing multiple 

cell types, including haematopoietic stem cells, adipose cells, endothelial cells and 

erythrocytes as well as MSCs (Bianco, 2011; Augello et al., 2010). Within this tissue, new 

blood cells are formed, growth factors are synthesised, and the large surface area in contact 

with bone allows for mineral ion deposition and homeostasis. This unique niche environment 

enables interaction between the bone matrix, marrow and bone producing cells, through 

either juxtacrine or paracrine pathways, and is important for osteoblast and osteoclast 

differentiation and bone homeostasis (Ern et al., 2010; Hammoudi et al., 2012).  
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1.2.2 Bone ageing 

As the individual ages in advanced maturity, the process of decline in bone is most apparent 

with changes to composition and structure. The balance between the numbers and activity of 

osteoblasts and osteoclasts changes, with the apoptosis of osteoblasts, and a decrease in 

activity of remaining bone producing cells (Zhou et al., 2008). The diminished osteoblast 

activity leads to structural changes in trabeculae (Green et al., 2011; Chen et al., 2008; 

Viguet-Carrin et al., 2010; Turunen et al., 2013), and increases the risk of fracture due to 

insufficient upkeep of the bone (Wang et al., 2002). This process is most noticeable in 

patients with diseases in bone metabolism such as osteoporosis, in which a severe loss of 

bone producing cells leads to a significant decrease in bone mass and structure, particularly in 

the trabecular system. This can result in a very weak and fragile bone structure, which 

increases its susceptibility to fatigue (Li et al., 2012b; Hildebrand et al., 1999). 
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1.3 Bone healing and surgical intervention 

1.3.1 The process of fracture healing in bones 

Although bone is structurally rigid, it is also one of the few organs which are able to 

regenerate, even after sections of bone are physically separated from each other. This is in 

part due to the composite nature of the bone, along with the encapsulated growth factors and 

the response of osteoblastic, pre-osteoblastic cells and importantly multipotent stem cells, to 

growth factors released after a fracture. During the healing process, the action of 

endochondral and intramembranous ossification are utilised by the body to immobilise the 

fragments of bone in a healing callus and bring the pieces together. After the initial facture, 

this process is divided into three major phases; the inflammation of the area and initial 

formation of a haematoma; new endochondral bone formation; and the resorbtion of 

collagenous callus and it’s remodelling into bone (Figure 1.6). Additionally, the process of 

remodelling is then used extensively in response to a healing environment, where the initial 

laying down of fast produced mineralised matrix is reorganised into working bone. 
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Figure 1.6: The major processes of new tissue synthesis (anabolic) and tissue remodelling 

processes (catabolic) during bone fracture healing. The initial formation of the haematoma is 

followed by the metabolic processes of bone healing through the phases of; inflammation, 

endochondral bone formation and coupled bone remodelling. These phases have been split 

into biological stages, which display the cell types present and their expected time frame (as 

assessed from mouse model). (Original image by Einhorn and Gerstenfeld (2015)). 
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1.3.1.1 The formation of a haematoma and the initiation of the inflammatory 

phase 

As a result of fracture occurrence and damage to the normal bone, blood vessels in the 

Haversian canals, medullary cavity and surrounding tissue are ruptured. The damage to the 

local vasculature network releases blood, marrow and blood clotting factors into the fracture 

cleft, subsequently causing coagulation and the formation of a haematoma. This begins the 

process of inflammation of the fracture site and the surrounding periosteum, initiating an 

anabolic process to produce new tissue in an attempt to mechanically stabilise the area. 

Vasospasms and vasoconstriction reduces the blood flow into the area, thereby decreasing the 

influx of nutrients and oxygen, and results in hypoxic conditions. The hypoxic conditions 

cause the release of growth factors such as PDGF (platelet derived growth factor), IGF 

(insulin–like growth factor), VEGF (vascular endothelial growth factor) and FGF-2 

(fibroblast growth factor) by osteocytes contained in and around the damaged area as they 

die. These growth factors, together with the promotional effect of the hypoxic conditions, act 

as chemoattractants, encouraging the activation, migration and proliferation of osteogenic 

cells such as MSCs, pre-osteoblasts and osteoblasts (Seppa et al., 1982; Stoilov et al., 1995), 

as well as pro-inflammatory macrophages, into the healing cleft (Kark et al., 2006).  

The migrated cells infiltrate the fibroblast rich haematoma, orchestrating angiogenesis and 

osteogenic differentiation. Specifically, the inflammatory process is continued by the 

recruited macrophages, which increase their expression of pro-inflammatory cytokines and 

growth factors, such as interleukin-1 (IL) and IL-6, in turn promoting the release of VEGF 

(Street et al., 2002), and further promoting the migration of MSC and osteoblasts into the 

inflamed area (Fiedler et al., 2005; Mayr-Wohlfart et al., 2002). This influx of different cell 
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types and new blood vessel infiltration, transforms the haematoma into granulation tissue; a 

mix of loosely bound cells and perforating blood vessels.  

The growth factor rich environment and inflammation, initiates an increase in the 

proliferation and osteogenic differentiation of MSCs and osteoprogenitor cells (Eswarakumar 

et al., 2002), present under areas of the periosteum distally (furthest away) to the fracture site. 

These differentiating cells release BMPs 2, 4, and 7, and other osteogenic growth factors, 

promoting the process of intramembranous ossification and the formation of hard tissue, 

surrounding the soft granulation tissue, in response to motion of the fracture site (Phillips, 

2005).  

  

1.3.1.2 Endochondral bone formation 

In the periosteum and granulation tissue proximal (closest to) the fracture ends, a soft callus 

begins to form as undifferentiated MSCs begin to proliferate and differentiate into 

chondrogenic cells. A return to normoxic conditions in this soft callus results in the alteration 

in the growth factor PDGFβ’s concentration, and a change in the ECM protein secretions of 

the fibroblasts in the healing cleft, promoting the release of fibrin (Seppa et al., 1982). The 

secretion of fibrin, together with the production of collagen type II by the chondrocytes, 

results in the soft granulation tissue quickly developing into a collagenous callus, which 

further stabilises the fracture site.  

Osteoblast migration to the boundary between the hard outer, and soft inner callus progresses 

osteogenesis through the release of signalling factors, which initiate differentiation of MSCs 

and pre-osteoblastic cells into osteoblasts (Smith et al., 2011; Huang et al., 2007). As these 

osteoblasts mature they cease to proliferate, and instead increase production of bone ECM 
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proteins such as osteocalcin and osteopontin, which are deposited by the osteoblasts as they 

from the tissue at the boundary. 

Chondrogenic cells in the centre of the soft callus continue to proliferate and deposit new 

collagen type II and other cartilaginous proteins, however at the boundary with the hard 

callus, calcification of the cartilaginous matrix causes a phenotypic change in the 

chondrocytes present. These chondrocytes undergo hypertrophy, and start to produce less 

collagen type II, instead expressing the osteogenic transcription factor Runx2 and releasing 

matrix forming vesicles through a budding action. As the matrix forming vesicles, containing 

ALP and calcium, ossify the remaining soft cartilaginous callus, the hyperthrophic 

chondrocytes undergo apoptosis leaving cavities within the newly formed tissue into which 

osteoblasts, osteoclasts and other bone marrow cell types penetrate. The colonising 

osteoblasts further release bone ECM proteins and mineralise the newly formed bone 

material, transforming the callus into a bony state, while the osteoclast resorb the 

endochondral cartilaginous tissue.  

 

1.3.1.3 Combined remodelling of the bony callus  

As the callus becomes mineralised, the anabolic processes of the cells subside to lower levels, 

and a phase of predominantly catabolic actions begins, with only specific bone producing 

processes continuing. During this phase the unrequired cartilaginous matrix proteins are 

resorbed by chondroclasts, and in their place osteoblasts deposit and mineralise new bone 

ECM proteins, to produce woven bone. The unordered, structurally inferior, bulky trabecular 

three-dimensional (3D) lattice structure of the woven bone, initially deposited by the 

osteoblasts, is symptomatic of the rapid production of new bone, and is adapted by the 

process of remodelling; the combined action of the resorbing osteoclast and depositing 
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osteoblast, to produce ordered mature bone. This combined remodelling continues well after 

the end of the fracture healing phases, removing the unnecessary callus over time, and 

returning the structural integrity of the bone. 

This healing process slowly returns the fracture site back to lamellar bone material which, as 

described previously, is adapted to suit its mechanical load requirement. Although this 

process is suitable for small areas of bone loss, the body is unable to heal large areas of lost 

bone stock. As such, surgical techniques are used to help restock areas of large bone loss, 

with transplanted bone material known as bone graft. Importantly, the bone graft helps bridge 

the healing cleft, and is tied into the existing bone through the process of osseointegration, in 

a very similar process to fracture healing (Boden et al., 1976; Burchardt and Enneking 1978), 

with host-derived inflammation and initial healing aided by the presence of the bone filler.  

 

1.3.2 Bone grafts in surgery  

Surgical intervention and bone grafts are crucial in the treatment of damaged bone which has 

been lost through infection, disease, removal of tumour, physical trauma, and increasingly 

also during revision surgery such as the hip due to an ever ageing population and the failure 

of primary implants (De Long et al., 2007). Transplantation of bone graft material in these 

circumstances is extremely beneficial to the patient, improving the ability of these areas to 

heal and remain functional (McNamara, 2010). These grafts are either autograft (from the 

host themselves), biological allograft (from a donor) or synthetic grafts, with each material 

having its individual advantages and disadvantages relating to their osteogenic and bone 

healing properties. However, common to the majority of graft materials used is the promotion 

of intramembranous ossification as a method of bone healing, as this has been shown to be 

superior in bone healing to endochondral ossification/healing (Wong and Rabie, 1999). 
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In excess of 620,000 primary hip, and 676,000 primary knee joint replacements were 

conducted in the UK between 2003 and 2013 (National Joint Registry, 2014) with a 14.2% 

rise in the total number of joint replacements undertaken in the UK between 2012 to 2013 

(180,433 to 205,686). Additionally, in the US, over 800,000 primary hip and knee surgeries 

were conducted in 2005; however, based on historical procedure rates and population 

projections, it is estimated that by 2030 the number of total hip arthroplasties will have 

increased by 174%, from 208,600 to 577,000 procedures, and the number of knee 

arthroplasty procedures will increase by 673%, from 450,000 to 3.48 million (Iorio et al., 

2008) (Kurtz et al., 2007). This constant rise in need places increasing strain on available 

bone stocks, as well as the performance of bone grafts themselves.  

The first truly modern form of allograft bone grafting dates back to 1668 when the surgeon 

Job van Meekeren successfully repaired a soldier’s skull by using xenograft bone material 

from that of a canine skull (Donati et al., 2007). Today, bone graft is routinely used in 

numerous surgical applications (Damien and Parsons, 1991) including primary and revision 

hip surgeries (Patil et al., 2012), maxillofacial and orthodontic surgery (Catone et al., 1992), 

spinal fusion (Boden, 2002), total knee arthroplasty (Dorr et al., 2006; Samuelson, 1988), 

void filling (due to exclusion of tumours or disease) (Mankin et al., 1996; Donati et al., 

2000), and the agglutination of non-unions (Borrelli et al., 2003; Megas, 2005). However, as 

with the first bone graft, the successful osseointegration of the bone is critical to its use in 

surgery. Most surgical procedures utilise the technique of impaction bone grafting (IBG) to 

reconstruct bone from a morcellised bone “adhesive”, delivering successful outcomes (Board 

et al., 2006b). IBG’s small particle size allows it to be manipulated into small crevices and 

pockets, such as in revision hip surgery, where morcellised bone is compacted into the 

osteonecrotic recesses left by the removal of the failed primary femoral stem. Surgeons fill 

this recess to reconstitute the lost cancellous bone, thereby enabling cement interdigitation 



43 
 

and anchorage of the replacement prosthetic femoral head. An example of this role can be 

seen in the reconstruction of the acetabulum, whereby a “shelf graft” is produced by using 

bone allograft in conjunction with screws, in order to stabilise the cup prosthesis and 

strengthen weakened structures, thereby returning some mechanical function (Figure 1.7) 

(Deirmengian et al., 2011; Patil et al., 2012). These surgical uses demonstrate a requirement 

that the graft display healing capabilities as well as biomechanical stability, and though IBG 

is used for ease, larger particles exhibit a greater osteogenic effect (Miron et al., 2011). 

Indeed in surgical use of grafting for implant fixation, larger bone fragments as big as 10mm 

have displayed superior results over small particles (Bolder et al., 2003; Ullmark, 2000). 

The outcome of surgery is largely dependent on successful osseointegration and fusion of the 

bone via the process of osteogenesis and typically surgeons look for new bone formation, and 

signs of osseointegration, within two weeks to two months after surgery. Therefore, grafts are 

required which are osteogenic, osteoconductive, can undergo resorption, contain 

osteoinductive cues and which are mechanically stable enough to reduce movement and 

allow appropriate fixation (Giannoudis et al., 2007; Hutmacher, 2000). The osteoconductivity 

of the material relates to its ability to act as a scaffold, supporting new host-derived bone 

formation, and is fundamental to all grafting materials, whilst the osteoinductive capacity 

corresponds to the ability of the bone to stimulate osteoprogenitor cells, driving their 

differentiation down an osteogenic lineage, thereby directing protein synthesis and deposition 

for de novo bone formation (definitions by Albrektsson and Johansson (2001)). 

Grafts deficient in these qualities lack effective osseointegration and are likely to fail. Indeed, 

the failure rate of allograft bone has been reported to be as high as 72% (Jeffery et al., 2003), 

with bone unable to heal adequately due to osteonecrosis, disease or excessive fracture 

movement. These complications often result in non-unions (Einhorn, 1998), the loosening 

and failure of implants (Jeffery et al., 2003; Kwong et al., 1993) and insufficient 
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osteogenesis, and are common in already osteonecrotic tissue, such as in the management of 

bone lost through tumours (Mankin et al., 1996; Donati et al., 2000). The failure in bone 

healing and osseointegration in either primary or revision surgery cases requires further 

revision procedures, and the addition of new bone graft material, in an attempt to improve the 

osteogenic conditions of the site (Berner et al., 2012; Ateschrang et al., 2009). However, 

these surgical procedures are technically more complex, increasing the risk of further failure 

and associated patient morbidity as well as increasing cost (Pekkarinen et al., 2000). 

 

 

Figure 1.7: Pre-operative radiograph images of severe acetabular bone loss, and implant 

failure. Images display the failed acetabular cup including broken screws, with large bone 

loss causing loosening and migration into the pelvis (A), and the two year follow up of 

reconstruction of the acetabulum shelf using a structural bone allograft and reconstruction 

ring (B) which displays an increase in opacity of tissue surrounding implant, indicative of de 

novo bone formation, remodelling and incorporation. Images adapted from Patil et al. (2012). 

 

A B 
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1.3.3 Types of graft material available  

The use of bone grafts has flourished to the point that there are now multiple biological and 

synthetic materials available. Any graft material utilised must possess properties which fulfil 

a biochemical and mechanical function and ultimately determine the level of integration into 

the host. The graft must also remain nontoxic and biocompatible allowing cell colonisation, 

improving osseointegration and hence bone repair.  

 

1.3.3.1 Synthetic grafts 

The use of synthetic grafts is not as prevalent as the use of biological tissue. Their limited 

osteoconductive and osteoinductive abilities are a hindrance, and combined with a reduced or 

absent rate of resorption, greatly affect healing (Zimmermann and Moghaddam, 2011). It is 

for this reason that biological materials are still more potent than synthetic grafts. 

Nonetheless, with their constructive potential having been demonstrated, synthetics are 

steadily becoming more prevalent in surgical procedures (Bostrom and Seigerman, 2005). 

Common synthetic materials include hydrogels (Burdick and Anseth, 2002; Schantz et al., 

2003; Castillo Diaz et al., 2014), ceramics (Ohgushi, 2014), polymers (Ko and Cho, 2013) 

and hydroxyapatite constructs (Wolfe et al., 1999; Qian et al., 2013). Synthetic grafts are 

commonly fabricated to structurally resemble biological grafts (Binulal et al., 2010), with the 

use of composites to enhance osseointegration and de novo bone formation (Polini et al., 

2011; Bassi et al., 2012), and modifications to the materials surface to replicate natural bio-

activity (Whiteside et al., 2010). 
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1.3.3.2 Biological grafts 

Biological grafts are separated into two main groups; autograft and allograft. Autografts are 

deemed the “gold standard” of bone grafts and currently represent the preferred form of graft 

available. They are derived from the host, avoiding the risk of immune response, and 

increasing the likelihood of osseointegration. This material is highly osteogenic and contains 

the osteoconductive scaffold; the osteoinductive matrix and incorporated growth factors; and 

importantly, osteogenic MSCs. These innate factors all contribute to promoting 

osseointegration.  

Whilst autografts may be the gold standard, the use of this material has disadvantages. The 

most common location of graft retrieval is the patient’s iliac crest, situated at the top of the 

pelvic bone. The removal of bone from this site is a complicated and dangerous procedure 

that can lead to a high percentage of patients experiencing moderate to severe discomfort 

(15% and 21.9% respectively) (Hill et al., 1999) and site morbidity (Ebraheim et al., 2001; 

Russell and Block, 2000). Additionally, this type of bone autograft has a limited availability 

due to being living bone removed from the patient’s iliac crest, with large areas of bone 

removal leading to pelvic instability, increased risk of fracturing, possible bowel herniation 

and nerve damage (Russell and Block, 2000). Graft material from older patients also exhibits 

decreased osteogenic capabilities, containing fewer pre-osteogenic and osteogenic cells 

(Hernigou et al., 2005).  

Conversely, allografts are a more plentiful alternative to autograft and are harvested from 

organ donors, both living and deceased. However, allografts impose problems as well; 

namely the need for tissue typing to reduce the risk of an immune response and the possibility 

of disease transfer hinders their use, and thus requires processing techniques to remove 

potentially damaging material. These allografts have no osteogenic potential as they contain 
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no osteogenic cells; however they are still osteoconductive and osteoinductive and capable of 

osseointegration (Miller and Block, 2011), and in certain clinical situations have displayed 

results comparable to autograft (Lansford et al., 2013).  

 

1.3.4 Sterilisation of grafts to improve safety and osteogenic potential 

Due to their superior regenerative abilities compared to synthetic grafts, biological allografts 

are widely accepted to be the most effective form of grafting material (Zimmermann and 

Moghaddam, 2011). However, although unsterilised fresh-frozen bone allograft is commonly 

used in the UK, it can be detrimental to patient health, containing bacterial and viral loads, 

such as human immunodeficiency virus (HIV) and Hepatitis C (Varettas and Taylor, 2011), 

as well as eliciting an immune response (Chalmers, 1959). The immune response in particular 

may prevent the graft from adequately integrating into the host (Sun et al., 1998), as well as 

potentially causing further necrosis of the surrounding tissue, thereby leading to additional 

bone loss (Burwell, 1985). Therefore, due to this risk, donated biological allograft material 

undergoes strict testing, with stringent donor selection, donor blood serology and sample 

bacteriology and virology testing undertaken to minimise risk. However, although these tests 

are undertaken, the potential risks to the patient has led to some authorities advising that 

biological allograft should be sterilised (American Association of Tissue Banks, 2006) and 

that grafts should be processed as much as possible to remove any potential negative effects 

on the patient (2004/23/EC, 2004). 

In-depth research has been conducted into the most effective method of sterilisation (Delloye 

et al., 2007; Bostrom and Seigerman, 2005). This has led to the development of multiple 

methods, including gamma irradiation, chloroform/ethanol delipidation, hydrogen peroxide 

and supercritical CO2, with advantages and disadvantages associated with each (Table 1.2). 
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However, by sterilising the material, the chemical, physical and biomechanical properties of 

the bone can be negatively affected, further hindering graft incorporation into the host. The 

most detrimental impact being the effect on biomechanical nature and biocompatibility of the 

bone, as its primary function is as a stable structural platform which cells can survive upon.  
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Table 1.2: Table demonstrating the strength of biological properties, from high (+++++) to low (+), of differently treated biological 
allografts in relation to the gold standard autograft. 

Processing 

type 

Biocompatible Osteoconductive Osteoinductive Mechanical 

stability 

Osteogenic Major problems References 

Autograft +++++ +++++ +++++ ++++ +++++ Limited volume 

Surgical complications to patient 

Miller and Block, 2011 

Fresh-frozen 

allograft 

++ +++++ ++++ ++++ N/A Infection and immune response Miller and Block, 2011 

Gamma 

irradiation 

++ ++++ ++ +++ N/A Mechanical alterations 

Free radical degeneration 

Immune response 

Mitchell et al., 2004 

Yamamoto et al., 2012 

Costain and Crawford, 2009 

Acids (e.g 

PAA) 

+++ ++++ +++ +++ N/A Impedes cell proliferation  

Matrix protein degeneration 

Bormann et al., 2010 

Hydrogen 

peroxide 

+++ +++ ++ +++ N/A Matrix incorporated protein 

denaturation 

DePaula et al., 2005 

Beebe et al., 2009 

Ethylene 

dioxide 

++ ++ ++ +++ N/A Use of dangerous chemicals 

Reduced osteoinductive ability 

Munting et al., 1988 

Aspenberg et al., 1990 

Chloroform/ 

Ethanol 

+++ +++ ++ ++ N/A Reduction of mechanical stability 

and degeneration of ECM  

Cornu et al., 2000 

Supercritical 

CO2 

++ ++++ ++++ ++++ N/A Fails to adequately destroy 

bacterial spores 

Expensive apparatus 

Mitton et al., 2005 

Spilimbergo and Bertucco 

2003 

49 
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1.3.4.1 Gamma sterilisation 

The most common form of sterilisation, gamma irradiation, involves irradiating bone material 

with 25 kilograys (kGy), in order to achieve the level required to deactivate HIV and other 

infectious organisms (Hamer et al., 1999). This process of sterilisation relies on the 

denaturation of biological tissue through both direct ionisation (Dziedzic-Goclawska et al., 

2005) or by free radicals, which are produced during the process (Akkus et al., 2005). 

However, the processes that sterilise the material may also detrimentally affect the biological 

matrix and may alter the biomechanical stability, and latent osteoconductive and 

osteoinductive properties (Nguyen et al., 2007).  

Whilst irradiation to 25kGy is required for safe sterilisation, levels as low as 17kGy can cause 

significant changes to the strength and flexibility of the bone allograft (Currey et al., 1997; 

Cornu et al., 2000). Any decrease in matrix stability could be explained by the free radical 

denaturation of collagen cross-linking (Hamer et al., 1996; Hamer et al., 1999) allowing 

unhindered fracture propagation which dramatically decreases the mechanical properties of 

the structure (Mitchell et al., 2004). Importantly, the failure in mechanical properties impacts 

heavily on the clinical use of the bone graft and may lead to large subsidence of the implant 

(Hassaballa et al., 2009), a greater propensity to develop large detrimental fractures (Dux et 

al., 2010) and a diminished resistance to fatigue crack propagation (Mitchell et al., 2004), 

and as such requiring further surgical intervention.  

Although the mechanical stability of grafts is important, the effect on biocompatibility and 

osteoinductive ability is also an issue with gamma irradiated material. In vitro, grafts which 

had been gamma irradiated displayed decreased cellular adhesion to the graft compared to 

fresh-frozen (Fawzi-Grancher et al., 2009), potentially affecting the osteoclastic resorption of 

the material, thus affecting remodelling (Kluger et al., 2003). In addition, the process of 
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ionisation and the action of free radicals can change lipids and proteins within the structure; 

producing cytotoxic agents such as peroxidised lipids (a result of irradiation) which cause cell 

death (Moreau et al., 2000), as well as denaturing or depleting the osteoinductive matrix 

incorporated proteins trapped in ECM (Dziedzic-Goclawska et al., 2005; Ijiri et al., 1994). In 

addition, gamma sterilisation fails to remove the potentially immunogenic marrow material 

which, as previously described, may subsequently harm the integration of the bone graft.  

The retention of the potentially harmful marrow material by this common sterilisation process 

has led to the development of a number of wash processes which may be used in conjunction 

with gamma irradiation, or more commonly as separate sterilisation techniques. The majority 

of novel cleaning methods include compound chemical and mechanical centrifuge steps 

designed to remove separate fractions at different stages, starting with cellular structures and 

ending with DNA (deoxyribonucleic acid), viral particles and soluble proteins. These 

methods often include a multitude of chemicals, which have the potential to alter bone 

chemistry and mechanical properties, and include detergents, rinses and powerful oxidising 

agents (Beebe et al., 2009).  

 

1.3.4.2 Wash techniques for sterilisation of bone allograft 

Composite wash sterilisation methods constitute the majority of novel cleaning methods, 

utilising mechanical centrifugation to physically remove soft tissue marrow, and chemical 

washes to sterilise the matrix, denaturing DNA, viral particles and soluble proteins, even 

demonstrating decellularisation of the material (Ma et al., 2013; Hashimoto et al., 2011; 

Dutra and French, 2010). These methods often include a multitude of chemical detergents, 

rinses and powerful oxidising agents (Beebe et al., 2009); however even simple washes have 

demonstrated an improvement in biocompatibility (Board et al., 2009). 
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Composite techniques have been demonstrated to reduce the infectious viral particles titre by 

as much as 4log10 and kill harmful bacteria such as S. aureus, P. aeruginosa and B. subtilis 

(Pruss et al., 2003). This occurs as soft tissue is removed; allowing chemical washes to 

destroy biological molecules. The complete removal of marrow not only removes the 

potentially harmful particles, but may also improve the biomechanical property of the 

material, by preventing pressure build during compression which might otherwise damage 

trabecular structures (Halgrin et al., 2012). 

However, the osteoinductive qualities of the bone may be hampered by the sterilisation 

process, either by a single step, or a combination of multiple steps. The use of chemicals, 

such as acids and strong oxidisers for sterilisation purposes, has been demonstrated to reduce 

the latent osteoconductive and osteoinductive abilities, as well as the biocompatibility of the 

bone (Bormann et al., 2010; DePaula et al., 2005; Kluger et al., 2003). However, the results 

of several studies utilising these chemicals in the wash methods have not recorded any 

alteration in the biocompatibility, osteoinductive capacity or mechanical properties of bone 

(Haimi et al., 2009; Pruss et al., 2003; Mroz et al., 2006; Dufrane et al., 2001) and would 

therefore suggest that chemical sterilisation is no more damaging than gamma irradiation 

(Mikhael et al., 2008; Schwiedrzik et al., 2011). Additionally, the majority of washes have 

only been tested on relatively small sized particles and as such wash process suitable for 

processing/sterilising large structures are still unavailable. 

Nonetheless, the qualities of a grafting material can greatly affect the outcome of surgery and 

it is therefore important to improve the qualities exhibited by bone graft materials by 

removing the negative health issues of rejection and disease seen in biological allografts. 

Composite sterilisation techniques have the potential to completely remove the harmful 

marrow material, and display comparable or superior osteogenic and biomechanical qualities 

in comparison with gamma irradiation. As such, the utilisation of an appropriate wash 
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process can produce safe, biocompatible and osteoinductive bone material which is suitable 

for tissue engineering, and the addition of an osteogenic cell source to improve the osteogenic 

capacity of all grafts, diminishing potential of graft failure and the need for additional 

revision surgery. 
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1.4 Tissue engineering allografts to 

improve clinical outcome  

1.4.1 Addition of MSCs 

In bone tissue engineering (BTE), allografts act as a stable 3D scaffold to be populated by 

recipient osteogenic cells upon insertion into the body. The allograft itself offers no 

osteogenic advantage to the patient, such as is seen in autologous tissue transplant, due to the 

removal of the viable osteogenic and pre-osteogenic cells, such as MSCs. Tissue engineering, 

specifically BTE, offers the opportunity to improve the osteogenic capability of acellular 

allografts by combining them with growth factors and MSCs to produce enriched or 

“vitalised” grafts. Specifically, the addition of MSCs to an appropriate matrix environment 

generates improved unions (Xie et al., 2007; Tiedeman et al., 1991; Rougraff and Kling, 

2002), with increased bone density and site vascularisation and biomechanical features in 

vivo, all essential in the process of graft osseointegration (Runyan et al., 2010; Di Bella et al., 

2010b). 

MSCs were first reported by Friedenstein et al. (1966) as fibroblast like cells in bone marrow, 

which retained their ability to proliferate and differentiate (Friedenstein et al., 1987; Luria et 

al., 1987), and can be recovered from the various areas of the body such as bone marrow, 

adipose tissue and dental pulp (Zuk et al., 2002; Hattori et al., 2004; Yamada et al., 2011; 

Matsumoto et al., 2008). These multipotent cells are characterised by their adherence to 

tissue culture plastic (TCP), the presence of cluster of differentiation (CD) cell surface 

antigens CD44, CD73, CD90 and CD105 and absence of others (e.g. CD34 and CD45), as 
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well as their ability to differentiate along three different lineages; adipogenesis, 

chondrogenesis and importantly osteogenesis (Dominici et al., 2006).  

Typically MSCs are isolated from a bone marrow, which also contains other bone marrow 

mononuclear cell (BM-MNC) types, such as pericytes, endothelial cells and osteoblasts. 

Whilst, this BM-MNC fraction may also be used clinically, advanced culture methods are 

commonly used to isolate and expand the small percentage of MSCs naturally found in the 

bone marrow to sufficient numbers for use in BTE. The use of these cells alone has been 

shown to improve the healing of non-unions (Hernigou et al., 2005); however they are 

generally used to best effect in combination with graft material and can be further combined 

with growth factors, such as BMP2 and BMP7 (Salkeld et al., 2001; Di Bella et al., 2010b), 

to produce BTE allografts, which may improve the clinical outcome of graft incorporation 

(Figure 1.8).  
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Figure 1.8: Diagram displaying the process of tissue engineering from biological allograft. 

Biological matrix from donor is washed and sterilised, with all biological material removed. 

The subsequent structural matrix is combined with cultured osteogenic cells, procured from 

the patient themselves, and growth factors to aid in osseointegration. This tissue engineered 

allograft can then be used for a surgical procedure. 

 

1.4.2 Clinical application of MSC tissue engineered bone grafts 

In clinical application, tissue engineered bone constructs have displayed potential in a varied 

number of fields including restoration of limb function (Quarto et al., 2001), enabling return 

of physiological bone function and stimulating/supporting processes enabling new tooth 

eruption and migration (Hibi et al., 2006; Pradel et al., 2008). 
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Tissue engineered reconstruction of non-unions (Ateschrang et al., 2009), large long bone 

defects (Quarto et al., 2001; Krečič Stres et al., 2007), maxillofacial surgery in augmentation 

of the sinus (Voss et al., 2010; Shayesteh et al., 2008), reconstruction of the alveolar cleft 

(Hibi et al., 2006; Pradel et al., 2008) and void in-filling after cyst removal (Pradel et al., 

2006; Mesimaki et al., 2009), have led to mixed results in the production of mature, 

integrated bone.  

The clinical use of synthetics grafts has enabled the construction of premade bespoke grafts 

which may be used to reconstruct difficult voids in load bearing positions (Quarto et al., 

2001). While the osteoconductive and inductive predictability of the material is assured, the 

general bone forming potential of the matrix is lower than that of a biological graft, at best 

supporting low levels of de novo bone formation (41.3%) and good osseointegration (93%) 

(Shayesteh et al., 2008). The low levels of synthetic de novo bone formation highlight the 

need for biological scaffolds which are able to consistently display good osteoinductive, 

osteoconductive and biomechanical properties. As such, the ability to produce large 

biologically derived structures for bespoke grafts would be of benefit. 

The relatively high de novo bone formation of biological grafts in clinical applications 

(79.1%) (Hibi et al., 2006) advocates the use of materials such as platelet-rich gels, and 

xenograft material Osteovit® (Pradel et al., 2006; Pradel et al., 2008; Zambonin and Grano, 

1995). Tissue engineered biological allografts have also displayed comparable, if not superior 

results to autograft in terms of bone density and overall bone strength (Pradel et al., 2006). 

However, whilst some applications have recorded excellent stability of the graft and return of 

structural integrity (Quarto et al., 2001; Mesimaki et al., 2009), a decreased rate of 

integration and the loss of implants have been attained by others (Voss et al., 2010). This 

difference may be explained by the initial stability of the matrix used for the tissue 
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engineering, with a lower stability mesh displaying low levels of implant stability (Mesimaki 

et al., 2009).  

 

1.4.3 Issues associated with tissue engineered allografts 

Augmented tissue engineered allograft bone material still displays decreased integration and 

bone growth, in comparison to autograft, and highlights the need for tissue engineered 

allografts with improved osteoconductive and inductive features, which will support the 

osteogenic addition of MSCs. This is highlighted by the low reliability and reproducibility 

between studies; however low patient numbers and multiple material variants also fail to 

demonstrate a clear hierarchy of preferred cell or matrix types (Mesimaki et al., 2009). This 

is complicated further by the introduction of expensive culture expansion and materials 

(Krečič Stres et al., 2007). Unfortunately, as well as being expensive, time spent in culture 

expansion affects cell differentiation ability, and may account for the low level of 

reproducibility (Yang et al., 2014; Wagner et al., 2008; Baxter et al., 2004). Importantly, for 

clinical use of the patients own autologous stem cells, the age of the donor may also have a 

negative effect on the osteogenic differentiation and activity of cells, with increasing age 

resulting in fewer BM-MSC (Hernigou et al., 2005) and reduced osteogenic capacity 

(Wagner et al., 2009; Mueller and Glowacki, 2001). Additionally, lower numbers of BM-

MSCs means that longer culture expansion times are required, which may result in a further 

decrease in osteogenic function (Niemeyer et al., 2010; Cornejo et al., 2012).  

Colonisation of a material by culture with the osteogenic cells relies heavily on its ability to 

influence cell adherence, differentiation and ultimately osteogenic activity. In particular, the 

use of washed structures for BTE enables the use of the bone’s naturally incorporated growth 

factors, its osteoconductive surface and mechanical stability. However as with cell age, as 
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described previously, the age of the donor may affect the osteogenic activity of a bone graft. 

As such this too may account for some of the variability seen in the clinical use of natural 

BTE scaffolds. 
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1.5 Aims of the study 

Bone grafts are crucial in the treatment of damaged bone which has been lost through disease, 

injury or surgery. Grafts are either biological, autograft (from the patient themselves), 

allograft (from a donor) or synthetic. Whilst autografts are considered the gold standard, they 

are limited and often detrimental to the health and wellbeing of the patient. The development 

of increasingly safer and more sophisticated allografts has seen them becoming more 

common; utilising the biological structural capabilities of the donor bone, they appear to be 

the most effective alternative. However, their use does incur problems with tissue typing 

required to reduce the risk of an immune response and the possibility of disease transfer to 

the recipient. The sterilisation of allografts is able to remove this inherent risk to a patient’s 

health; however this can alter the biological and mechanical properties of the graft, thus 

causing a diminished osteoconductive, inductive and osteogenic response from the recipient. 

Significantly, tissue engineering has the potential to revitalise these diminished 

characteristics. This process involves utilising the qualities of the biological matrix with the 

addition of MSCs or progenitor cells and growth factors, creating a viable alternative to the 

use of autografts; however this process also requires biocompatible and osteoinductive 

materials.  

The need for sterilisation techniques, which do not reduce the biochemical and mechanical 

functions of the allograft as severely, has resulted in a novel wash process being developed in 

collaboration with the National Health Service Blood and Transplant tissue services 

(NHSBT) (Rooney et al., 2006). This novel wash process involves a combination of warm 

water washes, chemical washes and centrifugation, together with sterilisation steps to clean 

whole femoral heads, thereby producing large amounts of bone material in a relatively fast 

manner. This method, based on preliminary data, reports the fast and effective removal of 
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99% of harmful components (Board et al., 2006a). However for this to be of use clinically, a 

comprehensive analysis of biocompatibility, biomechanical stability and an assessment of the 

materials osteoinductive capacity are required. 

 

1.5.1 Aims 

The overall aim of this research is to test the ability of a novel wash process to produce a 

biological material/scaffold for use in BTE. In order to achieve this, the washed material must 

be assessed for remaining marrow contamination, its biocompatibility, biomechanical 

stability and its ability to support an osteogenic cell type and its osteogenic activity. 

The thesis is therefore divided into the following main objectives: 

Chapter 2: Assessment of the biological and biocompatibility properties of the washed 

bone. This will be achieved by washing living-donor bone using the novel wash process. The 

soluble biological marrow components contained in the waste solutions will be assessed as 

they are removed from the structure. The biocompatibility will be tested in both proximity 

and extract cytotoxicity assays. 

Chapter 3: Investigation of the biomechanical properties of the washed bone in parameters 

of yield and failure. The washed bone will be directly compared to unwashed bone by the use 

of a halved femoral head mirrored sample compression model, using uniaxial load on a Lloyd 

system LRX plus compression rig. In addition, to ascertain whether the wash process is more 

or less damaging than US standard sterilisation method gamma irradiation, a more clinically 

relatable random axial model will be utilised to examine alterations in material strength in 

young and old samples for both unwashed and washed and gamma irradiated forms of both.  
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Chapter 4: Assessment of the potential of the washed bone to allow adherence of culture 

expanded BM-MSCs and support their osteogenic differentiation and activity. In addition, the 

effect of cell donor age and bone donor age will be examined to determine if either factor has 

an influence on osteogenic activity. To achieve this, BM-MSCs taken from young and old 

cell donors will be seeded onto bone cubes from young and old bone donors, with their 

relative osteogenic gene expression and ALP activity assessed. 

Chapter 5: Preliminary assessment of the use of alternate sources of osteogenic cells, 

namely adipose derived MSCs and concentrated BM-MNC from bone marrow. As such, BM-

MNCs, and MSCs from both bone marrow and adipose tissue will be seeded onto washed 

bone, and the seeding efficiency, viability and gene expression analysis of osteogenic genes 

will be assessed. 
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Chapter 2 
 

Assessing the effects of a 
novel wash process on the 

biochemical and 
biocompatibility 

properties of the bone 
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2.1 Introduction  

Fresh-frozen human allograft bone is currently the most effective alternative to the gold 

standard autograft, sharing many of its osteogenic characteristics. These characteristics are 

presently lacking in synthetic materials which has meant that clinically, biological allografts 

are the primary choice of allograft bone material (Zimmermann and Moghaddam, 2011). In 

the UK, fresh-frozen grafts are, to date, still acceptable and the most common form of bone 

graft material; however they require stringent quality controls including strict donor selection, 

serology, microbiological and viral nucleic acid testing (NAT) in order to minimise the risk 

of immune response and disease transfer to the patient. Despite these controls, investigations 

into the infectious potential of the fresh-frozen grafts have suggested an infection risk as high 

as 22% (Varettas and Taylor, 2011).  

This continued potential for harmful disease transmission has meant that some health 

authorities advise that allograft material is sterilised by gamma irradiation before clinical use 

(American Association of Tissue Banks, 2006). Gamma irradiation involves subjecting the 

target material to a dose of 25kGy in order to achieve the level of radiation required to 

denature biological tissue and particles such as HIV and other infectious organisms (Hamer et 

al., 1999). This denaturation occurs through an attack on biological materials either by the 

direct effect of gamma irradiation (Dziedzic-Goclawska et al., 2005) or by free radicals, 

produced by the radiolytic excitation of trapped water molecules (Akkus et al., 2005). 

However, there are many disadvantages to the use of this sterilisation method. In particular, 

production of cytotoxic peroxidised lipids may cause osteogenic cell death (Moreau et al., 

2000), diminishing the ability of host progenitor or osteogenic cells to adhere (Fawzi-

Grancher et al., 2009), and thereby weakening osteogenic potential of the bone. Finally, 

gamma irradiation fails to remove the dead cell matter and marrow which contains antigenic 
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cell types (Czitrom et al., 1985) and thus it can still elicit an immune response (Bos et al., 

1983). It is for these reasons that fresh-frozen material is still favoured (Costain and 

Crawford, 2009). 

An immune response, and possible immune rejection, by the host has the potential to delay or 

even prevent an osteoinductive phase and the grafts incorporation into the host bone (Sun et 

al., 1998). The host immune response is initiated primarily through interaction of human 

leukocyte antigens (HLA) present on the surface of all cells. Also known as major 

histocompatibility complexes (MHC), there are 2 main classes (I and II), which together 

instruct the body as to whether a tissue is “self” or “non-self”. Within bone marrow, MHC 

class I antigens are present on all cells including osteoblasts, osteoclasts, bone marrow cells 

and adipocytes, with class II only expressed by bone marrow cells (Feng et al., 2012). 

Alongside cell presented antigens, the fresh-frozen bone marrow also contains necrotic 

bodies, which further stimulate the immune system. Initially these antigens activate dendritic 

cells causing the release of pro-inflammatory cytokines such as tissue necrosis factor-α 

(TNFα), interferon-γ (IFNγ) and several chemo-attractive interleukins, which further attract 

innate immune system cells such as macrophages. MHC class I antigens further interact with 

CD8+ cytotoxic T-cells, resulting in the release of cytotoxic agents and cytokines, which 

continues cell activation and migration. MHC class II antigens react exclusively with CD4+ 

T-helper cells, and initiate an antibody mediated attack of the foreign tissue. These processes 

are designed to rid the area of foreign bodies; however they often lead to the destruction of 

surrounding tissue (Burwell, 1985). 

The response by the host is thought to be both cell and antibody mediated, similar to any 

organ rejection, and even extends to severe inflammation (Burwell, 1985) and the destruction 

of the vasculature network leading to areas of necrosis, further slowing down 

osseointegration. Guidelines by the European directive (2004/23/EC, 2004) for the use of 
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tissue and cells from donors, implies that allografts should be processed to remove as much 

risk as possible to the patients’ health. As such, it is therefore only prudent that the marrow 

material should be removed from allograft bone to improve biocompatibility, and 

subsequently the overall clinical outcome of the graft.  

Alternative sterilisation or wash methods have been described for human bone material, 

either in addition to, or as a replacement for gamma irradiation and are being used clinically 

in varying amounts (Bostrom and Seigerman, 2005). These methods utilise mechanical 

centrifuge and chemical washes to sterilise the matrix, denaturing DNA and soluble proteins 

to remove the soft tissue, leaving behind a scaffold devoid of cellular material, whilst 

retaining biocompatibility and its latent osteoinductive and osteoconductive abilities 

(Hassaballa et al., 2009). Though simple washes have demonstrated a beneficial influence on 

biocompatibility (Board et al., 2009), wash methods often include a multitude of chemical 

detergents, rinses and powerful oxidising agents to ensure removal of bacterial and viral 

material as well as dead, native cells (Beebe et al., 2009). Unfortunately, the use of strong 

chemicals and processes may also affect the biocompatibility of the structure (DePaula et al., 

2005; Kluger et al., 2003), although wash methods including peracetic acid (PAA) (Haimi et 

al., 2009; Pruss et al., 2003) and alcohols (Mroz et al., 2006) demonstrate little to no effect 

on the biocompatibility of the material. This study utilised a novel bone allograft wash 

process developed by the NHSBT blood and tissue services, to remove marrow from whole 

femoral heads. This wash process is a modification of that published by Yates et al. (2005) to 

include the chemical sterilants PAA and hydrogen peroxide alongside multiple wash 

centrifuge steps and warm water baths. 
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2.1.1 Aims 

The potential for complete removal of immunogenic cellular components has led to marrow 

removal techniques becoming more prevalent in the production of biological materials 

required as scaffolds in tissue engineering applications (Ma et al., 2013; Hashimoto et al., 

2011; Dutra and French, 2010). Although these wash processes may remove the dead marrow 

material, and in doing so improve the access of the structure for cell seeding, it should not 

weaken the beneficial properties of the graft.  

This study was therefore designed to assess the efficacy of a novel wash process developed 

by the NHSBT, and ascertain the effect its use may have on the biocompatibility of the bone. 

As such, the initial aims of this study were to i) assess the efficacy of removal of the dead 

marrow material from the bone during the wash process, and ii) examine the biocompatibility 

of the wash bone graft compared to unwashed fresh-frozen controls. 
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2.2 Materials and methods 

2.2.1 Utilisation of a novel wash process on whole femoral heads 

2.2.1.1 Femoral head acquisition and cohort details for wash efficiency 

Fresh-frozen femoral heads were obtained, with ethical approval, through the NHSBT Tissue 

Services, from consenting live donors undergoing hip replacement surgery. For the 

assessment of wash efficiency, a total of 13 femoral heads were used from individuals aged 

below 50 years of age (YOA) (young) (N=5, aged 38–46 years, mean 42 years) and above 70 

YOA (old) (N=8, aged 71–82 years, mean 77 years); for full details see Table 2.1. Following 

removal from the donor, femoral head samples were stored at -80°C until required.  

 

Table 2.1: Femoral head sample details for biochemical testing of wash protocol 
efficiency 

Sample ID. Sex Age (years) Experiment used 
≤50 YOA    
457 356 Male 38 Wash Efficiency 
457 282 Male 41 Wash Efficiency 

458 034 Female 42 Wash Efficiency 

457 354 Male 43 Wash Efficiency 

447 995 Male 46 Wash Efficiency 

≥70 YOA    

151 300 Female 71 Extended Wash 

447 799 Male 71 Extended Wash 

156 251 Male 77 Wash Efficiency 

449 505 Female 77 Wash Efficiency 

457 447 Male 78 Wash Efficiency 

452 911 Male 79 Extended Wash 

455 486 Male 79 Wash Efficiency 

459 330 Male 82 Wash Efficiency 
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2.2.1.2 Femoral head wash process 

Whole fresh-frozen femoral heads were removed from -80°C storage and defrosted overnight 

at 5°C. All external soft tissue was removed using a scalpel and forceps, before the femoral 

neck was detached using an oscillating De Soutter saw (NS3A De Soutter; Aston Clinton, 

Buckinghamshire, UK) opening up the femoral head to the wash process. The femoral neck 

was included in the wash process as a separate piece to maximise available material. 

The femoral heads were first submerged in 300ml distilled water (dH2O), pre-heated to 60°C, 

and sonicated in an ultrasonic water bath (F5300b; Decon, Hove, UK) for 15 minutes at 

60°C. A temperature of 60°C was chosen to ensure the liquidation of the lipid component of 

the bone marrow, whilst simultaneously acting to pasteurise it. The femoral heads were 

transferred to 300ml fresh dH2O preheated to 60°C and agitated on an orbital shaker 

(IOC400; Weiss-Gallenkamp, Loughborough, UK) at 200rpm, 60°C, for five minutes, then 

transferred into 300ml of dH2O and agitated at 200rpm for 30 minutes at 60°C. The femoral 

heads underwent a centrifuge-wash combination three times, in which they were first placed 

on bespoke perforated platforms within the sample pots (Figure 2.1) and centrifuged at 

1850xg for 15 minutes at ambient temperature in a floor standing centrifuge (Sorvall, using 

rotor RC3BP; Thermo Scientific, Hemel Hempstead, UK), then submerged in 300ml dH2O 

preheated to 60°C, and agitated in an orbital shaker at 200rpm, 60°C for 10 minutes. After 

three centrifuge-wash steps the femoral heads were sonicated for 10 minutes at 60°C in 

300ml pre-warmed (60°C) sterilant solution containing 3% hydrogen peroxide (v/v), (H3410; 

Sigma-Aldrich, Gillingham, UK) and 0.02% PAA (v/v) (77240; Sigma-Aldrich, Gillingham, 

UK), in dH2O (Patent pending). Samples were transferred to 300ml of 70% (v/v) ethanol and 

sonicated for 10 minutes at 21°C. Finally, femoral heads underwent two washes in 300ml 

dH2O, and agitated at 200rpm for 10 minutes at 60°C, before being centrifuged at 1850xg for 
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15 mins at ambient temperature to remove any remaining liquids (Table 2.2) (Smith et al., 

2014a). 

 

Figure 2.1: Bespoke centrifuge pot for the separation of femoral head from marrow material 

during centrifugation. Femoral heads were placed on a perforated platform inside of a 

centrifuge pot, thereby elevating them from the marrow waste removed during centrifugation. 

 

Table 2.2: Wash procedure protocol for use on whole femoral heads 
Step No. Description Solution Temp (°C) Time (Mins) 

1 Sonication dH2O 60 15 
2 Rinse dH2O 60 5 
3 Wash 1 dH2O 60 30 
4 Centrifuge 1 NA 21 15 
5 Wash 2 dH2O 60 10 
6 Centrifuge 2 NA 21 15 
7 Wash 3 dH2O 60 10 
8 Centrifuge 3 NA 21 15 
9 Wash 4 dH2O 60 10 
10 Chemical sterilants 3 % H2O2, 0.02 % PAA 60 10 
11 Ethanol 70 % Ethanol 21 10 
12 Wash 5 dH2O 60 10 
13 Wash 6 dH2O 60 10 
14 Centrifuge 4 NA 21 15 
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2.2.2 Assessment of wash efficiency through evaluation of residual 

material in washed femoral heads 

The efficiency of the wash process in removing the soluble marrow components from the 

whole femoral heads was assessed in order to ascertain effectiveness and quality assurance. 

This was achieved by comparing the sum of the detectable soluble factors present in the spent 

wash solutions to a sample taken from a final residual step. This step was designed to remove 

any remaining soluble marrow components after the wash process, as a quality assurance 

assay. As such, an additional wash step was conducted. For this additional wash step, an 

intact half of a femoral head was required. Therefore, washed femoral heads were laterally 

bisected along the coronal plane to produce two equal halves. One half was used while the 

other was stored for further use. The femoral head half from each donor was weighed and 

submerged in dH2O, pre-heated to 60°C, equal to 5x (ml) its weight (g). These were agitated 

at 200rpm for one hour at 60°C. This residual wash solution sample was assessed alongside 

samples taken from during the waste wash solutions. 

 

2.2.2.1 Assessment of soluble marrow components in waste solutions 

To assess the removal of marrow contaminants from the whole femoral head, samples of 

wash solutions were collected after each step of the protocol (N=14). Biochemical assays 

were used to test for the contaminants; DNA (PicoGreen), soluble protein (Bradfords) and 

haemoglobin (Drabkins). These techniques were used to assess the presence of these factors 

in the used wash solutions discarded during the sterilisation process, thereby assessing their 

removal from the bone.  
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2.2.2.1.1 DNA assay 

The DNA content of waste solution samples were assessed by PicoGreen assay, performed 

according to the manufacturer’s protocol (P7589; Life Technologies, Paisley, UK). 

Distilled water was used to dilute 20x Tris-EDTA (ethylenediaminetetraacetic acid) (TE) 

buffer stock (supplied with kit) to 1x TE for use in the assay. Pico-green reagent was diluted 

200-fold using 1x TE buffer to its working concentration. Serial dilution of supplied DNA 

standard stock (100mg/ml) was used to produce a high DNA concentration eight point 

standard curve with values 1000, 500, 250, 125, 62.5, 31.25, 15.625 and 7.81ng/ml 

(concentrations correct after PicoGreen reagent addition). 

Samples were diluted as needed in 1x TE buffer before 50µl of each was plated in triplicate 

in a 96-well fluorescence plate (B1196-51A; Thermo Scientific, Hemel Hempstead, UK) 

along with standards and blank (TE buffer), and mixed in a ratio 1:1 with 50µl of PicoGreen 

reagent. The plates were incubated for five minutes at 21°C in the dark, and read at 

485/528nm (FLx800; BioTek, Bedfordshire, UK). The equation of the trend-line for the 

standard curve was used to convert raw data into actual DNA values. 

 

2.2.2.1.2 Protein assay 

The soluble protein content of waste solution samples was assessed by Bradford assay 

(B6916; Sigma-Aldrich, Gillingham, UK), run according to the manufacturer’s protocol.  

A BSA (bovine serum albumin) stock solution (2000mg/ml) was made by dissolving 2000mg 

of BSA (A9418; Sigma-Aldrich, Gillingham, UK) in 1ml of dH2O, and serial dilution used to 

create an eight point high concentration standard curve with values 1000, 500, 250, 125, 62.5, 

31.25, 15.625 and 7.81mg/ml (concentration correct after addition of Bradford reagent).  
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Samples were diluted as required using dH2O. A 50µl aliquot of each sample was loaded in 

triplicate into a clear 96-well incubation plates (3860-096 (Iwaki); Thermo Scientific, Hemel 

Hempstead, UK) before 50µl of Bradford reagent was added to all wells. Plates were then 

incubated for five minutes at 21°C before being read at 595nm (ELx808; BioTek, 

Bedfordshire, UK). A standard curve was produced and the equation of its trend-line used to 

convert raw data into mg/ml protein values. 

 

2.2.2.1.3 Haemoglobin assay 

Drabkins solution (D594; Sigma-Aldrich, Gillingham, UK) was used to analyse the 

Haemoglobin present on the waste solutions, as this method reduces variable background 

readings, which could otherwise have produced spurious results. Drabkins reagent was 

produced by adding one vial (5ml) to 1L dH2O and 30% (v/v) Brij 35 solution (B4184; 

Sigma-Aldrich, Gillingham, UK) added according to manufacturer’s protocol. This reagent 

solution was filtered using a 0.45µm filter (2053-025; Thermo Scientific, Hemel Hempstead, 

UK) before use to remove insoluble particles. A Cyanmethemoglobin stock solution was 

created by dissolving 180mg of human haemoglobin (H7379; Sigma-Aldrich, Gillingham, 

UK) per 1ml of Drabkins solution. The Cyanmethemoglobin solution was diluted 250-fold by 

adding 40µl to 10ml of the Drabkins solution. This in turn was used to produce the standards 

of 717, 478 and 239µg/ml. Waste solution samples were filtered using 0.45µm filters to 

remove impurities, particularly bone fragments and fat globules which could greatly affect 

the assay, and diluted using dH2O as required. Finally, 100µl of samples and standards were 

plated in 96-well clear incubation plates and mixed with 100µl of Drabkins solution. The 

plate was incubated for five minutes at 21°C and read at 540nm (ELx808; BioTek, 

Bedfordshire, UK). Similar to DNA and protein, the equation for the standard curve trend-

line was used to convert raw data into actual values of µg/ml. 
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2.2.3 Re-assessment of wash efficacy after elimination of geode 

material from femoral head. 

The dissection of the femoral head halves exposed sub-chondral cysts (geodes) and 

osteophytes in the femoral heads which, due to their enclosed structure, were not affected by 

the wash protocol (Figure 2.2). The femoral heads used in this study were clinically rejected 

samples from living patients; in deceased donor samples these types of structures are 

considered rare. Therefore comparative studies on both halves of bisected, washed femoral 

heads (N=3, see Table 2.1 for full details) were used to determine if this geode material 

significantly altered the residual contamination. One half was kept “intact” whilst geode 

material was removed from the other with a De Soutter saw, to excise usable trabecular 

material. Figure 2.3 displays the femoral head halves before and after this procedure. 

An extended residual wash protocol was undertaken to assess the efficiency of the wash 

process and the remaining level of contamination in only the wash trabecular material. In 

addition to the residual wash protocol (described in section 2.2.2), the femoral head halves 

were centrifuged at 1850xg for 15 minutes at 21°C. The combination of residual wash and 

centrifuge was repeated three times with a final wash in dH2O. Samples taken from the waste 

solutions were tested for DNA, protein and haemoglobin contamination (as described in 

section 2.2.2.1). Together these additional waste solutions signified a more detailed 

assessment of residual contamination. 
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Figure 2.2: Photograph displaying unwashed geode in washed femoral head. Presence of the 

geode (A) in the femoral head, leads to thickening of the surrounding trabecular material (B). 

This trabecular material, together with the cortical shell (C) traps the marrow, meaning the 

head is insufficiently washed. 

A 

B C 
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Figure 2.3: Dissection process of washed femoral heads, demonstrating the removal of the 

cortical shell and sub-chondral cysts to excise trabecular material. Images display the uncut 

femoral head halves of three different donors (A1, B1 and C1) and the subsequent trabecular 

material excised after the removal of geode material via the use of a De Soutter saw (A2+A3, 

B2+B3, C2+C3). Boxed area in B1 displays a sub-chondral cyst (geode) highlighted by the 

dark colour exhibited by the material. 

Sample 452 911 

Sample 151 300 

Sample 447 799 

A1 

B1 

C1 

A2 

B2 B3 

A3 

C2 C3 
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2.2.3.1 Washed femoral head dissection and storage 

The washed femoral heads were dissected as needed using an oscillating De Soutter saw. The 

washed bone material used in further experimentation was cut from washed femoral heads 

into 1cm3 bone cubes using a grid marker. These samples were snap-frozen in liquid nitrogen, 

and stored dry at -80°C until use.  

 

2.2.4 Assessment of acellularity of washed bone 

To support the wash efficiency data and assessment of marrow component removal from the 

washed femoral heads, a DNA quantification and degree of fragmentation experiment was 

conducted on washed bone cubes.  

 

2.2.4.1 Residual DNA isolation 

Bone cubes from unwashed fresh-frozen (N=3) and washed (N=3) femoral heads (one 

cube/femoral head) were snap frozen and impacted using a pre-chilled piston and cylinder to 

produce a fine powder. Digestion of the bone powder and subsequent DNA extraction from 

the digested samples, was undertaken using the DNeasy Blood & Tissue kit (69506; 

QIAGEN Ltd, Manchester, UK) and proteinase K (19131; QIAGEN Ltd, Manchester, UK). 

For each powdered block, a 100mg sample was digested in 40µl proteinase K and 360µl of 

pre-warmed (56°C) ATL buffer solution (final concentration 2.4mU(units)/ml) and incubated 

in a heat block at 56°C for 48 hours with occasional agitation. After incubation, the digest 

was vortexed (PV-1, Grant instruments, Shepreth, UK) and 400µl each of buffer AL and 

100% ethanol added with vortexing to produce a homogenous sample.  
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For DNA extraction, 650µl of digest solution was pipetted into a DNeasy mini spin column 

and centrifuged to enable the adherence of the DNA to the membrane. This process was 

repeated until all the digest solution had been used. The column was then washed in 

accordance with the manufacturer’s protocol, before the DNA was eluted with 200µl AE 

buffer. The elution step was repeated and the eluents combined to maximise the DNA yield 

from the membrane. 

 

2.2.4.2 Assessment of DNA Concentration 

The isolated DNA was concentrated using ethanol precipitation. To each 400µl extracted 

DNA sample, 40µl (10% v/v) of 300mM sodium acetate, 1ml (2.5x volume) of 100% ethanol 

and 1.5µl Glycoblue (AM9516; Life Technologies, Paisley, UK) (for improved visualisation 

of the pellet), were added and mixed gently together by inversion so as not to cause any 

accidental DNA fragmentation. This solution was then incubated at room temperature for one 

hour, before being centrifuged at 12,000xg for 30 minutes at 4°C to produce a blue pellet. 

The supernatant was removed from the pelleted DNA and replaced with 1ml of 75% ethanol. 

The pellet was carefully dislodged from the side of the microcentrifuge tubes (MCT) and 

washed by inverting several times. The MCT was centrifuged at 12,000xg at 4°C for 15 

minutes and the supernatant removed to expose the pellet which was allowed to air dry for 

three minutes at room temperature. The dried pellet was resuspended in 20µl 1x TE buffer 

(93302; Sigma-Aldrich, Gillingham, UK) and incubated for one hour at 60°C on a heating 

block with intermittent vortexing to fully dissolve.  
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2.2.4.3 DNA quantification 

The total DNA of each sample was quantified using a Nanodrop spectrophotometer 

(ND1000; Thermo Scientific, Hemel Hempstead, UK). After blanking with TE buffer, a 1µl 

sample was placed on to the machine and the nucleic acid programme run for DNA-50 

sample types. The optical density value taken at 260nm was multiplied by a conversion factor 

of 50 to calculate concentration, whilst the 260/280 and 260/230 ratios were used to 

determine quality in regard to protein, phenol and salt contaminants. The Nanodrop pedestal 

was cleaned with dH2O and wiped between each sample to prevent cross contamination. 

 

2.2.4.4 Analysis of DNA fragmentation  

To assess whether the DNA extracted from the digested bone was intact or fragmented, end-

point polymerase chain reaction (PCR) using Platinum Taq DNA polymerase (10966-034; 

Life Technologies, Paisley, UK) was performed with primers for the gene GAPDH 

(Glycetaldehyde-3-phosphate dehydrogenase) (Sigma-Aldrich, Gillingham, UK) (Table 2.3). 

Similar methodology has been used before (Ma et al., 2013) and the technique has been 

shown to amplify only intact DNA. 

 

Table 2.3: List of primers used for PCR amplification of GAPDH  
Target Gene Forward 

Primer (5’>3’) 
Reverse 
Primer 
(5’>3’) 

Gene 
variants 

Accession no. 
(Gene bank) 

Product 
Size 
(bp) 

GAPDH GGG CTG 
CTT TTA ACT 

CTG GT 

GCA GGT 
TTT TCT 
AGC CGG 

GAPDH 
Variant 1 

NM_002046.4 700 

GAPDH 
Variant 2 

NM_001256799.1 700 
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The extracted DNA (described in section 2.2.4.3) was diluted using molecular grade water 

(455847D; VWR, Lutterworth, UK) to a final concentration of 1ng/µl. A 1µl (1ng DNA) 

volume of each diluted sample was then mixed with 24µl Master Mix (Table 2.4). Reactions 

were then performed on an MJ research PTC-200 Thermocycler (GMI Inc, Minnesota, USA).  

 

Table 2.4: Conventional PCR using Platinum® Taq master mix reaction 
PCR Master Mix reagent Volume of reagents (µl) Final concentrations 
10x PCR buffer -MgCl2 (10966-034 
kit) 

2.5 1x 

50mM MgCl2 (10966-034 kit) 0.75 1.5mM 
5nM dNTP mix (18427088; Life 
Technologies, Paisley, UK) 

1 0.2mM 

100µM Forward primer 0.25 1µM 
100µM Reverse primer 0.25 1µM 
Platinum® Taq DNA polymerase 
enzyme (10966-034 kit) 

0.125 2.5U/rxn 

Molecular grade water (VWR) 19.125 NA 
 

An optimisation study was conducted for both annealing temperature and cycle number to 

ensure amplification of a single fragment of the intended molecular weight within the 

exponential phase of the reaction. A range of annealing temperatures from 54°C to 62°C were 

tested, increasing in 2°C increments, as well as the number of reaction cycles from 20 to 34, 

increasing in 2 cycle increments. For this study, 22 cycles of an end-point PCR program 

(Table 2.5) using 60°C annealing temperature was found to be optimal for visualisation of 

product. 

Table 2.5: Thermocycler conditions for conventional PCR reaction 
Step Temperature (°C) Time length (Minutes) Cycle details 
1 – Activation step 94 1:30  
2 – Denaturation 94 0:30 

Step 2–4 repeated 
for 22 cycles 

3 – Annealing 60 0:30 
4 – Extension 72 1:20 
5 – Finish 4 ∞  
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2.2.4.5 Agarose gel DNA electrophoresis  

To visualise amplified DNA, agarose gel electrophoresis was used to separate the DNA 

fragments by size. A 2% (w/v) agarose gel was produced by dissolving 1g of agarose powder 

(A9414, Sigma-Aldrich, Gillingham, UK) in 50ml 1x TAE (Tris-acetate EDTA) buffer 

(BDHA443847D, VWR, Lutterworth, UK) with 5µl of GelRed (730-2956P; VWR, 

Lutterworth, UK) to enable visualisation of the DNA under fluorescence (302nm). Two 

microlitres of DNA orange (R0631; Thermo Scientific, Hemel Hempstead, UK) was added to 

10µl of each sample and mixed before being pipetted into lane wells. A 100bp DNA ladder 

(N0467; New England Biolabs, Hitchin, UK) was included on the gel for size comparison. 

The agarose gel was submerged in TAE buffer and run in an electrophoresis gel tank (Mini-

Sub®; BIO-RAD, Hemel Hempstead, UK) at 100V (PPV 300/200.4; Northumbria 

Biologicals Ltd, Cramlington, UK), until the dye front had migrated to the end of the gel 

(approx. 45 minutes). Gels were transferred to a transilluminator gel analyser for visualisation 

and image capture (GeneGenious Bio Imaging stem; Syngene, Cambridge, UK). Images were 

viewed using Gensnap imaging software (Syngene, Cambridge, UK). 

 

2.2.5 Histological assessment of washed bone cubes 

2.2.5.1 Processing bone samples to paraffin wax  

Cubed bone samples from the unwashed fresh-frozen (N=2) and washed bone (N=2) were 

fixed in 50ml formal saline (4% (v/v) formaldehyde, 0.9% (w/v) sodium chloride) at room 

temperature for in excess of 48 hours, then decalcified in 20% (v/v) EDTA (pH 7.4), which 

was replaced every three to four days to prevent saturation. X-ray radiographs (43855A 

Fixatron X-ray system; Hewlett Packard) were taken (50mA, 10 seconds) of each sample and 
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used to determine levels of decalcification. Once decalcified, bone samples were drained and 

washed for 24 hours in fresh running water to remove traces of EDTA.  

Bone samples underwent automated chemical dehydration and wax fixation (Shandon: 

Citadel 2000; Thermo Scientific, Paisley, UK) using industrial methylated spirits (IMS) 

(11442874; Fischer Scientific, Loughborough, UK) and xylene (10418473; Fischer Scientific, 

Loughborough, UK) according to a programed schedule (Table 2.6).  

 

Table 2.6: Automatic wax processing schedule for bone cubes  
Processing fluid Time length (Hours) 
50% IMS 5 
70% IMS 5 
99% IMS 5 
99% IMS 5 
99% IMS 5 
99% IMS 5 
99% IMS 5 
Xylene 5 
Xylene 5 
Xylene 5 
Molten wax 5 
Molten wax 11 
 

Samples were removed to a vacuum oven (VDL 53; Binder, Tuttlinger, DE) for two hours to 

remove all traces of xylene and ensure full wax penetration, before being embedded in 

histological paraffin wax blocks. All embedded samples were cut to 5µM sections using a 

Microtome (Shandon Finesse 325; Thermo Scientific, Paisley, UK) and mounted onto 

positively charged glass slides (4951PLUS4 Superfrost® Plus; Thermo Scientific, Paisley, 

UK).  
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2.2.5.2 Histological staining 

2.2.5.2.1 Masson’s trichrome 

To perform a Masson trichrome (MTC) stain the mounted bone cube sections were de-waxed 

by emersion in xylene, four times for five minutes, and rehydrated by emersion in 99% IMS, 

four times for five minute each time. 

Equal volumes of Weigerts iron Haematoxylin A (HS375; TCS Biosciences, Buckingham, 

UK) and B (HS380; TCS Biosciences, Buckingham, UK) were mixed to produce a working 

stain. Slides were soaked in dH2O for five minutes before approximately 200µl of the 

Weigerts iron Haematoxylin stain was added carefully in a drop wise manner onto each 

section and incubated for 10 minutes at room temperature. After being rinsed with deionised 

water, the slides were soaked for five minutes in running tap water. Sections were then 

stained in 200µl of Ponceau acid fuchsin solution (RRSP131-c; Biostain, Manchester, UK) 

and incubated for 10 minutes, before being soaked in running water for five minutes or until 

excess stain was removed. Sections were drained of water then differentiated in 200µl 

phosphomolybdic acid solution (RRSP172-c; Biostain, Manchester, UK) for 10 minutes. 

Slides were washed in dH2O for five minutes and drained, before 200µl Masson Aniline blue 

(SP972; GCC diagnostics, Deeside, UK) was added and incubated for five minutes. Slides 

were drained and without being washed, 200µl acetic acid was added (UN:3265; GCC 

Diagnostics, Deeside, UK) for five minutes. Finally, slides were washed in dH2O until 

leaching of blue colour had ceased. The slides underwent 4x five minute emersions in 99% 

IMS to dehydrate them, before being cleared 3x five minutes in xylene. Slides were sealed 

and mounted in Pertex. All images were acquired on a Leitz DMRB microscope (Leica 

Microsystems, Milton Keynes, UK) using Deltapix Infinity X and supporting software 

(Deltapix, Maalov Beyvej, Denmark). 
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2.2.5.2.2 Haematoxylin and eosin  

For haematoxylin and eosin (H&E) staining, mounted sections were de-waxed in xylene, and 

rehydrated in alcohols and deionised water as described previously (2.2.5.2.1). Samples were 

placed in Mayer’s haematoxylin solution (HST011; Solmedia, Shrewsbury, UK) for three 

minutes, rinsed in running tap water for five minutes and placed in eosin for 10 seconds. 

Slides were then dehydrated, cleared through xylene and had cover slips sealed on using 

Pertex. 

 

2.2.5.2.3 Fluorescence staining of nucleic acids  

Fluorescence staining of cellular DNA using DAPI (4’,6-diamidino-2-phenylindole) was 

undertaken for better visualisation of potential cell nuclei. Dewaxed and rehydrated mounted 

sections were incubated with mounting solution containing DAPI (H-1200; Vector 

Laboratories, Peterborough, UK). Images were captured in fluorescence and visible light 

using an Olympus Bx51 (Olympus, Southend-on-Sea, UK) microscope equipped with a U-

RFL-T mercury lamp. Images were acquired using a Retiga-SRV Fast 1394 camera with 

QCapture suite image capture software (QImaging, Surrey, Ca). 

 

2.2.5.3 Immunohistochemical staining for immunogenic antigen MHC I 

The human variant of the MHC class I antigen, HLA, has 3 major gene products termed HLA 

A, B and C. As all three of these antigens are able to activate CD8+ T cells, causing an 

immune response, an antibody was chosen which was able to bind all three. Mounted sections 

of unwashed fresh-frozen (N=3) and washed bone (N=3) were dewaxed and rehydrated 

(2.2.5.2.1). The endogenous peroxidase was blocked by incubating for 30 minutes at room 

temperature in 300ml IMS containing 3% hydrogen peroxide and 200µl hydrochloric acid. 
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This was rinsed off by washing once in dH2O and twice in Tris-buffered Saline (TBS) for 

five minutes each time. Sections were then immersed in TBS for five minutes at 37°C before 

being transferred to an enzymatic antigen retrieval solution containing 0.01% (w/v) 

chymotrypsin (C4129; Sigma-Aldrich, Gillingham, UK) and 0.1% (w/v) calcium chloride 

dihydrate in 300ml TBS, for 20 minutes. The slides were washed in TBS at room temperature 

to stop the reaction.  

Non-specific binding sites were blocked by incubating sections in 200µl 25% (v/v) normal 

goat serum in TBS at room temperature for 30 minutes. The blocking solution was tapped off 

and the samples were incubated overnight at 4°C in primary HLA Class 1 ABC [EMR8-5] 

mouse monoclonal antibody (ab70328; Abcam, Cambridge, UK) diluted 1/200 in TBS 

containing 1% BSA (w/v). Following overnight incubation, the samples were drained of 

primary antibody and washed in TBS three times for five minutes each. Sections were then 

incubated for 30 minutes with the biotinylated secondary goat anti-mouse immunoglobulin G 

(IgG) antibody diluted 1/200 in TBS containing 1% BSA (sc-3795; SantaCruz 

Biotechnology, Heidelberg, Germany).  

Antibody binding was visualised by incubating with streptavidin-biotin-HRP (horseradish 

peroxidase) complex (PK-7100; Vector Laboratories, Peterborough, UK) for 30 minutes. The 

sections were again washed in TBS three times for five minutes and stained using 3’,3-

diaminobenzidine tetrahydrochloride (DAB) (H-2200; Vector Laboratories, Peterborough, 

UK) for 10 minutes. Finally the sections were rinsed using tap water and counter stained in 

Mayers haematoxylin for one minute, before being rinsed in running tap water for five 

minutes. The stained sections were dehydrated in IMS, cleared using xylene, and sealed with 

Pertex, and mounted with coverslips. 

 



86 
 

2.2.6 Biocompatibility assessment of washed and unwashed fresh-

frozen bone 

2.2.6.1 Primary cell extraction and general cell culture 

Primary human BM-MSCs were isolated from bone marrow aspirates and reamings removed 

with full consent from patients undergoing hip replacement surgery. Samples initially arrived 

in 180ml specimen pots (SP422; Appleton woods, Birmingham, UK) in 75ml collection 

solution, which contained 20U of heparin/ml of Hanks balanced salt solution (HBSS) 

(H8264; Sigma-Aldrich, Gillingham, UK) and 7,000U penicillin, 18µg/ml streptomycin, 

38ng/ml amphotericin B (A5955; Sigma-Aldrich, Gillingham, UK). 

Upon arrival, samples were transferred to 50ml Falcon tubes (352070; BD Bioscience, 

Oxford, UK) and centrifuged at 500xg for 10 mins (Universal 320, rotor: 1619; Hettish 

Zentrifugen, Newport Pagnell, UK). The supernatant was removed and the pellet resuspended 

in 5ml standard medium comprised of α-modified Eagle’s medium (αMEM) (M4526; Sigma-

Aldrich, Gillingham, UK), 10% foetal calf serum (FCS) (10270; Sigma-Aldrich, Gillingham, 

UK), 10µM ascorbate-2-phosphate (A8960-5G; Sigma-Aldrich, Gillingham, UK), 2mM 

GlutaMAX (35050-038; Life Technologies, Paisley, UK) and combined 

antibiotic/antimycotic solution (50,000U penicillin, 100 µg/ml streptomycin, 250ng/ml 

amphotericin B) (A5955; Sigma-Aldrich, Gillingham, UK). The resuspended pellet was then 

transferred to one or more 15ml centrifuge tubes (35-2097; BD Bioscience, Oxford, UK) 

depending on the size of the pellet, and each tube made up to 5ml with fresh medium. To 

each 15ml tube, 250µl of RosetteSep (15128/15168; Stem Cell Technologies, Manchester, 

UK) was added and incubated for 20 minutes at room temperature. Five millilitres of HBSS 

containing 2% FCS and 1mM EDTA (E9884; Sigma-Aldrich, Gillingham, UK) were then 

added, and the solution gently mixed. The solution was then layered over 5ml Histopaque 
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1077 (H8889; Sigma-Aldrich, Gillingham, UK) and centrifuged at 300xg for 30 minutes to 

separate cells by density gradient. After centrifugation the interface layer was removed 

(Figure 2.4) and transferred to a 25cm2 (T25) culture flask (35-3014; BD Bioscience, Oxford, 

UK) and cultured in standard medium containing 20% FCS. Media was changed every five to 

seven days until 70-80% confluence was achieved at which point cells were passaged. 

 

 

 

Figure 2.4: Diagram of post centrifuge histopaque 1077 for cell isolation. Fractions of bone 

marrow sample with RosetteSep are separated by density. The fraction of coagulated cells 

and bone fragments are denser than the 1.077g/ml histopaque and sediment to the bottom of 

the Falcon tube; while the lighter mononuclear cells float above the histopaque, and are 

topped by the most buoyant material, the fatty supernatant. 
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2.2.6.1.1 Cell expansion  

In this study both MG-63 osteosarcoma and processed BM-MSCs were used to assess the 

cytotoxic potential of both washed and unwashed fresh-frozen bone. Cell cultures were 

grown in vented 150cm2 (T150) culture flasks (35-5000; BD Bioscience, Oxford, UK) at 

37°C and 5% CO2 in standard medium, changed every five to seven days until 70–80% 

confluence was achieved. Confluent flasks were drained of media and washed using 

phosphate-buffered saline (PBS) (D8537; Sigma-Aldrich, Gillingham, UK) to remove traces 

of FCS from the flasks. The PBS was aspirated and the flasks were incubated for 10 minutes 

with 6ml of 0.25% (w/v) trypsin enzyme/EDTA (T4174; Sigma-Aldrich, Gillingham, UK) to 

dissociate cells from the tissue culture plastic. After incubation an equal volume (6ml) of 

standard medium was used to stop the enzymatic action and the solution removed to a 

centrifuge tube. The solution was centrifuged at 400xg for five minutes to pellet the cells, 

after which the supernatant was discarded and replaced with an adequate volume of fresh 

standard medium before being vortexed to mix well.  

A 10µl aliquot was used to assess cell density through use of a haemocytometer (Improved 

Neubauer; Weber Scientific, Teddington, UK). Cells were counted using a light microscope 

(Labonet; Lieca Microsystems, Milton Keynes, UK) in four grid locations and used to derive 

an average which was converted to cells per ml. The suspended cell solution was then split 

between new T150 culture flasks (400,000/flask) with an aliquot frozen for potential future 

use. 

 

2.2.6.1.2 Cell cryopreservation 

Suspended cells were counted using a haemocytometer (2.2.6.1.1) and centrifuged to form a 

cell pellet. The pellet was resuspended in Recovery™ Cell Culture Freezing Media 
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containing 10% DMSO (dimethylsulfoxide) (12648-010; Life Technology, Paisley, UK) to 

give a cell concentration below 2x106 cells per ml. This mixture was aliquoted into labelled 

CryoTubes (368632 Nunc CryoTube; Thermo Scientific, Hemel Hempstead, UK) and frozen 

at -1°C/min using a Mr Frosty™ freezing container (5100-0001; Thermo Scientific, Hemel 

Hempstead, UK), placed in a -80°C freezer, and stored overnight. Frozen cells were then 

transferred to liquid nitrogen for long-term storage. 

 

2.2.6.2 Proximity cytotoxicity of wash bone 

Cubes of unwashed fresh-frozen (N=4) and washed bone (N=4) were fixed into position on a 

6-well plate (35-3046; BD Bioscience, Oxford, UK) using hypoallergenic silicone adhesive 

(MED1137; NuSil, High Wycombe, UK), and allowed to cure for approximately one hour. 

Separate samples of silicone adhesive, and known cytotoxic agent cyanoacrylate glue 

(P01174; Ultraloc™, Bradford, UK), were also included as controls. 

MG-63 osteosarcoma cells were grown to 70–80% confluence, and incubated at 37°C, 5% 

CO2 in standard medium. Cells were dissociated from tissue culture flasks by incubation with 

trypsin, centrifuged at 400xg, and resuspended and counted in fresh standard medium. The 

MG-63 cells were pelleted again and resuspended in standard medium to give a working cell 

concentration of 6.5x103 cells per ml. From this solution a 2ml aliquot was added to each 

well containing fixed bone samples or control wells. This gave approximately 50% 

confluence for a 10cm2 growth area and an initial cell number of 130,000 cells per well. 

Control cubes of washed or unwashed fresh-frozen bone were fixed to 6-well plates and 

cultured with standard medium only, to assay for any potential cells still alive within the bone 

structure. Cultures were incubated for 72 hours at 37°C, 5% CO2, to allow cell migration and 

proliferation. 
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2.2.6.2.1 Giemsa staining and visualisation 

All media was aspirated from culture wells, which were then washed twice with PBS to 

remove traces of FCS. To each well, 2ml of 50% ethanol was added and incubated at room 

temperature for five minutes. The 50% ethanol was then removed and replaced with 2ml of 

70% ethanol. After five minutes the wells were aspirated dry and 2ml of 100% ethanol added. 

After a five minute period the wells were again aspirated and left for 10 minutes to dry 

completely. Giemsa stain (32884; Sigma-Aldrich’ Gillingham, UK) was diluted to 20% (v/v) 

in PBS and 2ml added to each well and left to stain for five minutes before being removed. 

All wells were rinsed briefly with dH2O and allowed to air dry before microscopy. 

Images were captured in fluorescence and visible light using an Olympus Bx51 (Olympus, 

Southend-on-Sea, UK) microscope equipped with a U-RFL-T mercury lamp. Images were 

acquired using a Retiga-SRV Fast 1394 camera with QCapture suite image capture software 

(QImaging, Surrey, Ca). 

 

2.2.6.3 Extract cytotoxicity of washed bone 

2.2.6.3.1 Production of bone extract conditioned media 

Unwashed fresh-frozen (N=3) and washed (N=3) bone samples were snap frozen in liquid 

nitrogen and powdered using a solid metal cylinder and fitting punch rod, which were chilled 

to -80°C prior to use. Snap frozen bone samples were loaded into the cylinder, followed by 

the fitting rod and hammered sharply to produce a powdered sample. The powdered samples 

were weighed and soaked in five times their own weight in standard culture medium for 72 

hours at 37°C under constant agitation (ISO 10993-5, 2009). The solution was centrifuged at 

400xg for five minutes to remove large bone fragments and at 10875xg (Rotina 35R, rotor: 

1789-L; Hettish Zentrifugen, Newport Pagnell, UK) for 10 minutes to remove finer bone 
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particles. The resulting supernatant was used as extract conditioned media in the extract 

cytotoxicity assays on BM-MSCs. 

 

2.2.6.3.2 Effect of extract conditioned media on BM-MSC metabolic activity 

Human BM-MSCs were isolated from bone marrow (55 YOA female), with ethical approval 

using established methodology (section 2.2.6.1). Cells were expanded in standard culture 

medium until passage two, whereby BM-MSCs were seeded into 96-well plates at 3.3x104 

cells/cm2 then incubated for 24 hours. After initial incubation, standard medium was replaced 

with 100µl of extract conditioned media and cells incubated for a further 24 hours. Cell 

viability was assessed by adding 5µl of WST-1 (05015944001; Roche, Welwyn Garden City, 

UK) to each well. The culture plates were incubated for four hours, at 37°C and 100µl of 

supernatant read at absorbance 450nm/620nm (Multiscan FC; Thermo Scientific, UK). All 

raw data values had the blank control value removed, before being divided by the average of 

standard medium control to give fold-change in relation to standard medium only control. 

 

2.2.6.3.3 Effect of extract conditioned media on total BM-MSC number 

After supernatant was removed for WST-1 assay, cells remaining in the 96-well culture plate 

were rinsed with PBS twice and lysed with 100µl, 2% Triton X-100 (X100; Sigma-Aldrich, 

Gillingham, UK) in PBS. A Lactate dehydrogenase (LDH) Master Mix was produced from a 

kit (MAK066; Sigma-Aldrich, Gillingham, UK) by first reconstituting one vial of LDH 

substrate mix in 1ml dH2O. This was mixed well before 400µl was diluted in to 9.6ml of pre-

warmed LDH buffer to produce the LDH reagent. To each well 100µl of LDH reagent was 

added and incubated at room temperature for 30 minutes. Plates were then read at absorbance 

485nm/620nm using a spectrophotometer. All raw data values had the blank control value 
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removed, before being divided by the average of standard medium control to give fold-

change in relation to standard medium. 

 

2.2.7 Direct contact biocompatibility assessment of washed bone 

allograft  

2.2.7.1 Seeding method and ability of cells to adhere to washed bone 

Washed bone cubes were removed from -80°C storage and soaked in PBS under agitation at 

37°C for 30 minutes to defrost and remove dust caused by cutting. This dust was removed to 

prevent cells adhering to small bone fragments, which may then be inadvertently removed 

through rinsing and media changes. The defrosted cubes were then centrifuged in bespoke 

holders (Figure 2.5) at 400xg for five minutes to remove all liquid, and individually placed in 

separate wells of 24-well plates (35-3047; BD Bioscience, Oxford, UK). 

MG-63 cells were cultured in standard medium as described previously (2.2.6.1.1). At 70–

80% confluence cells were trypsinised, counted and resuspended at 4x106/ml in standard 

medium. To each bone cube, 250µl of resuspended cells (1x106 cells) were added carefully in 

a drop wise manner from approximately 2cm above the cube surface, and incubated for 1, 5, 

10, 20, 40, 60 or 120 minutes, before being washed three times in 2ml PBS. The cubes were 

then removed from the wells, and replaced with 1ml 0.25% (w/v) trypsin/EDTA. The 24-well 

plates were then incubated at 37°C for 10 minutes and the enzyme process stopped by adding 

1ml standard medium. Meanwhile, the bone cubes were centrifuged at 400xg for five minutes 

to remove all liquid, which was vortexed to resuspend any pelleted cells. This was combined 

with the trypsin and PBS washes, and centrifuged again at 400xg for five minutes to pellet all 

cells. These were counted and termed non-adherent cells. 
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Figure 2.5: Diagram of specialised centrifuge device. A hole was produced in the bottom of a 

universal tube, which was subsequently placed inside of a 50ml Falcon centrifuge tube, 

thereby elevating the bone from any liquid removed by centrifugation. 

 

2.2.7.2 Direct contact compatibility of washed bone cubes 

Bone cubes taken from a washed femoral head (457 344, 78 YOA female) were defrosted and 

placed into separate wells of a 24-well plate. BM-MSCs from a 50 YOA male were cultured 

in standard medium as previously described (2.2.6.1.1). Cells were removed from TCP using 

trypsin/EDTA (2.2.7.1) and resuspended at 4x106 cells/ml in standard medium. The cell 

suspension was used to seed bone cubes (n=5) with 1x106 cells (250µl) each, which were 

then incubated for one hour at 37°C, 5% CO2. Non-adherent cells were collected as described 
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previously (2.2.7.1) and used to determine the number of adhered cells. The seeded bone 

cubes were transferred to 2ml fresh standard medium containing 5% alamarBlue (DAL1025; 

Life Technologies, UK). After two and a half hour incubation a 100µl sample was measured 

using an absorbance plate reader at 540/620nm. The bone cubes were transferred to a fresh 

24-well plate washed twice with PBS then incubated at 37°C, 5% CO2 in 2ml fresh standard 

medium. Media was changed every two to three days until seven days, at which point the 

seeded cubes were tested for cell metabolic activity using the alamarBlue assay (2.2.7.2). 

 

2.2.7.3 CFDA-SE visualisation of BM-MSCs seeded on to washed bone cubes 

Prior to seeding, cells were labelled with the intracellular vital dye carboxyfluorescein 

diacetate succinimidyl ester (CFDA-SE) (V12883; Life Technologies, Paisley, UK). Briefly, 

90µl of DMSO (supplied in kit) was added to one vial of lyophilised Vybrant® CFDA-SE 

powder, to create a 10mM stock solution. A 10µl aliquot was diluted in 10ml PBS to give a 

working CFDA-SE reagent solution at a concentration of 10µM (Richardson et al., 2006). 

BM-MSCs (WH106, 73 YOA male) were trypsinised and pelleted using previously described 

culture techniques (2.2.7.1). The cell pellet was washed twice in PBS to remove traces of 

serum and resuspended in 10ml CFDA-SE reagent, then incubated for 30 minutes in the dark 

at 37°C. 

The cells were centrifuged at 400xg for five minutes to form a cell pellet then resuspended in 

standard medium and incubated for a further 30 minutes. Finally the cells were counted and 

resuspended to give a cell concentration of 4x106 cells/ml. Defrosted bone cubes (2.2.7.1) 

from three different donors were seeded with 0.5x106 cells (in 125µl) and incubated for one 

hour, before being washed with PBS, centrifuged to remove liquid and then incubated in 

fresh standard medium for 72 hours. After incubation, bone cubes were washed twice in PBS 
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and placed in histology cassettes with sponges to maintain correct orientation. The cubes 

were then fixed and processed to wax blocks as described previously (2.2.5.1). 

 

2.2.7.3.1 Immunohistochemical staining of CFDA-SE stained cells 

Embedded bone cubes seeded with CFDA-SE labelled cells were sectioned as described 

previously (2.2.5.1) and mounted on slides. Sections were blocked in normal goat serum 

(G9023; Sigma-Aldrich, Gillingham, UK), immunohistochemically stained using 1/300 

dilution, mouse anti-fluorescein biotinylated antibody (ab6655; Abcam, Cambridge, UK) and 

visualised with 1/300 dilution goat anti mouse secondary antibody and DAB, using the 

methodology described in section 2.2.5.3. Images were captured in fluorescence and visible 

light using an Olympus Bx51 (Olympus, Southend-on-Sea, UK) microscope equipped with a 

U-RFL-T mercury lamp. Images were acquired using a Retiga-SRV Fast 1394 camera with 

QCapture suite image capture software (QImaging, Surrey, Ca). 

 

2.2.7.4 Statistical analysis of data 

Mann Whitney non-parametric analysis was conducted on data recorded from extract media 

cytotoxicity assays. For all cases N is the number of biological repeats (number of biological 

donors), whilst n is the number of technical/ experimental repeats. 
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2.3 Results 

2.3.1 Evaluation of the efficiency of the novel human bone wash 

process 

The results indicated a large proportion of the soluble marrow components had been removed 

leading up to the chemical sterilisation at step 10, with a cumulative removal value of 93.2% 

(±3.9), 95% (±2.1) and 96.7% (±4.4) recorded for DNA, protein and haemoglobin 

respectively (N=14). After the completion of the 14 step wash process, total removal 

percentages of 96.4% (±2.4), 98.3% (±0.67) and 99.3% (±0.84) for DNA, soluble protein and 

haemoglobin respectively were calculated to have been removed, with an average total of 

98% (±1.4) for the total removal of all detected soluble factors.  

Comparative studies on both the intact femoral head halves and excised trabecular material 

with an extended residual step process were used to scrutinise samples for residual 

contamination. The results showed a wash efficiency of 92.8% (±1.3), a significant decrease 

from the previous wash efficiency result of 98% (±1.4). However, the trabecular only 

material had an average contamination removal of 99.5% (±0.15), with removal of 99.45% 

(±0.1) of recorded DNA, 99.3% (±0.2) of soluble protein and 99.8% (±0.1) of haemoglobin 

(N=3). 

 

2.3.1.1 Quantification of residual DNA contamination 

The washed material was then lysed and a quantitative measurement taken of the DNA 

trapped within the structure after washing. The results of this DNA extraction showed a 

residual DNA concentration of 16.9ng (±3.9) DNA/100mg of dry bone material in the 
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washed trabecular bone (n=9). The unwashed fresh-frozen material contained 100.3ng (±35) 

of DNA material in a 100mg sample (n=9). These are not directly comparable as the 

unwashed sample contained a portion of marrow, therefore decreasing the relative volume of 

bone. The agarose gel electrophoresis results of the PCR amplified DNA samples displayed 

viable DNA in all samples, both washed and unwashed, indicated by the appearance of bands 

at the 700bp region of the gel, as designated by the 100bp DNA ladder (Figure 2.6). 

 

                            

Figure 2.6: Analysis of DNA viability in unwashed fresh-frozen and washed bone cubes. 

Cubes were powdered and lysed to extract DNA. Image displays agarose visualisation of 

DNA products from PCR reaction using GAPDH primers. Lanes are as follows: 1) 100bp 

ladder, 2-4) unwashed samples (N=3), 5) positive control (total human DNA), 6-8) washed 

samples (N=3).  

 

2.3.2 Histological analysis of marrow removal from the bone 

H&E staining of unwashed fresh-frozen bone (N=2) showed large quantities of soft marrow 

and cells present in the marrow ECM within the marrow space of the trabecular structure 

  1        2        3        4        5       6         7       8   
  

1000 
  

700 
  

600 
  

500 



98 
 

(Figure 2.7 A and C). Encapsulated osteocytes in their lacunae were also evident, as too were 

cells adhered to the bone surface in a thin layer evident of an endosteal type structure.  

A fine meshwork, indicative of lysed adipose and marrow tissue, was still present in the 

washed bone material (N=2) (Figure 2.7 B); however this was almost completely untethered 

from the trabeculae. Additionally, there was a substantially diminished cell presence both in 

the marrow space and anchored to the bone surface, with no obvious endosteum. A small 

number of osteocytes were still present encapsulated in lacunae, as displayed by DAPI 

staining (Figure 2.7 D). 

In addition to cellular staining by H&E, MTC staining was used to identify any changes in 

bone morphology. The MTC stain also identified a large decrease in soft tissue histology 

(Figure 2.7 E and F), with stained osteocytes present in the lacunae. However, similar 

morphological staining of newer osteoid (red) and older more dense mineralised (ossified) 

(blue) matrix was evident between washed and unwashed bone samples. 
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Figure 2.7: Histological staining of unwashed (A, C, E) and washed (B, D, F) allograft bone. 

Images display H&E staining (A, B), DAPI (C, D) and MTC (E, F). Scale bars represent 

50µm at x300 magnification. Images clearly display a substantial decrease in immunogenic 

cellular content and soft tissue, whilst maintaining bone morphology. 
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2.3.3 Biocompatibility assessment 

2.3.3.1 Immunogenicity of washed bone 

As MHC antigens are used to recognise foreign material, samples were 

immunohistochemically stained for HLA serotypes A, B and C. The unwashed material was 

heavily stained, including endosteum, soft marrow tissue containing fat cells, stromal cells 

and osteocytes (Figure 2.8 A). In comparison, washed bone displayed little or no 

immunopositivity for the HLA ABC antibody (Figure 2.8 B).  

 

 

Figure 2.8: HLA class 1 ABC antibody immunohistological staining of unwashed fresh-

frozen (A) and washed bone (B). Images clearly display a substantial decrease in 

immunogenic cellular content and soft tissue, whilst maintaining bone morphology. Scale 

bars represent 50µm at x150 magnification. 

 

2.3.3.2 Phase contrast microscope analysis of proximity cytotoxicity assay 

In vitro proximity cytotoxicity testing was conducted on both washed and unwashed fresh-

frozen material. The cell only control (Figure 2.9 A) showed normal attachment to the TCP 

by the MG-63 cell line; additionally the silicone adhesive-containing wells caused no change 

to normal cell adhesion or presence, with cells only prohibited by the physical boundary of 

the control substance (Figure 2.9 B).  

A B 
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Figure 2.9: Phase contrast images displaying cultured cells in direct contact cytotoxicity 

assays with controls; no material (A) and silicone adhesive (B). Images were taken at x150 

magnification. 

 

In culture wells containing the unwashed fresh-frozen bone samples (N=4) a “boundary” like 

area was evident in which the MG-63 cells were either sparsely populated or absent (Figure 

2.10). This boundary was noticeable in all samples (Figure 2.10 A, B, C and D); however in 

cases where cells were present at the bone edge, they exhibited a rounded and more compact 

morphology.  

A B 
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Figure 2.10: Proximity cytotoxicity of human unwashed fresh-frozen bone. Phase contrast 

images display the presence of osteosarcoma MG-63 cells culture for 72 hours in the vicinity 

of unwashed fresh-frozen bone samples (N=4), seen as regions of black at the top of images. 

All samples stained using Giemsa staining and images taken using light microscopy. Images 

were taken at x150 magnification. 

 

For washed bone sample (N=4) there were a large number of cells present around the washed 

bone material, which did not display a distinct boundary-like appearance (Figure 2.11). These 

cells appeared able to grow up to, and be in contact with, the bone material as displayed 

prominently in Figure 2.11 D. All cells exhibited an elongated and flattened morphology. 
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Figure 2.11: Proximity cytotoxicity of human washed bone. Phase contrast images display the 

presence of osteosarcoma MG-63 cells cultured for 72 hours in the vicinity of washed bone 

samples (N=4), seen as regions of black at the top of images. All samples stained using 

Giemsa staining and taken with light microscopy. Images were taken at x150 magnification. 
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2.3.3.2.1 Giemsa stained fluorescence images of proximity cytotoxicity assays 

Observable areas of diminished cell growth similar to the unwashed bone samples were 

present in some of the washed samples (Figure 2.11 A). However these areas were sporadic 

and were often accompanied by adjacent cell growth up to and under the bone sample itself. 

Therefore fluorescence imaging of Giemsa stained wells was used to visualise the underside 

of the bone. Similar to phase contrast images for unwashed fresh-frozen bone samples, there 

was a diminished cell presence around the bone, especially around areas where the bone was 

in contact with the culture plate (Figure 2.12 A1, A2 and A3). Additionally there were no 

signs of a cell presence underneath the unwashed fresh-frozen bone samples (N=3). In 

contrast MG-63 cells grown in the proximity of washed bone samples (N=3) displayed a cell 

presence at the bone’s boundaries (Figure 2.12 B1, B2 and B3), even colonising the TCP 

underneath the sample (Figure 2.12 B2 and B3).  
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Figure 2.12: Proximity cytotoxicity of unwashed fresh-frozen (A1, A2, A3) and washed (B1, 

B2, B3) human bone cubes (N=3, respectively) cultured with MG-63 osteosarcoma cells. 

Samples were cultured for 72 hours, then fixed and stained using Giemsa stain. The bone’s 

natural auto fluorescence (visualised as green or orange/yellow, depending on marrow 

content) was utilised as a background for visualisation of Giemsa stained cells (blue). Images 

are composite of light and fluorescent microscopy and taken at x150 magnification.  
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2.3.3.3 Extract cytotoxicity of washed bone 

Extract cytotoxicity assays were conducted using extract media from either washed or 

unwashed samples (N=3 for both), treated in accordance with ISO 10993 standards for 

medical devices. BM-MSC cultures subjected to washed bone extract conditioned medium 

(WBCM) displayed a significant increase in cellular metabolic activity of 10.6% (±4.4) 

(p≤0.05) compared to a standard medium growth control, indicated by an increase in reduced 

WST-1 (Figure 2.13 A). In contrast, unwashed fresh-frozen bone extract conditioned medium 

(FFCM) caused a significant 32% (±13.8) (p≤0.05) decrease in WST-1 reduction compared 

to standard conditions and was significantly less than the WBCM samples (p≤0.05) (Figure 

2.13 A).  

The LDH assays, designed to ascertain the number of total live cells present at the end of 

culture, indicated no significant increase in total cell number in WBCM cultures (Figure 2.13 

B). However, in FFCM cultures, similar to the WST-1 assay, there was a significant 20% 

(±9.03) decrease in total cell number compared to standard medium cultures (p≤0.05).  
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Figure 2.13: Biocompatibility of extract media produced from unwashed fresh-frozen and 

washed bone cubes (N=3 for both). Analysis of cell activity and viability assessed using (A) 

WST-1 assay and (B) LDH assays respectively. Cells were incubated in standard medium 

(SM), fresh-frozen extract conditioned medium (FFCM) or washed bone extract conditioned 

medium (WBCM) and cultured for 72 hours. Results from FFCM or WBCM were averaged 

and normalised to SM and displayed as percentage change ± SE. #, indicates significant 

difference with respect to standard medium (p≤0.05). *, indicates significant difference 

(p≤0.05) between FFCM and WBCM. 

 

2.3.4 Analysis of direct contact biocompatibility of washed bone 

scaffold by analysis of cell adherence and viability 

Results of cell seeding indicated MG-63 cells were able to adhere to the washed bone 

scaffold with a fast rate of adherence. An optimal adherence time of 60 minutes resulted in 

91% (± 1.3) of the seeded cells adhering to the structure, with 90% (±1.4) adherent at 120 

minutes adherence time (Figure 2.14).  
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Figure 2.14: The adherence efficiency of MG-63 cells seeded onto washed bone scaffolds at 

1, 5, 10, 20, 40, 60 and 120 minutes (n=3 for each time point). Data displayed as percentage 

of total seeded (1x106) ± SE. 

 

In the assessment of direct contact adhesion of primary BM-MSCs, cells were able to adhere 

to the washed bone with adherence efficiency after one hour of 89.5% (±2.15) respectively. 

AlamarBlue cell health assay indicated a 2.2-fold (±0.10) increase in metabolic activity of 

BM-MSCs, seeded on the washed bone scaffold, indicative of sustained cell viability. 
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2.3.4.1 CFDA-SE labelling of mesenchymal stem cells for visualisation of cells 

MSCs labelled with CFDA-SE were visualised adhered to the washed human bone scaffold 

(N=3), including the bone surface and marrow ECM (Figure 2.15 A, B and C). There were no 

unstained cells present in the structure. Non-seeded and isotype monolayer controls (Figure 

2.15 D and E) displayed no staining, though staining was evident in the positive control 

(Figure 2.15 F).  

 

 

Figure 2.15: Immunohistochemical visualisation of CFDA–SE labelled BM-MSC (WH106) 

seeded on human washed bone scaffold (N=3), visualised using biotin conjugated anti-

fluorescein antibody and DAB counterstained with haematoxylin. Samples displayed for 

three different bone donors (A, B, and C), as well as a non-seeded control (D). Monolayer 

IgG negative control and monolayer CFDA-SE stained cell positive control are also displayed 

(E and F respectively). Scale bars represent 50µm. All images were captured at x300 

magnification except D, which was captured at x150. 

 

A B C 
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2.4  Discussion and Conclusion 

Bone graft material is an extremely important tool in the surgical treatment of bone loss. 

Whilst autograft is the gold standard and the most osteogenic material, it is extremely limited 

in volume and so human allograft bone is often required instead. However, the bone marrow 

it contains is potentially detrimental to the osseointegration of an allograft in the recipient 

(Burwell, 1985; Burwell, 1962). The large cellular component of the marrow, bound by a 

protein extracellular mesh in a haematopoietic environment, is able to initiate an immune 

response, activating T–lymphocytes and leading to the grafts rejection. So too can bacterial 

and viral diseases, such as Hepatitis C, which may be present within it, leading to further 

complications to the recipients health. It is therefore of great importance to remove as much 

of this potentially harmful material as possible, though it is also essential that any sterilisation 

technique used is not detrimental to the scaffolds biocompatibility, such as inferring a 

cytotoxic quality as this would diminish the bones’ feasibility as a scaffold in tissue 

engineering.  

This part of the study aimed to assess the feasibility of using a novel wash process to produce 

an acellular material, and the biocompatible nature of the acellular material produced.  

 

2.4.1 Efficiency of sterilisation process 

Here, the soluble factors; DNA, soluble protein and haemoglobin were used as indicators of 

bone marrow, with the removal of these factors from the whole femoral head signifying the 

removal of cellular material and blood products contained in the marrow. 
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The use of the wash protocol on whole femoral heads resulted in a 98% average removal 

efficiency of these soluble factors, all of which followed a similar trend in their removal. A 

greater amount of haemoglobin than DNA or protein was removed during the sterilisation 

process. This was to be expected as red blood cells lyse quickly and are not bound to an 

ECM. This large removal of marrow may increase the perfusion of the PAA-ethanol solution 

into the structure, thereby increasing its efficiency as concluded by Pruss et al. (2003).  

The 98% removal efficiency, although high, was lower than the expected value, which was 

based on preliminary work conducted by both Rooney et al. (2006) and Board et al. (2006a), 

who recorded removal efficiencies in excess of 99% on pre-cut material. Although this 

discrepancy is small, it represents a potentially large difference in the removal of harmful 

biological pathogens. A larger percentage (up to 99.99% efficiency), indicates a greater 

dilution of virus concentration to below that of its minimal infection titre. Whilst the current 

study did not observe the viral particle content of the washes, Pruss et al. (2003) 

demonstrated the reliability of PAA-ethanol at denaturing viral particles to levels well below 

those of their minimal titre. A potential limitation to the form of analysis used in this study, 

and a possible cause of this discrepancy, is the relation of the percentage efficacies to a 

residual contamination value. Femoral heads were washed whole; however for the residual 

wash they were bisected. This process potentially unlocks trapped material such as sub-

chondral cysts (termed geodes), which were previously inaccessible. Geodes containing soft 

tissue such as marrow may appear in femoral heads which have severe damage to their 

cartilage (Resnick et al., 1977), and as the samples used for this study have been retrieved 

from patients undergoing hip replacement surgery, the majority of the femoral heads had 

geodes present. 
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As the percentage removal values are related back to the residual value, percentage removals 

are vulnerable to changes caused by the release of this previously inaccessible marrow 

material from the geode, which is highlighted by the results of the excised trabecular material 

comparative study. Once this geode material was removed, an improved removal efficiency 

of 99.5% for soluble protein, DNA and haemoglobin trapped in the trabecular structure of the 

femoral head was achieved. This higher level of marrow removal, particularly soluble protein 

(98.9%), is equatable to that reported by Yates et al. (2005) (98.7%) and Lomas et al. (2000) 

(96.4%), and superior in the removal of soluble protein and DNA (99.2%) to Ibrahim et al. 

(2012) (70.5% and 68.4% respectively). Importantly, the studies by Yates and Lomas utilised 

whole femoral heads in their wash processes as opposed to the morcilised bone used by 

Ibrahim, or smaller pre-cut shapes used by Rooney et al. (2006), Board et al. (2006a), and 

Hashimoto et al. (2011). Though geodes may cause issues, by using whole femoral heads, 

large intact volumes of decellularised trabecular material can be obtained, which enables 

surgeons to create bespoke structures, as required.  

The marrow components remaining in the material have the potential to initiate a cytotoxic 

response, and may alter the behaviour of cells. Therefore, in addition to the assessment of 

remaining marrow components by percentage efficiency, alternate assessments of marrow 

removal were undertaken to determine whether the material could be deemed acellular. The 

large scale removal of marrow from the whole femoral heads resulted in a material with a low 

DNA value (16.9ng DNA/mg dry material), which histologically displayed very little to no 

cells present within its structure, similar to decellularised samples produced in publications 

by Dutra and French (2010) and Hashimoto et al. (2011). However, whilst these studies 

claimed decellularisation, neither was able to successfully produce acellular material in 

accordance with the standards proposed by Crapo et al. (2011) for the evaluation of a 

decellularised soft tissue (Choi et al., 2011; Ma et al., 2013). For ECM to be classed as 
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acellular according to these criteria, the material must have a DNA value of less than 50ng 

DNA/mg dry material, have little to no cells visible histologically, and no DNA fragments 

greater than 200 base pairs. The washed human bone material produced in this study met both 

the DNA value and histological criteria; however there were DNA fragments large enough 

for PCR amplification. This was most likely due to DNA from osteocytes trapped within the 

ECM matrix. It is important to note however that these criteria were defined for soft not hard 

tissue which has extremely difficult to reach encapsulated cell types such as osteocytes. 

 

2.4.2 Immunogenicity and cytotoxicity 

The removal of the marrow material from the whole femoral heads is particularly important 

in reducing the immunogenic load placed on the patient. However, even decellularised 

material has the potential to contain material which can illicit an immune response by the 

host (Markel et al., 2012), potentially due to remaining soluble proteins (VandeVord et al., 

2005). Other ECM decellularisation studies have determined the immunogenicity of a sample 

based on its MHC class I and II profile, displaying decreases in the staining of these antigens 

after processing. As such, the MHC class I antibody was selected for this study as it 

represented the majority of potential tissue present (Feng et al., 2012). Though there was 

initial staining for the HLA class I antigens in unwashed fresh-frozen samples, after the wash 

process, the human bone matrix displayed no antigen presenting immunogenic material.  

Whilst the material may not cause direct activation of immune cells through antigen 

presentation, any cytotoxic effect by the bone material or bacterial contaminates could still 

cause damage to the host and affect cell adherence (Bonsignore et al., 2013). The results of 

both the proximity and extract cytotoxicity assays demonstrated the biocompatible nature of 

the washed material, with cells migrating underneath and remaining in contact with the 
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structure, whilst being able to proliferate and maintain viability in its vicinity. In contrast to 

the washed material, the unwashed fresh-frozen bone caused a significant reduction in cell 

viability and total number in extract conditions, with proximity cytotoxicity analysis 

displaying clear boundaries around the samples, which were devoid of cells. These results 

therefore suggest the novel wash process removes the cytotoxic effect of unwashed fresh-

frozen bone, and importantly there were similar result for both BM-MSC and MG-63 cell 

types. The effects of the unwashed fresh-frozen material are unlikely to be caused by retained 

viable cells. Though studies by Simpson et al. (2007) and Heyligers and Klein-Nulend (2005) 

have both demonstrated live, metabolically active cells in unwashed fresh-frozen bone, the 

results of the alamarBlue assays undertaken on unwashed fresh-frozen bone in the current 

study were not supportive of these finds, with no metabolic activity measured.  

Importantly, the biocompatibility data is supported by previous work by Board et al. (2009), 

which demonstrated a comparable cytotoxic effect by unwashed fresh-frozen bone on 

osteogenic cells, and identified zones of decreased cell presence around bone samples, as 

well as a cytotoxic effect, assayed for by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide) testing. The cell number and viability data presented by this 

current study, whilst not directly comparable, also provides evidence for the negative effect 

of unwashed fresh-frozen bone on cell activity. 

In this current study, powdered bone samples were utilised in extract conditioned media, 

increasing the available surface area of the material as well as displaying previously trapped 

material more in keeping with ISO guidelines, thereby decreasing the likelihood of 

discrepancies in results (Fawzi-Grancher et al., 2009). Studies by Bormann et al. (2010) and 

Coquelin et al. (2012) have also shown a negative effect on cell viability by fresh-frozen 

bone, with Kluger et al. (2003) demonstrating a deceased osteogenic activity of cells in 

contact with frozen bone compared to fresh. The cytotoxic effect by the fresh-frozen bone is 
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potentially due to the peroxidation of lipids (Parhami et al., 1997), which have been found in 

fresh-frozen bone allograft, even at -70°C (Laitinen et al., 2006).  

Importantly, whilst fresh-frozen material displays good long term healing (Buttaro et al., 

2012), the potential for cytotoxic factors to leach into surrounding tissue from this material 

could be detrimental to patient health; however, currently there are no reports of clinical trials 

comparing the outcomes of fresh-frozen versus washed allograft, and as such in vivo trials to 

assess this are required. 

In addition to extract and proximity cytotoxicity assays, this study highlighted the successful 

seeding of the washed human bone scaffold with BM-MSCs, with an increase in their 

metabolic activity after 7 days, suggesting viability and proliferation. To seed the washed 

human bone cubes, a direct scaffold seeding method was utilised, which has been adopted in 

both biological (Stiehler et al., 2010; Shi et al., 2012; Tayton et al., 2012; Weszl et al., 2012; 

Schubert et al., 2011; Seebach et al., 2010; Fawzi-Grancher et al., 2009) and synthetic graft 

studies (Barbanti Brodano et al., 2012; Nukavarapu and Amini, 2011; Niemeyer et al., 2010). 

This method removes the need for complex equipment and culturing methods, seen in more 

intricate methods (for example bioreactors) (Haykal et al., 2014), and which have not shown 

to be any more efficient (Weinand et al., 2009). The static loading method used still resulted 

in a high percentage seeding efficiency using the washed human bone (90% after one hour), 

which is superior to other synthetic and biologically derived products as reported by Seebach 

et al. (2010). Importantly, whilst this group was seeded with 250,000 cells, MTT levels 

indicated the highest cell retention number was only approximately 20,000 cells (8%). 

Whilst non-adherent cells were collected in similar ways between our study and others (Shi et 

al., 2012), these non-adherent cells were directly counted whilst other groups have utilised 

PicoGreen assays to determine cell number within their scaffolds (Bolland et al., 2006; Tilley 
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et al., 2006; Tayton et al., 2012; Hashimoto et al., 2011; Stiehler et al., 2010). Whilst this 

method is less laborious, the presence of DNA, however low, within our washed structure 

may have altered results and as such was deemed unsuitable. Furthermore, by only counting 

non-adhered cells, the seeded bone cubes could be used in further examination, as a sample 

sacrifice was not required. In addition to cell seeding efficiency, the actual presence of 

adhered seeded cells within the scaffold was visualised through immunohistological staining 

of CFDA-SE labelled cells. This staining determined that seeded cells were adhering to the 

structure and were not merely trapped within the matrix. Whilst studies have also utilised a 

similar method of determining cell adhesion through histology (Shi et al., 2012; Frith et al., 

2010; Gao et al., 2012; Boo et al., 2002), by using labelled cells, similar to Lo et al. (2011), 

this study helped identify seeded cells specifically, eliminating the possibility of counting 

native cells not removed by the wash process. The adhered cells were also shown to be 

metabolically active, by assessment with alamarBlue.  

 

2.4.3 Effect of wash process sterilants on bone allograft material 

The sterilant PAA has the potential to cause cell damage and death; however the results have 

demonstrated this novel wash method does not produce cytotoxic material. Lomas et al. 

(2004) also utilised PAA as a sterilant, ultimately noting no cytotoxic affect after its use. 

However, the study by Lomas et al. (2004) also demonstrated that a final PAA concentration 

greater than 0.003% had the potential to reduce cell number, and below 0.0015% did not 

affect cell viability. Additionally, Bormann et al. (2010) noted an initial cytotoxic effect of an 

extract media created with their PAA sterilised material; however this cytotoxic effect was 

not present after an additional extraction process, suggesting the initial extraction process had 

reduced the PAA remaining in the material to safe levels. 
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Importantly, as there was no decreases in cell viability or cell number from incubation with 

washed bone extract media in the current study, it would suggest that despite using relatively 

high, 0.02% PAA for sterilisation purposes, the level of residual PAA was below a cytotoxic 

limit. In addition to the use of PAA, hydrogen peroxide was used simultaneously in the novel 

wash method to ensure denaturation and removal of as much material as possible. The 

detrimental nature of hydrogen peroxide alone has been displayed by DePaula et al. (2005) 

and Kluger et al. (2003). However, the study by DePaula et al. (2005) concluded that 

hydrogen peroxides effect was dependent on the time the bone was in contact with it, 

concluding that bone retained its osteoinductive capacity when in contact with hydrogen 

peroxide for no longer than 1h, which is a greater timepoint than the 15 minutes the bone was 

in contact with hydrogen peroxide in the current study. Furthermore, no PAA was use in their 

study, ruling it out as a potential cause of any effect. The biocompatible nature of the novel 

washed material produced in this study would therefore suggest appropriate removal of PAA 

and hydrogen peroxide from the system, and that they are no longer able to cause any 

cytotoxic effects.  

A potential limitation of the contact cytotoxicity study is the lack of uniformity in bone cube 

porosity. The porous structure of the fresh-frozen bone is filled by the marrow component, 

which prevents cells from penetrating into and under the structure. Removal of this marrow 

by the novel wash process allows cells to enter this cavity, and may influence the distribution 

of cells once added to the growth wells. This may explain why cells were present directly 

under the bone cube in novel washed samples, and not in unwashed fresh-frozen, although it 

does not explain why cells were unable to grow up to the bone boundary. 

This study did not examine the effect of gamma irradiation on cell viability in addition to 

native and washed samples. Moreau et al. (2000) displayed gamma irradiated samples as 

causing a cytotoxic boundary to cell growth, caused by the peroxidation of lipids. Therefore 
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possible further work could be undertaken to include such samples, to determine whether 

there is any alteration in biocompatibility between the two sterilisation methods. 

 

2.4.4 Conclusions 

The analysis of the cellular nature of the bone shows extensive removal of marrow 

components, leading to a metabolically inactive, acellular material. This acellular bone is 

more biocompatible compared to unwashed fresh-frozen, and would suggest that a marrow 

component is responsible for causing a cytotoxic effect. In addition, the removal of the 

marrow enabled cells to remain viable when in contact with the material, with BM-MSCs 

able to adhere and proliferate on the washed bone structure. These results highlight the 

efficacy of the wash process to produce a biocompatible material, suitable as a scaffold for 

use in further investigations into the assessment of osteogenic properties. 
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3.1 Introduction 

The primary function of human bone allograft material is as a stable platform for 

osseointegration, adequately filling a bone void whilst being able to support some mechanical 

load. Failure of grafts to withstand mechanical load can lead to non-unions and subsidence, 

and ultimately leads to revision surgery (Berner et al., 2012; Ateschrang et al., 2009) which 

is technically more complex with an increased chance of further failure and associated patient 

morbidity (Pekkarinen et al., 2000).  

In addition to being able to withstand load, the strength, rigidity, and architecture of the bone 

are also important in directing cell differentiation and ultimately activity, which has led to 

synthetic materials being modified to exhibit these properties (Binulal et al., 2010). The 

porosity of the material is believed to be essential in a grafts osteogenic ability, as highly 

porous materials present a larger surface area available to adherent cells. This ultimately 

increases the total number of cells able to inhabit a graft (Tayton et al., 2012), whilst 

decreasing the diffusion path for nutrients and new blood vessel formation, which potentially 

improves cell viability (Fawzi-Grancher et al., 2009). 

Importantly, the force applied to the structure may also prove beneficial to osteogenic 

activity, activating osteogenic cells and triggering tissue regeneration through mechanical 

force transduction (Robling et al., 2008; Kelly and Jacobs, 2010), with evidence suggesting 

this is a clear regulator of genetic precursors (Haudenschild et al., 2009) and may well lead to 

quicker cell specialisation (Sen et al., 2011). The conservation of these properties would 

therefore be beneficial in the clinical application of bone graft material, not only in terms of 

force distribution but also as a regulator of osteogenic activity.  
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Currently, the most widely used allograft material in the UK is fresh-frozen human allograft 

bone, which despite freeze-thawing before use, still retains its structural and biomechanical 

properties (Reikeras, 2010; Shaw et al., 2012). However, this material poses serious issues 

with safety and efficacy in a clinical setting. Though processing methods have been 

developed which may improve the safety of this material, they may inadvertently 

detrimentally affect its biomechanical properties. In particular, though gamma irradiation has 

been demonstrated to successfully denature biological particles and improve safety, the 

process may also alter the biomechanical stability, and therefore the latent osteoconductivity 

of the material (Nguyen et al., 2007). While 25kGy of gamma irradiation is the recommended 

level of irradiation to guarantee safety, levels as low as 17kGy can cause significant changes 

in the “final strength” of the allograft (Currey et al., 1997), with research by Cornu et al. 

(2000), demonstrating a decrease of as much as 71% in overall strength after gamma 

irradiation. This decrease in mechanical strength is most likely due to the denaturing 

mechanism of gamma irradiation, and the production of free radicals from water radiolysis. 

These free radicals are responsible for denaturing the viral and bacterial particles; however 

they may also denature collagen within bone material (Hamer et al., 1999; Hamer et al., 

1996). This allows unhindered fracture propagation, dramatically decreasing the resistance of 

the structure (Mitchell et al., 2004), and in a practical situation suggests irradiated bones are 

more likely to develop large fractures leading to premature failure under load (Dux et al., 

2010). The failure in mechanical property has serious clinical implications; with one post-

operative study by Hassaballa et al. (2009) demonstrating an implant subsidence of greater 

than 5mm in 21.7% of patients, with larger subsidence occurring in patients who had received 

higher dose irradiated bone grafts, and resulted in decreased bone repair rate of 30% with no 

trabecular bone remodelling. 
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Using alternative processing techniques offers the opportunity to remove the potentially 

harmful marrow components without the production of free radicals and the destruction of 

the collagen microstructure. However, alternate processing techniques may also have a 

negative effect on the biomechanical stability of the material, with both deproteinisation and 

demineralisation, and the removal of the mineral from the osseous tissue, eliminating the 

crucial mechanical properties of the bone (Chen and McKittrick, 2011).  

Research into combination wash steps involving PAA-ethanol sterilisation has also shown an 

effect on the biomechanical properties of bone (Rauh et al., 2014); however other studies 

utilising this sterilisation method (Haimi et al., 2009; Pruss et al., 2003), do not report any 

alteration of the mechanical properties of bone in such a severe manner as gamma irradiation. 

The discrepancy in results, similar to gamma irradiation, may be dependent on the 

concentration of sterilant (Pruss et al., 2003) and exposure time (DePaula et al., 2005). 

Furthermore, biomechanical research conducted using washes, gamma irradiation or a 

combination of the two, have shown no significant difference between treatment groups 

suggesting chemical sterilisation is no more or less damaging than irradiation (Mikhael et al., 

2008; Schwiedrzik et al., 2011). 

 

3.1.1 Aims 

The mechanical stability of the bone allograft is important not only in its clinical use, but also 

in the maintenance of the porous 3D structure which can ultimately affect the osteogenic 

activity of any cells seeded into its structure. For this study the mechanical stability of the 

structure was assessed to determine whether the novel wash process had altered its 

biomechanical properties. The aims of this investigation were to: (i) using mirrored samples 

assess whether the wash process had an effect on the bone’s biomechanical properties 
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compared to unwashed and, (ii) in a clinical compression model compare the wash process to 

gamma irradiation sterilisation to assess the effect on the bone mechanical stability.  
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3.2 Materials and Methods 

3.2.1 Uniaxial mirrored samples compression testing 

To assess the comparable biomechanical stability of washed and unwashed fresh-frozen bone 

material, a uniaxial model was used with location mapped samples to reduce variance 

between femoral heads and location of material taken. Whole fresh-frozen femoral heads 

from male and female donors aged 70 YOA and above (N=15; 70-90, mean 77.9 YOA) 

(Table 3.1), were laterally bisected along the coronal plane to produce two equal halves. One 

half was retained whilst the other was washed according to the method described previously 

(2.2.1.2). The two halves were grid marked along their axis of normal compression and cut 

into 1cm3 cubes (n=216) and labelled with orientation and designated coordinates in the X, Y 

and Z axis (Figure 3.1). Cubes from geode locations along with their mirrored sample were 

not included in the study.  

 

Table 3.1: Femoral head sample details for uniaxial mirrored biomechanical 
compression testing 

Sample ID Sex Age (Years) 
450 389 Male 70 
458 473 Male 72 
451 104 Male 73 
457 291 Male 74 
458 309 Male 76 
160 267 Male 76 
443 659 Female 76 
159 922 Male 77 
450 583 Female 77 
456 822 Male 79 
454 750 Female 80 
449 713 Female 81 
160 731 Female 83 
449 028 Male 85 
450 223 Female 90 
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Figure 3.1: Diagram displays the process of producing location mapped samples for uniaxial 

mirrored sample compression testing. Femoral heads were first halved (A) before one half 

was washed using the novel wash process (B). The two halves were then marked for cutting 

(C) and designated X, Y and Z axis coordinates (D). 

 

Cubes were loaded onto a compression testing machine (LRX Plus; Lloyd Instruments, 

Sussex, UK) and subjected to one round of compression to failure with the settings: preload 

0.2N, maximum deflection of 3mm and maximum load of 5KN at a speed of 5mm/minute. 

Using the NEXYGENplus software, data was recorded for the parameters of:  

• Young’s modulus (Pa): A measure of the materials elasticity up to the point of yield, 

measured by the gradient (stress / strain) of the stress strain curve during this period. 

This is a measure of the materials stiffness / rigidity in relation to its geometrical 

parameters.  

• Load (N): The force the material was burdened with at point of recording. 

• Stress (Pa): The intensity of pressure the entire volume of the material was subject to, 

at point of recording. This is equal to the force exerted on the sample/ the samples 

surface area. 

A 

B 

C 

D 
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• Deflection (mm): The deformation of the material from its original height, at point of 

recording. 

• Work (J): The energy absorbed by the material, at the point of recording. 

All data sets were taken during the elastic period, at the point of yield and the maximum point 

on the stress strain curve termed point of failure (Figure 3.2). 

 

Figure 3.2: Stress strain curve representative of trabecular bone under compression. Diagram 

depicts points of yield and failure of the trabecular material.  (Diagram adapted from original: 

http://www.naturalheightgrowth.com/wp-content/uploads/2013/04/stress-strain-curve.png) 

 

3.2.2 Orientated vs random orientated uniaxial compression testing 

For the comparison of orientated and random orientated biomechanical values, a cohort of 

three femoral heads were split as previously described (2.2.3.1) (Table 3.2). The two halves 

were cut into 1cm3 cubes, with one half being marked for orientated uniaxial compression, 

and the other unmarked so as to not cause bias. The two groups were compressed as 

described previously (3.2.1). Data was recorded for parameters of elasticity, yield and failure. 

In addition to standard error (SE), the coefficient of variation was produced so as to 
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normalise the dispersion of the frequency distribution of the data and as such measure the 

extent of the variability. The coefficient of variation is defined as the ration of standard 

deviation to the mean of the data set. 

Table 3.2: Femoral head sample details for orientated vs random orientated 
compression testing  

Sample ID Sex Age (Years) 
454 608 Female 77 
162 509 Female 81 
458 642 Female 84 

 

3.2.3 Clinical compression model of biomechanical stability 

For use in clinical model biomechanical testing, 1cm3 bone cubes were cut from 22 femoral 

heads, both washed (N=10, 72 cubes) and unwashed fresh-frozen (N=12, 128 cubes) (Table 

3.3 for more details) using a De Soutter saw and grid line. Half the bone cubes from each 

femoral head were irradiated (25KGy, Cobalt 60 gamma irradiation, Applied Sterilisation 

Technologies) to produce unwashed fresh-frozen gamma irradiated and washed gamma 

irradiated samples. The cubes were made as level as possible and loaded onto a compression 

testing machine and subjected to one round of compression to failure as previously described 

(3.2.1). Data was recorded using NEXYGENplus software. 

Samples were retained for unwashed fresh-frozen young (n=28) and old (n=37) and washed 

young (n=18) and old (n=16) cubes. Samples of both unwashed fresh-frozen and washed 

bone cubes were irradiated to produce young and old unwashed fresh-frozen irradiated (n=12 

and n=10; respectively) and washed irradiated (n=18 for both young and old). These samples 

were subject to mechanical testing for biomechanical comparison. 
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Table 3.3: Femoral head details for compression testing using clinical compression 
model 

Sample ID Sex Age (Years) Material Type/ Additional Use 
457 356 Male 38 Washed 
457 282 Male 41 Washed 
458 034 Female 42 Washed 
455 354 Male 43 Washed 
447 995 Male 46 Washed 
156 251 Male 77 Washed 
449 505 Female 77 Washed 
457 447 Male 78 Washed 
455 486 Male 79 Washed 
458 330 Male 82 Washed 
488 577 Female 44 Fresh-Frozen (comparison of age) 
453 071 Male 47 Fresh-Frozen (comparison of age) 
459 458 Male 48 Fresh-Frozen (comparison of age) 
456 299 Male 48 Fresh-Frozen (comparison of age) 
458 463 Female 50 Fresh-Frozen (comparison of age) 
536 083 Female 50 Fresh-Frozen (comparison of age) 
157 565 Female 70 Fresh-Frozen (comparison of age) 
156 862 Male 72 Fresh-Frozen (comparison of age) 
450 023 Male 73 Fresh-Frozen (comparison of age) 
449 400 Male 74 Fresh-Frozen (comparison of age) 
161 055 Female 74 Fresh-Frozen (comparison of age) 
161 334 Female 78 Fresh-Frozen (comparison of age) 

 

 

3.2.4 Statistical analysis 

Statistical analysis was conducted using Origin Pro (Origin Pro 8.5; Silverdale Scientific Ltd, 

Stoke Mandeville, UK). Paired t-test analysis was conducted on paired mirrored orientated 

samples, Wilcoxon non-parametric paired statistical analysis was performed on orientated vs 

random orientation sample compression data, whilst a Mann-Whitney non-parametric 

statistical analysis was performed to compare mechanics data from young and old donor 

material in clinical model, as well as between unwashed fresh-frozen, washed, and gamma 

irradiation treated samples. Significance was accepted for p≤0.05. 
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3.3 Results 

3.3.1 Mirrored uniaxial compression data 

There was a significant increase in Young’s modulus between the unwashed fresh-frozen and 

washed bone material, with washed bone displayed a Young’s modulus of 84.6MPa (±3.6) 

compared to unwashed 75.9MPa (±3.4) (p≤0.05) (Figure 3.3).  

 

 

Figure 3.3: Compression testing results of Young’s modulus, recorded during the elastic 

period, for 1cm3 bone cubes from both unwashed fresh-frozen (n=108) and washed (n=108) 

bone cubes taken from mirrored locations of halved femoral heads. Data is displayed as mean 

± SE. * Symbol denotes a significant difference (p≤0.05) between unwashed fresh-frozen and 

washed bone data sets. 
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The result at the point of yield indicated no significant differences between the two data sets 

for the parameters load at yield, stress at yield or work at yield (Figure 3.4). There was a 

significant decrease in the deflection at yield of the washed bone material compared to 

unwashed fresh-frozen with a decrease from 1.49mm (±0.04) to 1.35mm (±0.04) (p≤0.01) 

(Figure 3.4 B), suggesting the washed materials’ height was compressed less at the point it 

lost its elasticity. There were also no significant differences between unwashed fresh-frozen 

and washed bone cubes at the parameters of failure (Figure 3.5). 

 

 

Figure 3.4: Compression testing results at the point of yield for 1cm3 bone cubes from 

unwashed fresh-frozen and washed femoral heads. Graphs display averaged results for load at 

yield (A), deflection at yield (B), stress at yield (C) and work at yield (D) for both unwashed 

fresh-frozen (n=108) and washed (n=108) bone cubes taken from mirrored locations of 

halved femoral heads (N=15). Data is displayed as mean ± SE. *, indicates significant 

difference (p≤0.05) between unwashed fresh-frozen and washed.  

Load at yield Deflection at yield 

Stress at yield Work at yield 
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Figure 3.5: Compression testing results at the point of failure for 1cm3 bone cubes from 

unwashed fresh-frozen and washed femoral heads. Graphs display averaged results for load at 

failure (A), deflection at failure (B), stress at failure (C) and work at failure (D) for both 

unwashed fresh-frozen (n=108) and washed (n=108) bone cubes taken from mirrored 

locations of halved femoral heads. Data is displayed as mean ± SE.  

 

3.3.2 Mechanical compression of orientated vs random orientated 

unwashed fresh-frozen samples  

Mechanical testing of orientated vs random orientated samples was undertaken to assess any 

large changes in biomechanical strength caused by not compressing the bone in the normal 

direction of load. There was no significant difference between the standard coefficient of 

variation for intra-head and inter-sample under all compression parameters at orientated or 

Load at failure Deflection at failure 

Stress at failure Work at failure 
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random orientation (see section 8.1: Appendix I-Table 8.1). Similarly there was no statistical 

significance between the coefficient of variation for randomly orientated and orientated 

samples at any parameter. The results of this compression testing demonstrated no significant 

changes in any parameters during the elastic period (Figure 3.6), parameters at the point of 

yield (Figure 3.7) or failure (Figure 3.8) between the orientated and random orientation 

samples. 

 

Figure 3.6: Compression testing results of Young’s modulus, recorded during the elastic 

period, for 1cm3 bone cubes biomechanically tested at orientated (n=15) and random 

orientated (n=15) taken from halved femoral heads (N=3). Data is displayed as mean ± SE.  
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Figure 3.7: Compression testing results at the point of yield for 1cm3 bone cubes 

biomechanically tested at orientated (n=15) and random orientated (n=15) taken from halved 

femoral heads (N=3). Graphs display averaged results for load at yield (A), deflection at yield 

(B), stress at yield (C) and work at yield (D). Data is displayed as mean ± SE.  

 

Load at yield Deflection at yield 

Stress at yield Work at yield 
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Figure 3.8: Compression testing results at the point of failure for 1cm3 bone cubes 

biomechanically tested at orientated (n=15) and random orientated (n=15) taken from halved 

femoral heads (N=3). Graphs display averaged results for load at failure (A), deflection at 

failure (B), stress at failure (C) and work at failure (D). Data is displayed as mean ± SE.  

 

 

 

 

 

Load at failure Deflection at failure 

Stress at failure Work at failure 



135 
 

3.3.3 Mechanical compression of samples from young (≤50 YOA) 

and old (≥70 YOA) bone donors using clinical compression 

model 

A cohort of 12 femoral heads (Table 3.3 comparison of age samples) were split between ≤50 

YOA (N=6) and ≥70 YOA (N=6) and cut into 1cm3 cubes (n=28 and n=37; respectively). 

Half the samples underwent mechanical compression to failure, while the other half were 

gamma irradiated first (see section 3.3.4). Though values were consistently larger for younger 

samples, there was no statistically significant difference for the Young’s modulus between 

the old (≥70 YOA) and young (≤50 YOA) aged donor material (Figure 3.9). Neither were 

there any statistically significant differences for any parameter at the point of yield (Figure 

3.10). 

 

Figure 3.9: Compression testing results of Young’s modulus, recorded during the elastic 

period, for 1cm3 bone cubes from unwashed fresh-frozen femoral heads from young (≤50 

YOA, n=28) and old (≥70 YOA, n=37) bone donors. Data is displayed as mean ± SE. The 

absence of a * symbol denotes no significant differences between unwashed fresh-frozen 

young and old bone.  
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Figure 3.10: Compression testing results at the point of yield for 1cm3 bone cubes samples 

from unwashed fresh-frozen femoral heads from young (≤50 YOA, n=28) and old (≥70 

YOA, n=37) bone donors. Graphs display the averaged results for parameters load to yield 

(A), deflection at yield (B), stress at yield (C) and work at yield (D). Data is displayed as 

mean ± SE. The absence of a * symbol denotes no significant differences between unwashed 

fresh-frozen young and old bone data sets. 

 

Comparisons of the results at point of failure between the old and young material 

demonstrated statistical differences between the two sample groups. Younger material had a 

significantly higher load at failure (1073N±84.2) compared to old (821N±70.2) (p≤0.05), as 

well as an increased stress at failure (7.7MPa±0.61 compared to 5.8MPa±0.49) (p≤0.05). The 

younger material also had a work at failure reading of 1.13J (±0.11), which was significantly 

larger than old material (0.83J±0.08) (p≤0.05) (Figure 3.11). 

Load at yield Deflection at yield 

Stress at yield Work at yield 
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Figure 3.11: Compression testing results at the point of failure for 1cm3 bone cubes samples 

from unwashed fresh-frozen femoral heads from young (≤50 YOA, n=28) and old (≥70 

YOA, n=37) bone donors. Graphs display averaged results for load at failure (A), deflection 

at failure (B), stress at failure (C) and work at failure (D). Data is displayed as mean ± SE. * 

Symbol denotes a significant difference (p≤0.05) between unwashed fresh-frozen young and 

old bone data sets. 
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3.3.4 Mechanical compression of unwashed fresh-frozen, washed, 

unwashed fresh-frozen irradiated and washed irradiated bone 

samples 

In addition to the unwashed fresh-frozen samples used in section 3.3.3, a further 10 femoral 

heads, five in the ≤50 YOA group and five in the ≥70 YOA group (Table 3.3), were washed 

and used to produce 1cm3 cubes. The elasticity parameter of Young’s modulus was not 

significantly different between unwashed fresh-frozen and washed samples before or after 

irradiation of the material. (Figure 3.12) 

 

 

Figure 3.12: Compression testing results of Young’s modulus, recorded during the elastic 

period, for 1cm3 bone cubes from young (≤50 YOA) and old (≥70 YOA) age groups for 

unwashed fresh-frozen (n=28 and n=37; respectively), washed (n=18 and n=16; respectively), 

unwashed fresh-frozen irradiated (n=12 and n=10; respectively) and washed irradiated 

material (n=18 for both). Data is displayed as mean ± SE.  
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At the point of yield, young (≤50 YOA) bone samples indicated significantly lower readings 

for washed bone compared to unwashed fresh-frozen samples for the parameters of load, 

stress (p≤ 0.01) and work (p≤0.05); however these results were not evident between old (≥70 

YOA) unwashed fresh-frozen and washed bone (Figure 3.13). There was also no significant 

difference in the deflection of this material. In comparison, after irradiation, deflection at 

yield was significantly decreased in old (≥70 YOA) unwashed fresh-frozen irradiated bone 

compared to unwashed fresh-frozen (p≤0.05). However, irradiation of washed bone caused a 

significant decrease at deflection at yield for both young and old samples (Figure 3.13 C). As 

previously recorded, there was no statistically significant difference between ages in any 

parameter at yield after washing; this was also true after irradiation.  
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Figure 3.13: Compression testing results at the point of yield for 1cm3 bone cubes from 

young (≤50 YOA) and old (≥70 YOA) age groups for unwashed fresh-frozen (n=28 and 

n=37; respectively), washed (n=18 and n=16; respectively), unwashed fresh-frozen irradiated 

(n=12 and n=10; respectively) and washed irradiated material (n=18 for both). Graphs display 

the averaged results for parameters load to yield (A), deflection at yield (B), stress at yield 

(C) and work at yield (D). Data is displayed as mean ± SE. Line denotes significance 

(p≤0.05) between samples. 
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At the point of failure, the statistical significant differences in load, stress and work 

previously reported between age groups in unwashed samples were also present in unwashed 

fresh-frozen irradiated samples (Figure 3.14 A, C and D).  

The significant differences seen between young and old unwashed fresh-frozen samples were 

not present after washing. Instead, there was a statistically significant decrease after washing 

in the parameters of work at failure and load at failure (p≤0.01) as well as stress at failure 

(p≤0.05) for young (≤50 YOA) samples only. The irradiation of samples caused no loss to the 

biomechanical properties of the material at any parameter, other than deflection; however this 

was only significant in samples which were washed prior to irradiation. 
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Figure 3.14: Compression testing results at the point of failure for 1cm3 bone cubes from 

young (≤50 YOA) and old (≥70 YOA) age groups for unwashed fresh-frozen (n=28 and 

n=37; respectively), washed (n=18 and n=16; respectively), unwashed fresh-frozen irradiated 

(n=12 and n=10; respectively) and washed irradiated material (n=18 for both). Graphs display 

averaged results for load at failure (A), deflection at failure (B), stress at failure (C) and work 

at failure (D). Data is displayed as mean ± SE. Line denotes significance (p≤0.05) between 

samples. 
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3.4 Discussion and Conclusion 

Determining the mechanical stability of any graft material is important in assessing its 

potential use in load bearing or force distributing situations. The stability of a material can 

determine its ability to support its 3D architecture under compressive force such as in a 

clinical setting (Berner et al., 2012; Ateschrang et al., 2009), and which can ultimately 

determine how cells not only react to the material, but which may also help in their 

regeneration of a damaged site through osteogenic stimulation via mechano-transduction 

(Robling et al., 2008; Haudenschild et al., 2009). Whilst bone strength may be determined 

easily though bone mineral density (BMD), this method may be ineffective in assessing the 

true mechanical stability, as up to 40% of a bones strength is determined by non-mineral 

factors such as architecture, porosity, thickness and protein ECM constituents (Ammann and 

Rizzoli, 2003). As such, a compressive model was utilised, examining the materials 

mechanical characteristics at the parameters of yield and failure. 

 

3.4.1 Effect of novel wash process on compressive properties of 

human bone in uniaxial compression, mirrored location model 

Compression testing of the washed human bone demonstrated comparable biomechanical 

stability to unwashed fresh-frozen for parameters at both the points of yield and failure. 

Though there were small increases in Young’s modulus and a reduction displacement at 

yield, the resulting increase in rigidity had no effect on the overall structural stability of the 

washed material, with no significant differences recorded in the parameters at the point of 

failure. The increase in Young’s modulus seen after the removal of marrow has also been 

documented by Halgrin et al. (2012), who concluded that the marrow, present in the fresh-
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frozen bone, had caused increased transverse pressure and local stress on trabeculae, causing 

it to fail prematurely. Additionally, the results also suggest that the material was not 

demineralised by the wash process, as this would have compromised the biomechanical 

stability of the bone (Currey, 1988; Chen and McKittrick, 2011).  

This study utilised 1:1 (height:width) ratio bone cubes for compression experiments (the 

shape used in cell culture methods), which have been demonstrated to be extremely efficient 

in compression testing (Ang et al., 2012). Whilst cylindrical cores are more generally used in 

compression models (Mikhael et al., 2008), the use of trabecular cores does not account for 

the intra-femoral head variability caused by the differing compressive and tensile structures 

of the trabeculae (Martens et al., 1983), and as such aspects of the femoral head such as size 

and shape, which greatly affect the overall strength of the trabecular sample are not 

accounted for, leading to large inter patient variability (Aleixo et al., 2013). This variation 

may also arise through changes in sex, age, weight or even disease state (Green et al., 2011; 

Homminga et al., 2002). Similarly, use of halved femoral heads and mirrored sample 

locations eliminates inter-patient variance, and whilst left and right femoral heads from the 

same patient show similar mechanical strength (Banse et al., 1996), high variability between 

patient sides may arise through limp, gate or walking aids (Smith and Smith, 1976; Weaver 

and Chalmers, 1966). This would suggest that intra-femoral head samples with matched 

locations allow for changing mechanical distribution, and is therefore a strong mechanical 

compression model (Brown and Shaw, 1983; Brown and Ferguson, 1980; Vastel et al., 2004). 
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3.4.1.1 Evaluation of mirrored location compression model 

Whilst orientated uniaxial compression is routinely used for biomechanical strength, it is 

unrepresentative of the trabecular material when used in a clinical setting. Surgeons creating 

bespoke shapes will be unaware of load orientation, and so force may be applied to the 

material in a non-orientated fashion. As such, the testing of load orientation on femoral head 

trabecular structures was undertaken to determine whether a more relevant clinical 

compression model could be successfully utilised.  

Results of orientated vs random orientated samples suggested that a random orientation 

model is representative of the whole femoral heads biomechanical properties. Orientated and 

non-orientated samples displayed similar averages and coefficient of variation, with no 

statistically significant difference between them for any compression parameter. This is in 

accordance with results recorded in a previous study by Cornu et al. (2000), even suggesting 

agreeable inter-head variation in results; however this is only applicable for stress. The data 

from the current study suggests that “general” loading of the trabecular material is 

comparable to “linear loading”. This may be explained by the internal structure of the 

femoral head, which allows for the distribution of structural forces in both compression and 

tension (Figure 3.15) (Martens et al., 1983). Specific alignments of trabeculae dissipate the 

load throughout the whole head, directing it towards the femur through the neck.  
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Figure 3.15: Diagram displaying the constant compressive and tensile stresses within the 

femoral head which dictate trabecular distribution and alignment. Arrows depict the relative 

direction and size of force that the femoral head is subjected to, via its contact with the 

acetabulum in the hip joint (Image adapted from original: 

http://www.doitpoms.ac.uk/tlplib/bones/structure.php). 

 

3.4.2 Compression of human bone material in a clinical model 

3.4.2.1 Effect of gamma irradiation on the compressive properties of human 

bone in a clinical model 

The majority of research suggests a detrimental action by gamma irradiation to the 

mechanical properties of bone (Akkus et al., 2005; Hamer et al., 1996; Hamer et al., 1999; 

Mitchell et al., 2004; Dux et al., 2010), with clinical analysis of IBG using irradiated samples 

resulting in a reduction in mechanical stability, thereby leading to complications (Hassaballa 
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et al., 2009). In this current study, gamma irradiation of unwashed fresh-frozen trabecular 

bone did not cause any change in any biomechanical parameter; however it is important to 

note that the majority of studies in the literature are undertaken in cortical strut material, 

which is biomechanically different to trabecular bone (Martens et al., 1983; Turunen et al., 

2013), and once washed, treatment with gamma irradiation significantly changed the stress at 

yield and stress at failure. Although no other parameter significantly changed, the work at 

failure, work to yield as well as the stress and load at failure were all slightly diminished. 

This would suggest that the material required less energy and displacement to reach yield and 

subsequently failure. As this is only apparent in irradiated washed samples, it is likely to be 

caused by the decrease in the volume of the material increasing the relative concentration of 

radiation absorbed (Cornu et al., 2000). This may be due to the differences in the volume of 

material, with the washed material having a decreased mass to energy ratio due to the 

removal of the marrow, therefore absorbing relatively larger amounts of irradiation (Currey et 

al., 1997). In addition, Nguyen et al. (2013) have also noted that by reducing the radiation 

dose, many of the negative effects of gamma irradiation are prevented; however this 

drastically diminished the sterilisation ability with increased bacterial titres present.  

 

3.4.2.2 Effect of novel wash process on the compressive properties of human 

bone in a clinical model 

The results of the biomechanical testing show that the unwashed fresh-frozen samples ≤50 

YOA exhibited a superior biomechanical ability in trabeculae yield and point of failure 

compared to the ≥70 YOA group. This change in age has been noted by other groups in 

relation to fracture propagation (Nagaraja et al., 2007) as well as the ability to withstand the 

strain and stresses associated with compression (Green et al., 2011). Normally this would 
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suggest the trabeculae of young bone are able to withstand greater loads until they become 

ductile and are able to withstand that load for longer before fracturing completely. This 

process may be explained by decreased non-enzymatic collagen cross-linking (Turunen et al., 

2013), increased porosity and collagen denaturation (Wang et al., 2002), leading to a loss of 

bone strength.  

The lack of change between samples after washing may therefore be due to the disease state 

of the material. The majority of bone samples are obtained from diseased individuals with 

osteoporosis, which has been identified as having decreasing mechanical strength through 

changes in architecture (Homminga et al., 2002) or simply a premature loss of bone material 

(Li and Aspden, 1997). 

Strong oxidising agents, such as the hydrogen peroxide used in the novel wash procedure, 

have been demonstrated to remove minor mineral aspects of bone (Dumas et al., 2006). 

However, the histological assessment of washed material in this study demonstrated a lack of 

change in bone morphology as opposed to the severe changes seen in a study by Dumas et al. 

(2006). Furthermore, the wash process did not change the elastic modulus of the material in 

either age groups, suggesting that the initial difference between the age groups in native 

samples was not due to alterations in bone structure density, as there was no change in 

stiffness, or mineral content (Currey, 1988; Currey, 1968). Additional testing for mineral 

content before and after the novel wash process would be required to confirm the lack of 

mineral leaching.  

The differences present between age groups may also be, in part, due to changes in the ability 

of the material to distribute force, or mineral fluidity (Davies et al., 2014); however the 

results instead support a contribution by the bone marrow to improving the structural fragility 

of the trabecular bone in young samples. Though this does not seem to corroborate previous 
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findings on old bone, or Halgrin et al. (2012), and the removal of marrow improving the 

mechanical stability, the difference in sample ages may explain the altered results.  

 

Importantly, there was no change in the relative amount of DNA or protein removed from the 

young or old femoral heads, suggesting that any change in the removed marrow between 

these groups is unlikely to be an increase in ECM protein or cellular component. This 

contribution may instead be due to the load distribution by fluid dynamics (Simkin, 2004; 

Ochoa et al., 1991), with a difference in marrow viscosity between young and old patients 

causing a change in the distribution of force throughout the structure. Interestingly, studies 

have demonstrated a difference in the marrow composition between young and old bone, with 

increases in adipose cells (Justesen et al., 2001) and decreases in pressure (Shaw, 1963). An 

increase in yellow fat in older patients may decrease the marrows viscosity and load bearing 

capability (Tavassoli and Yoffey, 1983), as red bone marrow is denser than yellow 

(1.06g/cm3 compared to 0.89g/cm3) (Gurkan and Akkus, 2008). A change in the fluid 

properties of different marrow compositions has been reported by Davis and Praveen (2006), 

in which a normal red cell rich marrow displayed non-Newtonian properties, increasing its 

viscosity with increasing force, which was not apparent in yellow fat cell rich marrow. This 

would correspond with the large change in the strength of the material between ages which 

was removed by the wash. A non-Newtonian fluid would, under a large amount of pressure, 

act to increase its resistance to deformity, potentially alleviating the trabeculae from further 

damaging loads. 

Although the results suggest an effect in the bone, with a change in ≤50 YOA groups, this is 

not reciprocated by ≥70 YOA bone samples. Together with no alteration to the Young’s 
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modulus of this material, this would suggest a change in marrow composition causing the 

change in behaviour between age groups.  

A potential limitation to this model is the lack of compensation for the Poisson effect by not 

containing the bone during biomechanical testing. The bone is therefore able to expand in a 

multi directional force, releasing pressure through bending and bulging. This is not 

representative of its normal mechanic-environment, where the material would be braced by 

adjacent material, and therefore able to distribute the force to surrounding structures. As such, 

this may limit the available strength of the material, and allow fracture propagation by flex 

and distortion of the materials shape. 

 

3.4.3 Conclusion 

Accurate determination of the biomechanical strength of the washed bone material is 

important in its eventual use, either directly as a surgical allograft, or as a scaffold for MSC-

based tissue engineering. The 3D structure itself is thought to influence the activity of 

osteogenic cells, through mechano-transduction (Kilian et al., 2010; Shih et al., 2011) or 

simply through shear force (Yourek et al., 2010). The mirrored biomechanical compression 

results therefore suggest that the washed bone is mechanically comparable to commonly used 

fresh-frozen allograft material at both yield and failure. Importantly, the yield point denotes 

the point at which the trabeculae are no longer able to continue resisting the force applied on 

them in an elastic manner. At this point the trabeculae are deforming in a plastic permanent 

fashion towards a point of fracture, which relates to the initial buckling on the trabeculae at 

yield and their resistant to fracture.  
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The failure point of the bone in this study was used to assess the fracturing of the trabeculae 

denoting their quality, and together with yield, these two points can determine the rigidity and 

fragility of the structure. Maintenance of rigidity and an appropriate porous 3D architecture is 

essential for osteoconductivity and new bone infiltration (Tagil et al., 2000), and further 

analysis of the bones ability to support osteogenic activity is therefore essential. The results 

of the clinical loading model denoted differences in the effect of the wash on young and old 

samples, but ultimately showed that the washed bone was a mechanically stable scaffold, 

comparable to currently used old donor fresh-frozen allograft material. 

The data presented on mechanical testing therefore suggests that the novel wash process does 

not affect the integrity of the scaffold material, similar to the findings of Mroz et al. (2006) 

and Haimi et al. (2008). Ultimately the results of the compression testing show the washed 

bone material as able to support its 3D architecture under compression comparable to 

currently used fresh-frozen allograft, and would therefore be suitable as a scaffold in clinical 

use and further experiments assessing its capability for BTE. 
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Chapter 4 
 

Assessing the 
osteoinductive properties 
of the washed bone, and 

the effect of cell and bone 
donor age on osteogenic 
differentiation/activity 
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4.1 Introduction 

In tissue engineering, scaffolds act as 3D structures, supporting cell attachment and 

localisation, and as a replacement of lost matrix to fill voids. The potential of bone wash 

procedures to remove the immunogenic cellular components of marrow tissue has led to their 

use becoming more prevalent in the production of scaffolds, derived from fresh-frozen 

allograft bone, for use in BTE (Hashimoto et al., 2011; Dutra and French, 2010). The 

introduction of pre-osteogenic cells, such as BM-MSC’s to bone matrix can improve the 

osteogenic capacity of the graft and its clinical outcome (Supronowicz et al., 2013; 

Ateschrang et al., 2009; Hibi et al., 2006; Quarto et al., 2001; Mesimaki et al., 2009), 

showing improved integration, bone density and site vascularisation compared to graft 

material alone; all essential processes in graft incorporation (Runyan et al., 2010; Di Bella et 

al., 2010a).  

The BM-MSCs are commonly isolated from bone marrow tissue and separated from other 

cell types by their ability to adhere to TCP. These adherent BM-MSCs are characterised by 

the presence of CD markers on their surface, such as CD44, CD73 and CD105, an ability to 

self-renew, as well as being multipotent with the potential to differentiate along the three 

mesenchymal cell type lineages of adipogenesis, chondrogenesis and osteogenesis (Domonici 

et al., 2006) (Figure 4.1). It is this self-renewal and multipotentiality which makes these cells 

desirable for bone tissue engineering, and means large numbers of unspecialised cells can be 

grown before being differentiated and used to colonize the BTE scaffolds to aid in 

osseointegration. 
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Figure 4.1 Definition and characterisation of MSCs. MSCs are firstly characterised by their 

plastic adherence and self-renew. They must also express specific cell surface CD markers. 

Finally MSCs must retain their ability to differentiate down three different lineages; 

osteogenesis (bone), chondrgenesis (cartilage) and adipogenesis (adipose fat). 

 

Importantly, scaffolds used in BTE should be osteoinductive and osteoconductive, promoting 

the specialisation and activity of progenitor cells and supporting new bone growth on their 

surface (Smith et al., 2011; Huang et al., 2007). Together, these abilities can influence the 

osteogenic capacity of a graft and are determined by the microenvironment of the material. 

However, whilst wash techniques are required to produce such scaffolds, they may also affect 

the latent abilities of the graft itself (Bormann et al., 2010; Huang et al., 2012), with the 

routinely used sterilisation techniques gamma irradiation and demineralisation leading to 

decreased osteoinductive qualities (Nguyen et al., 2007; Robinson et al., 2002; Cuomo et al., 

2009). 
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As previously discussed, the architecture and mechanical stability of the structure can have a 

large influence on the osteogenic activity of cells, with geometry (Ang et al., 2012), porosity, 

surface roughness (Deligianni et al., 2001), as well as the transduction of mechanical force 

(Shih et al., 2011; Yourek et al., 2010) influencing the cell adhesion and potential activation 

(see Chapter 3). However, the biochemical nature of the graft material can also dictate cell 

behaviour and as such is of great importance (Kilian et al., 2010). The biochemical nature of 

a natural bone graft is dictated by the composition of its ECM, and the combination of 

structural proteins and mineral phase, which can profoundly influence the cell attachment 

behaviour and differentiation of osteogenic cells, and ultimately osteogenesis (Mathieu and 

Loboa, 2012; Hidalgo-Bastida and Cartmell, 2010; Polini et al., 2011).  

Furthermore, the age of the stem cell donor also represents a potential limiting factor to their 

osteogenic ability, with cells from aged donors exhibiting a reduction in the functionality, and 

being less likely to differentiate given the same signals as young equivalents (Mueller and 

Glowacki, 2001; Wagner et al., 2009; Stenderup et al., 2003). However, research by Sun et 

al. (2011) has demonstrated the potential of the ECM to promote better osteogenic properties 

in aged MSCs, though, as with cell ageing, bone also ages with changes in the matrix proteins 

incorporated into its structure (Fedarko et al., 1992; Ingram et al., 1994), its mineral phase 

(Handschin and Stern, 1994), and ultimately its architecture, due to alterations in cell activity 

(Turunen et al., 2013; Lochmuller et al., 2008). This influence of ageing on several features, 

thought to determine osteogenic function, may therefore have a large impact on the resultant 

osteogenic activity. 
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4.1.1 Aims 

The application of stem cells direct to (Hart et al., 2014; Smith et al., 2014b), or in 

conjunction with scaffolds (Hernigou et al., 2014; Stiehler et al., 2010; Foschi et al., 2012), 

has demonstrated improvements to non-healing sites; with good healing times and de novo 

bone production. The osteoinductive capacity of a matrix to support such osteogenic activity 

is an important function if it is to be successfully utilised as a structure in tissue engineering, 

and although fresh-frozen allograft bone displays a reduced osteogenic capacity in 

comparison to autograft, it still retains these latent osteoinductive abilities. As such, any 

negative effect to this ability by the wash process should be avoided, and would only increase 

the costs needed to reinstate this function.  

Therefore, the aims of this investigation were to: i) assess whether the washed bone was able 

to support the proliferation of BM-MSCs, and ii) induce the differentiation of these cells, 

independent of an osteogenic stimulant. 

Additionally, as ageing causes changes in both the activity of cells and the composition and 

structure of bone, and as the majority of bone donor material is supplied and received by 

elderly patients, an investigation was undertaken to assess whether the age of cell donor or 

bone allograft donor was important in determining the level of osteogenic activity. In 

particular, the study hypothesised that young donor cells would be better able to 

osteogenically differentiate than old donor cells, and that young donor bone would be better 

able to direct /support osteogenic activity. 
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4.2 Materials and Methods 

4.2.1 Osteoinductive capacity of washed bone 

BM-MSC samples from two donors (female 67 YOA and male 72 YOA) were used to seed 

1cm3 cubes of washed bone material with 0.5x106 BM-MSCs, in 125µl standard medium. 

Each BM-MSC sample was cultured on bone cubes from three different donors (all ≥70 

YOA). After seeding, cubes were incubated for one hour at 37°C, washed three times in PBS 

and centrifuged at 400xg for five minutes to remove non-adherent cells as described 

previously (2.2.7.1).  

The BM-MSC seeded bone cubes were either cultured in standard or osteogenic 

differentiation medium (standard medium supplemented with 10mM beta glycerophosphate 

(G9891; Sigma-Aldrich, Gillingham, UK), 100µM ascorbate-2-phosphate (A8960; Sigma-

Aldrich, Gillingham, UK) and 1x10-7M Dexamethasone (D8893; Sigma-Aldrich, Gillingham, 

UK)) and cultured for up to 28 days in 24-well plates. At 0, 14 and 28 day timepoints, cell 

viability was assessed using an alamarBlue assay. Briefly, the culture media was replaced 

with 2 ml of 5% alamarBlue in relevant medium as defined in section 2.2.7.2; however after 

incubation samples were measured using a fluorescence plate reader (FLx800, Biotek, UK), 

detecting at 540nm with excitation at 600nm. This method was used instead of absorbance, as 

it requires less calculation, is a more adapted and simplified method (Perrot et al., 2003). This 

data was analysed using the previously described methodology for alamarBlue (2.2.7.2). 

At timepoints 0, 14 and 28 days the media were removed from the bone cubes by 

centrifugation at 400xg for five minutes. Bone cubes were transferred to clean wells and 1ml 

TRIzol reagent (AM9738; Ambion, Life Technologies, Paisley, UK) was added, before being 

incubated for five minutes with constant agitation. After incubation, bone cubes were 
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centrifuged at 400xg for five minutes to remove all TRIzol reagent using specialised 

collection tubes (Figure 2.5 in section 2.2.7.1).  

 

4.2.1.1 RNA extraction 

TRIzol reagent containing RNA (ribonucleic acid) was transferred to a 1.5ml MCT and 

centrifuged at 12,000xg for 15 minutes at 4°C to remove bone fragments and debris. The 

supernatant was transferred to a new 1.5ml MCT and 100µl of BCP (1-bromo-3-

chloropropane) was added and mixed through vortexing for 20 seconds. This mixture was 

incubated at room temperature for three minutes then centrifuged at 12,000xg for 15 minutes 

at 4°C. The clear aqueous phase supernatant was carefully removed from the tube and 

transferred to a new 1.5ml MCT. To this, 2µl of Glycoblue and 500µl isopropanol (AM9515; 

Life Technologies, Paisley, UK) were added and mixed through inverting 10 times, before 

incubating at room temperature for 10 minutes. After centrifuging at 12,000xg for 20 minutes 

at 4°C, the supernatant was removed and discarded to expose the small blue pellet. This pellet 

was washed with 1ml, ice cold 75% ethanol by vortexing, and then pelleted again by 

centrifuging at 12,000xg for five minutes at 4°C. The ethanol was removed and the pellet 

allowed to air dry under supervision to prevent over-drying, before being resuspended in 

21.2µl TE buffer.  

 

4.2.1.1.1 RNA quantification 

A 1.2µl sample of extracted RNA was quantified using the quantification methodology 

described in section 2.2.4.3; however samples were quantified using the RNA-40 sample type 

settings instead. 
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4.2.1.2 Reverse transcription of mRNA to cDNA 

Extracted RNA samples, containing messenger RNA (mRNA) were reverse transcribed into 

complementary DNA (cDNA) using a High Capacity cDNA Reverse Transcription kit 

(4368814; ABI, Life Technologies, Paisley, UK). RNA samples were diluted using molecular 

grade water (BP 2819-10; Fisher Scientific, Loughborough, UK) to give a final concentration 

of 200ng/µl. A 10µl sample was then combined with 10µl of 2x reverse transcription master 

mix, as shown in Table 4.1.  

 

Table 4.1: High capacity cDNA reverse transcription PCR 2x master mix  
RT-PCR Master Mix reagent  Volume of reagents (µl) Final concentration 
10x RT-PCR buffer  2 1x 
25x (100mM) dNTP mix  0.8 1x 
10x RT random primers 2 1x 
Multiscribe™ Reverse Transcriptase 1 50U 
RNAse inhibitor 1 20U 
Molecular grade water  3.2 NA 
 

The 20µl reaction mixture was pipetted into reaction tubes (PCR-02-C (AXYGEN ™); 

Fischer Scientific, Loughborough, UK) and mixed by vortexing, then centrifuged to pool the 

sample. The reaction tubes were entered into the thermocycler using the program detailed in 

Table 4.2. 

 

Table 4.2: Thermocycler conditions for RT reaction 
Step Temperature (°C) Time length  
1 25 10 minutes 
2 37 120 minutes 
3 85 5 seconds 
4 4 ∞ 
 

After the reaction process, samples were diluted to 5ng/µl with molecular grade water and 

stored at -20°C until required. 
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4.2.1.3 Quantitative real time PCR (QRT-PCR) for osteogenic gene expression  

Samples for use in QRT-PCR gene transcriptional analysis were run in triplicate. All genes 

assayed for (full details in Table 4.3) were normalised to the housekeeping gene (HKG) 

mitochondrial ribosome protein 19 (MRPL19). This HKG was previously identified within 

the laboratory as the most stably expressed HKG in BM-MSCs in both monolayer expansion 

and under osteogenic conditions (unpublished data). 

 

Table 4.3: All primer and probe sequences for use in QRT-PCR 
Target 
Gene 

Accession ID 
(Gene bank) 

Forward 
primer seq. 

Reverse 
primer seq. 

Probe 
sequence 

Working 
conc. of 

primer (nM) 
MRPL19 NM_014763 CCA CAT TCC 

AGA GTT CTA 
CCG AGG ATT 
ATA AAG TTC 

AAA 

CAA ATC TCG 
ACA CCT TGT 

CCT TCG 

900 

RUNX2 NM_001024630 CGC TGC AAC 
AAG ACC 

CGC CAT GAC 
AGT AAC C 

TGG CCT TCA 
AGG TGG TAG 

CCC TC 

900 

Osteopontin 
(OPN) 

NM_000582 CTG ACA TCC 
AGT ACC CTG 

CAG CTG ACT 
CGT TTC ATA 

CTG TCC TTC 
CCA CGG CTG 

TC 

600 

Osteocalcin 
(OC) 

NM_199173 CCG CAC TTT 
GCA TCG 

GCC ATT GAT 
ACA GGT AGC 

CCA GGC AGG 
TGC GAA GCC 

C 

600 

Alkaline 
phosphatase 
(ALPL) 

NM_000478 ACG TCT TCA 
CAT TTG GTG 

GGT AGT TGT 
TGT GAG CAT 

A 

ACT CTA TCT 
TTG GTC TGG 

CCC C 

450 

VEGFα NM_001025366 GTA CCC TGA 
TGA GAT CGA 

ATC CGC ATA 
ATC TGC ATG 

ACA TCT TCA 
AGC CAT CCT 

GTG T 

300 

 

The QRT-PCR assay was performed on samples using Lumino-Ct qPCR ReadyMix (l6669; 

Sigma-Aldrich, Gillingham, UK), prepared using primers and FAM-BHQ1 (6-

carboxyfluorescein-Black Hole Quencher®) probes (all from Sigma-Aldrich, Gillingham, 

UK) (Table 4.3). A 2µl volume of each cDNA sample was assayed in triplicate in a 96-well 

PCR plate (E1403; Star lab, Milton Keynes, UK) and mixed with 8µl of PCR Master Mix 

(Table 4.4). 
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Table 4.4: QRT-PCR master mix for use with FAM-BHQ1 primers and probes 
QRT-PCR Master Mix reagent Volume of reagents (µl) Final concentration 
2x Lumino CT qPCR Readymix 5 1x 
40x ROX solution (diluted 100x stock) 0.5 1x 
3-9µM Forward primer (See Table 4.3) 1 0.3-0.9µM 
3-9µM Reverse primer (See Table 4.3) 1 0.3-0.9µM 
5µM FAM-MGB probe 0.5 0.25µM 
 

The laden PCR plates were sealed with clear polyolefin film (E2796-9795; Star lab, Milton 

Keynes, UK), mixed through inversion and centrifuged at 500xg for one minute at room 

temperature to collect the sample at the bottom of the well. The plates were run on a 

StepOnePlus real time PCR system (4376600; Life Technologies, Paisley, UK) using the 

cycle conditions detailed in Table 4.5. 

 

Table 4.5: Thermocycler conditions for RealTime QRT-PCR 
Step Temp (°C) Time length Cycle details 

1 50 2 minutes  
2 95 10 minutes  
3 95 15 seconds Steps 3-4 

repeated 39 times 4 60 1 minute 
 

4.2.1.3.1 QRT-PCR data analysis 

CT value data was collected from the StepOnePlus PCR machine in Microsoft Excel. The 

gene expression level of the constitutively expressed HKG was used to normalise against, for 

all genes of interest expression levels, to give the relative gene expression levels, termed 

∆CT. The power of this value (2-∆CT) displays the change in normalised gene expression 

relative to the HKG (normalised expression level). To measure the change compared to both 

the normalising reference (HKG), and a calibrator (day 0), the normalised gene expression 

levels (∆CT) of sample groups were compared to a normalised control (day 0) (∆∆CT), with 

the power of the change (2-∆∆CT) termed the fold change. See Table 4.6 for details of this 

process, (Minogue et al., 2010; Livak and Schmittgen, 2001). 
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Table 4.6: Calculation process for analysis of QRT-PCR data 
Step Process 

1 ∆CT of target gene calculated: 
= Ct of target gene- Ct of HKG (Mrpl19) 

2 Average of ∆CT triplicate for each sample 
3 Average of sample groups ∆CTs e.g. controls / condition 
4 Calculate SE for sample group mean:  

(standard deviation of group / square root of the number) 
=STDEV (∆CTs of sample group)/ SQRT(N)  

5 ∆∆CT of sample group calculated: 
= ∆CT of sample group- ∆CT of control 

6 Calculate the relative fold change 2-∆∆CT: 
= POWER (2,- ∆∆CT) 

7 Calculate positive error bar: 
Pos = (2-∆∆CT-SE)-(2-∆∆CT) 

8 Calculate negative error bar: 
Neg = (2-∆∆CT)-(2-∆∆CT+SE) 

 

 

4.2.2 Age-related changes in osteogenic potential of cells seeded on 

washed bone 

BM-MSCs from donors aged ≤50 YOA (N=4) and ≥70 YOA (N=3) (Table 4.7) were 

expanded in culture as detailed previously (2.2.7.1). The cells were trypsinised and 

resuspended to a concentration of 4x106 cells/ ml in osteogenic medium and 125µl of this cell 

suspension was seeded onto defrosted washed bone cubes (2.2.7.1) from donors ≤50 YOA 

(N=7) and ≥70 YOA (N=9) (Table 4.8 for full details). Samples were created for PCR 

analysis at days 0, 14 and 28 (4.2.1.3), histological analysis at day 28 (2.2.5) and for ALP 

activity assays at days 0, 14 and 28. 
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Table 4.7: BM-MSC samples for use in age-related changes in osteogenic potential 
experiment 

Sample ID. Sex Age (years) 
WH113 Male 44 
WH124 Female 44 
WH110 Male 44 
WH096 Female 49 
WH101 Female 72 
WH106 Male 73 
WH097 Female 81 

 

 

Table 4.8: Washed bone samples for use in age-related changes in osteogenic potential 
experiment 

Sample ID. Sex Age (years) 
170 212 Male 34 
469 467 Male 39 
470 480 Female 45 
473 662 Male 45 
170 211 Male 48 
464 295 Female 49 
472 268 Female 49 
167 027 Female 72 
455 700 Female 73 
457 066 Female 75 
459 319 Female 75 
452 284 Male 76 
160 949 Female 76 
458 531 Male 82 
160 289 Female 83 
452 277 Male 84 

 

 

4.2.2.1 ALP activity assay 

ALP enzyme activity was measured by its hydrolytic cleavage of p-Nitrophenyl phosphate 

(p-NPP) to release p-Nitrophenol (p-NP), which in alkaline conditions causes a yellow colour 

change detectable at 410nm. The intensity of the yellow pertains to the amount of p-NP 

produced. 
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Seeded bone cubes samples for days 0, 14 and 28 were removed from culture media and 

rinsed in PBS to remove traces of serum. The cubes were then submerged in 2ml of ALP 

lysis buffer containing 5mM MgCl2 and 0.5% Triton X-100 diluted in PBS. The cubes were 

incubated on ice for 10 minutes then entered into two freeze-thaw cycles, after which the 

cubes were centrifuged dry using the specialised centrifuge tube (Figure 2.5 in section 

2.2.7.1). The lysis solution was then centrifuged at 13,000rpm for 10 minutes at 4°C to 

remove fine particles which could affect the assay. The lysate supernatant was carefully 

transferred to a fresh 1.5ml MCT and kept on ice to run fresh in the assay. 

An ALP substrate solution containing 5mM p-NPP (P5896; Sigma-Aldrich, Gillingham, 

UK), 150mM AMP buffer (A9226; Sigma-Aldrich, Gillingham, UK) and 5mM MgCl2 in 

dH2O was produced for use in the ALP activity assay. A standard curve was produced by first 

diluting p-NP 10µmol/ml stock (N7660; Sigma-Aldrich, Gillingham, UK) to 1µmol/ml in 

lysis buffer. Serial dilution of this top standard (0.5µmol/ml after addition of substrate) was 

used to achieve an 8 point standard curve (0.5, 0.25, 0.125, 0.0625, 0.03125, 0.015625 and 

0.0078µmol/ml) including lysis buffer blank. 

Using neat samples, a 50µl volume was loaded in triplicate into wells of a 96-well plate 

alongside the standard curve and 50µl of substrate solution added to each well. The plate was 

run on an absorbance reader at 420nm with readings performed immediately and then again 

at five minute intervals until 30 minutes, thereby ensuring results could be taken during the 

exponential phase. Additional 50µl samples were loaded into wells of a 96-well plate and a 

PicoGreen assay run for quantification of DNA material (as detailed in section 2.2.2.1.1). 

Similar to the quantification of DNA, the equation of the trend-line for the standard curve 

was used to determine the actual concentration of p-NP from raw values. ALP activity was 

referred back to total DNA, therefore giving results as µmol p-NP/µl/minute/ng DNA using 

the equation: 
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Where:  t30 is the value after 30 minutes 

  t0 is the initial value at 0 minutes 

  v is the volume being read 

  t is the time between readings (30 minutes) 

  DNA (ng) is the DNA material in 50µl in ng from PicoGreen assay 

Enzyme activity was then normalised to day 0 controls to display results as fold increase. 

 

4.2.2.2 Histological analysis of cell seeded bone 

Histological sections were stained with H&E and MTC using the methods described 

previously (2.2.5). Immunohistochemical staining was undertaken to support QRT-PCR 

assessment of osteogenic differentiation and activity, using previously described 

methodology (2.2.5.3). Briefly, a rabbit anti-ALP antibody was diluted to 1/200 in TBS 

containing 1% BSA (ab108337; Abcam, Cambridge, UK) for use on mounted samples which 

had undergone heat-mediated antigen retrieval in Citrate Buffer Solution (10mM citric acid 

(251275; Sigma-Aldrich, Gillingham, UK) in dH2O, pH 6) for 15 minutes in a steamer 

(366815-3668; TEFAL, Windsor, UK), using a goat-anti-rabbit secondary antibody at 1/300 

dilution (sc-3840; Santa Cruz Biotechnology, Heidelberg, DE). Staining was visualised with 

DAB as described previously (2.2.5.3).  
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4.2.3 Assessment of osteogenic differentiation of BM-MSC samples 

in monolayer 

BM-MSC samples used in the assessment of cell age on osteogenic activity on bone were 

cultured in monolayer at 25,000/well in a 6-well plate and incubated for one hour. The media 

were then removed and the cells washed in PBS twice before 2ml of 5% alamarBlue was 

added, and then incubated for two and a half hours with media replaced with fresh standard 

or osteogenic media (as described in section 2.2.7.2). At 14 and 28 day timepoints, 

alamarBlue assays were used to assess cell metabolic activity and samples were removed for 

PCR and ALP activity assays as described in sections 4.2.1.3 and 4.2.2.2.  

 

4.2.3.1 Alizarin red 

At day 28, Alizarin red staining was used to visually determine the mineralisation state of 

monolayer BM-MSCs after culture in standard and osteogenic medium. Two grams of 

Alizarin red S (A5533; Sigma-Aldrich, Gillingham, UK) was dissolved in 100ml dH2O, and 

adjusted to pH 4.2 with hydrochloric acid. This solution was filtered before use. 

Monolayer cells were fixed in 4% neutral buffered formalin for a minimum of one hour then 

washed three times in PBS and rinsed in water to remove all traces of fixative. The fixed 

monolayer was then incubated in the Alizarin red solution for one minute. The solution was 

removed and well rinsed in distilled water to remove excess stain, then air dried. Images were 

taken using a light microscope as described in section 2.2.5.2.1. 
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4.2.3.2 ALP staining 

Alkaline phosphatase activity was visually assessed using a 5-bromo-4-chloro-3’-

indolyphosphate p-toluidine/ nitro-blue tetrazolium chloride (BCIP/NBT) substrate, staining 

cells blue-violet when active ALP is present. One BCIP/NBT tablet (SigmaFast™ 

BCIP/NBT; Sigma-Aldrich, Gillingham, UK) was dissolved in 10ml of dH2O to prepare the 

substrate solution. This photosensitive solution was kept in the dark to prevent breakdown. 

Monolayer cells were washed in PBS containing 0.05% Tween 20 (P9416; Sigma-Aldrich, 

Gillingham, UK), which was aspirated off carefully so as not to disturb the fragile monolayer 

structure. The wash solution was removed and the monolayer was covered in 4% neutral 

buffered formalin, and incubated for one minute. The fixative was carefully removed and the 

monolayer washed using the wash buffer. Finally, the wash buffer was aspirated carefully 

and sufficient substrate solution added to cover the monolayer (approx. 0.5ml). The plate was 

incubated in darkness at room temperature for 10 minutes. The substrate solution was 

removed and the monolayer washed one last time in wash buffer. Images were taken to 

evaluate staining results using a light microscope as previously described (2.2.5.2.1). 

 

4.2.4 Assessment of bone mineral crystallinity 

The phase structure and crystallinity of hydroxyapatite in the bone was measured by X-ray 

defraction (XRD). Samples were placed in a Philips X’Pert-MPD (PW 3040; Phillips, UK) 

and measured in 2-Theta (2Ɵ) with a step size of 0.008 2θ/second and a scan range of 10 to 

70°. Measurements were analysed using OriginPro 8.1 (OriginLab, Stoke Mandeville, UK) 

with phase determinations made using standard card; JCPDS 74-0565, from the International 

Centre for Diffraction Data (ICDD) (Whiteside et al., 2010). 
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Additionally, samples were analysed by X-ray fluorescence (XRF) to determine chemical 

composition and assess mineralisation by a measurement of the calcium to phosphate (Ca/P) 

ratio. Samples were excited with high energy X-rays using a Minipal 4 EDXRF (Panalytical, 

Cambridge, UK). Measurements were retrieved in chemical compound percentage 

concentration. The value for calcium was then divided by the phosphorous value to give a 

Ca/P ratio. 
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4.3 Results 

4.3.1 Osteoinductive capacity of washed human bone allograft  

4.3.1.1 Culture of BM-MSCs in 3D on washed human bone scaffold with and 

without osteogenic medium 

Metabolic activity was assessed through reduction of alamarBlue, with increased reduction 

potentially resulting from cell proliferation. This change in fluorescent signature occurs as its 

constituent chemical resazurin is converted to resorufin by cytochrome a3 by the cells 

mitochondria. The results for BM-MSCs seeded on washed bone showed significant fold 

changes in metabolic activity after 14 days, with increases of 3-fold in standard medium and 

3.49-fold in osteogenic medium compared to day 0 controls (p≤0.001 for both). At the day 28 

timepoint, metabolic activity had significantly increased 4.98-fold in standard medium and 

4.63-fold in osteogenic medium compared to initial day 0 readings (p≤0.001 for both). This 

increase was also significantly higher compared to day 14 readings (p≤0.05) (Figure 4.2 A). 

There were no detectable readings for non-seeded washed bone controls at day 0, 14 or 28. 

The osteoinductive potential of the washed bone material, and its ability to support 

osteogenic differentiation was assessed through the analysis of osteogenic gene expression in 

BM-MSCs seeded on washed bone, cultured in either standard or osteogenic medium. 

Osteogenic markers for initial differentiation (RUNX2), immature osteoblast gene (OPN) and 

mature osteoblast gene (OC) were used to determine both osteogenesis and the extent of cell 

maturation. Non-seeded, washed bone material was also included in the PCR analysis and 

revealed no detectable expression for any of the genes studied. 
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Expression of the early osteogenic gene RUNX2 by BM-MSCs seeded on washed bone 

(Figure 4.2 B) was significantly increased at day 14 compared to day 0 in both standard and 

osteogenic medium (2.62-fold, p≤0.001 and 4.2-fold, p≤0.001; respectively), with 

significantly larger increases noted in osteogenic medium compared to standard medium 

(p≤0.01). By day 28, RUNX2 expression by BM-MSCs in standard medium had returned to 

day 0 control levels, whereas expression in osteogenic medium remained significantly higher 

than both day 0 controls (2.7-fold, p≤0.001) and in comparison to standard medium at day 28 

(p≤0.001). 

Expression of the immature osteoblast marker gene OPN (Figure 4.2 C) was also 

significantly increased by day 14 in both standard and osteogenic medium compared to day 0 

controls (13.1-fold, p≤0.001 and 5.4-fold, p≤0.001; respectively). However, levels were 

significantly lower in osteogenic medium compared to standard medium at day 14 (p≤0.01). 

By day 28, expression of OPN remained significantly higher than day 0 controls in both 

medium types (6.2-fold, p≤0.001 and 4.3-fold, p≤0.001 in standard and osteogenic medium; 

respectively), with no significant difference noted between culture media.  

Expression of the mature osteoblast marker gene OC (Figure 4.2 D) was upregulated to 

similar extents at day 14 in both standard and osteogenic medium compared to day 0 controls 

(3.3-fold and 4.43-fold; respectively, both p≤0.001). Expression was further increased in both 

medium types by day 28 relative to day 0 (5.6-fold in standard and 8.1-fold osteogenic 

medium, both p≤0.001) and in standard and osteogenic medium relative to the same medium 

type at day 14 (both p≤0.01), with a small but significant increase noted in osteogenic 

medium compared to standard medium at day 28 (p≤0.01). 
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Figure 4.2: AlamarBlue metabolic activity and QRT-PCR for osteogenic marker gene 

expression of BM-MSCs seeded on washed bone scaffolds (n=6) and cultured for 14 or 28 

days in either standard medium or osteogenic medium containing dexamethasone. Relative 

metabolic activity (A) was normalised to non-seeded bone controls and day 0 readings whilst 

gene expression of RUNX2 (B), OPN (C) and OC (D) was normalised to the HKG MRPL19 

and day 0 controls (2-∆∆CT). Data represent mean ± SE. *, significant difference with respect 

to 0d control (p≤0.05). #, indicates significant difference between standard and osteogenic 

medium (p≤0.05). +, indicates significant difference between 14d and 28d in the same 

medium type (p≤0.05). 

 

RUNX2 alamarBlue  

OPN  OC  
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4.3.2 Influence of cell donor age on the osteogenic differentiation of 

BM-MSCs cultured on the washed human bone scaffold 

4.3.2.1 QRT-PCR analysis of osteogenic gene expression in BM-MSCs 

cultured on the washed human bone allograft 

Metabolic activity, measured by alamarBlue reduction, was significantly increased compared 

to day 0 controls, for cells from both young (≤50 YOA) and old (≥70 YOA) donors, with 2.1-

fold and 2.2-fold increases at day 14 and 2.7-fold and 2.0-fold at day 28 respectively (p≤0.01 

for all values) (Figure 4.3 A). There was no significant difference between young and old 

samples at either day 14 or 28 timepoints. 

The osteogenic transcription factor RUNX2 was significantly increased at day 14 for cells 

from both young and old donors (2.4-fold, p≤0.001 and 1.4-fold, p≤0.01; respectively) 

compared to day 0; however levels at day 28 were only significantly increased for young 

donor cells and not old (1.9-fold, p≤0.001) (Figure 4.3 B). At both timepoints, RUNX2 was 

significantly higher in the young cell donor samples compared to old cell donor samples 

(p≤0.001). 

At both day 14 and 28 there was a significant increase in OPN transcription levels for young 

(6.2-fold, p≤0.001 and 5-fold, p≤0.001; respectively) and old (4.3-fold, p≤0.001 and 2.6-fold, 

p≤0.05; respectively) donor cells in comparison to day 0 controls, with significant differences 

between the two groups at both timepoints (p≤0.001) (Figure 4.3 C). In contrast, OC 

transcription levels varied greatly between the two age groups (Figure 4.3 D). There were 

significant increases in OC transcription levels for young donor cells at 14 and 28 days in 

comparison to day 0 controls (2.6-fold, p≤0.01 and 2.5-fold, p≤0.001; respectively); however 

there was no statistical difference at day 14 for old donor cells, and a statistically significantly 
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decrease in OC at day 28 (0.44-fold, p≤0.05). At both 14 and 28 days, young donor cells had 

significant higher OC transcription levels than old cells (p≤0.001 for both). 

Tissue non-specific ALPL transcription was only significantly upregulated for young donor 

cells at day 28 (1.6-fold, p≤0.01), and was significantly different to old donor cells at this 

timepoint (p≤0.001) (Figure 4.3 E) when compared to day 0. There were no other significant 

differences at 14 days for young cells or at either timepoint for old donor cell samples.  
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Figure 4.3: AlamarBlue metabolic activity and QRT-PCR gene expression in BM-MSCs 

isolated from young (≤50 YOA) (n=24) and old (≥70 YOA) (n=18) donors seeded on washed 

bone scaffolds. Seeded cubes were cultured in osteogenic medium for 14 or 28 days, and cell 

gene expression assessed. Relative metabolic activity (A) was normalised to non-seeded bone 

controls and day 0 readings whilst relative gene expression of osteogenic markers RUNX2 

(B), OPN (C), OC (D) and ALPL (E) were normalised to the HKG MRPL19 and day 0 

controls (2-∆∆CT). Data represent mean ± SE. *, significant difference with respect to 0d 

control (p≤0.05). +, indicates significant difference between young and old samples at the 

same timepoint (p≤0.05). 

alamarBlue RUNX2 

OPN OC 

ALPL 



175 
 

4.3.2.2 Quantitative assessment of tissue non-specific enzyme activity  

Alkaline phosphatase activity was quantitatively assessed through the lysis of substrate pNPP 

to pNP by the enzyme, and its subsequent colourimetric change. This raw value was 

normalised to the DNA content to give relative changes in enzymatic activity compared to 

day 0. Results indicated a significant increase in enzymatic activity in all samples (Figure 

4.4). Young and old donor samples were significantly higher at day 14 and 28 compared to 

day 0 (2.4, p≤0.01 and 1.9, p≤0.01; respectively), (2.1-fold, p≤0.05 and 2.6, p≤0.01; 

respectively); however there was no statistical difference between age groups at either 

timepoint, or any statistical differences between 14 and 28 day timepoints in either age group. 

 

 

Figure 4.4: Alkaline phosphatase enzyme activity of BM-MSCs isolated from young (≤50 

YOA) (n=6) and old (≥70 YOA) (n=6) donors and seeded on washed bone scaffolds 

measured through pNPP lysis to pNP and subsequent colourimetric change. Seeded bone 

scaffolds were cultured for 14 or 28 days in osteogenic medium and enzyme retrieved 

through cell lysis. Relative enzymatic activity was normalised to non-seeded bone controls, 

DNA content and day 0 readings. Data represent mean ± SE. *, significant difference with 

respect to 0d control (p≤0.05). +, indicates significant difference between young and old 

samples at the same timepoint (p≤0.05). 
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4.3.2.3 Influence of cell donor age on the osteogenic differentiation of BM-

MSCs cultured in monolayer 

The influence of cell donor age on osteogenic differentiation of bone marrow BM-MSCs was 

re-assessed in monolayer to ensure all cell samples were able to undergo osteogenic 

differentiation in standardised conditions. 

Results of the alamarBlue cell metabolic assay for monolayer cultures indicated significant 

increases for both young (≤50 YOA) and old (≥70 YOA) donor cells at day 14 (4.6-fold, 

p≤0.001 and 4.8, p≤0.001; respectively) and day 28 (7.8-fold, p≤0.001and 7-fold, p≤0.001; 

respectively) in comparison to day 0 controls (Figure 4.5 A). There was no statistical 

difference between the two age groups at either timepoint. 

Expression levels of osteogenic transcription factor RUNX2 were significantly increased in 

young donor cells at both 14 and 28 days (3.3-fold and 2.0-fold; respectively, both p≤0.001) 

in comparison to standard controls at the same timepoint (Figure 4.5 B). However, RUNX2 

was only increased significantly at day 14 for old donor cells (1.5-fold, p≤0.05). At both 14 

and 28 days, expression levels were significantly higher in young donor cells compared to old 

(p≤0.01 and p≤0.05; respectively). 

OPN and OC levels were significantly decreased compared to standard controls for young 

donor cell samples at day 14 (0.48-fold and 0.66-fold; respectively, p≤0.01 for both) and day 

28 (0.47-fold, p≤0.05 and 0.40-fold, p≤0.001; respectively) (Figure 4.5 C and D). However, 

there was no significant difference at either timepoint for OPN and significance only at day 

14 for OC (0.63-fold, p≤0.01) in old donor cells samples compared to standard controls. 

There was also no significant difference between the two age groups at either timepoint other 

than day 28 for OC (p≤0.01). 
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In monolayer culture, the relative expression levels of ALP were significantly increased at 

both 14 and 28 days compared to day 0 controls, for young (18.6-fold, p≤0.001 and 4.2, 

p≤0.001; respectively) and old donor cells (3-fold, p≤0.001 and 2.7, p≤0.01; respectively) 

(Figure 4.5 E); however at both timepoints young donor cells expressed significantly higher 

levels than old (p≤0.001 at day 14 and p≤0.05 at day 28).  
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Figure 4.5: AlamarBlue metabolic activity and QRT-PCR gene expression in BM-MSCs 

isolated from young (≤50 YOA) and old (≥70 YOA) donors seeded in monolayer (n=9 for 

both). Cells were cultured in osteogenic medium for 14 or 28 days and samples retrieved 

through RNA extraction and reverse transcription. Relative metabolic activity (A) was 

normalised to non-seeded bone controls and day 0 readings whilst relative gene expression of 

osteogenic markers RUNX2 (B), OPN (C), OC (D) and ALPL (E) were normalised to the 

HKG MRPL19 and day 0 controls (2-∆∆CT). Data represent mean ± SE. *, significant 

difference with respect to standard medium control at same timepoint (p≤0.05). +, indicates 

significant difference between young and old samples at the same timepoint (p≤0.05). 
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4.3.2.3.1 Histology staining of mineralised matrix in monolayer cultures 

BM-MSCs were seeded at low cell concentrations for monolayer cultures, to avoid the cells 

becoming over confluent during the long culture period; however, this initial low cell number 

resulted in ALP activity assays becoming impractical and resulting in unreadable data. As 

such, ALP staining and alizarin red calcium deposition stains were used to view 

mineralisation in the monolayer cultures instead. 

The results of BCIP/NBT staining for active ALP in monolayer cultured cells indicate 

minimal activity in young donor cells cultured for 28 days in standard medium (Figure 4.6 A, 

B and C). In contrast, all young donor cell samples cultured in osteogenic medium readily 

stained positive (blue) for active ALP (Figure 4.6 D, E and F). Alizarin red staining of partner 

cultures indicated no calcium deposition in standard medium cultures (Figure 4.7 A, B and 

C), with large amounts of red-orange alizarin S-calcium staining in osteogenic medium 

cultures (Figure 4.7 D, E and F). 

ALP staining of old donor cell monolayer samples cultured in standard medium displayed 

varied staining (Figure 4.8 A, B and C). One sample in particular (Figure 4.8 B) displayed a 

large amount of ALP staining, though the other two were minimal. Whilst there was staining 

in standard conditions, this was visibly different to cells cultured in osteogenic medium, in 

which all samples had dense blue stained matrices (Figure 4.8 D, E and F). Alizarin red 

staining of old donor cell monolayer cultures also displayed no staining in standard 

conditions (Figure 4.9 A, B and C) similar to young donor cell samples. However, osteogenic 

medium cultured samples had varied staining, ranging from complete (Figure 4.9 D) to sparse 

(Figure 4.9 F). 
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Figure 4.6: Images represent the BCIP/NBT substrate staining of active ALP in BM-MSCs 

isolated from three different young cell donors ≤50 YOA (A, B and C), cultured in 

monolayer in either standard (A1, B1, C1) or osteogenic medium (A2, B2, C2) for 28 days. 

Blue colouring represents active enzyme. 

 

 

 

Figure 4.7: Images represent the alizarin red staining of calcium deposition by BM-MSCs 

isolated from three different young cell donors ≤50 YOA (A, B, and C)), cultured in 

monolayer in either standard medium (A1, B1, C1) or osteogenic medium (A2,B2, C2) for 28 

days. Red-orange colour represents calcium deposition, indicative of calcified matrix. 
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Figure 4.8: Images represent the BCIP/NBT substrate staining of active ALP in BM-MSCs 

isolated from three different old cell donors ≥70 YOA (A, B and Cn=9), cultured in 

monolayer in either standard (A1, B1, C1) or osteogenic medium (A2, B2, C2) for 28 days. 

Blue colouring represents active enzyme. 

 

 

 

Figure 4.9: Images represent the alizarin red staining of calcium deposition by BM-MSCs 

isolated from three different old cell donors ≥70 YOA (A, B and C), cultured in monolayer in 

either standard medium (A1, B1, C1) or osteogenic medium (A2, B2, C2) for 28 days. Red-

orange colour represents calcium deposition, indicative of calcified matrix. 
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4.3.3 Influence of bone donor age on osteogenic differentiation of 

BM-MSCs seeded on a washed human bone allograft 

4.3.3.1 Young donor cells cultured on washed human bone allograft from 

young (≤50 YOA) and old (≥70 YOA) donors  

The QRT-PCR expression analysis results indicate that young donor cells seeded onto either 

young or old donor washed bone underwent osteogenic differentiation (Figure 4.10). 

However, RUNX2 expression was only up regulated at day 14 for cells seeded onto young 

bone (1.8-fold, p≤0.01), whilst cells seeded onto old bone had increased expression at both 

day 14 and 28 (3.3-fold and 2.6-fold; respectively, p≤0.001 for both) (Figure 4.10 A) in 

comparison to day 0. 

After 14 days, expression was significantly increased in cells cultured on young and old 

donor bone for both OPN (3.4 and 11.4; respectively, p≤0.001 for both) (Figure 4.10 B) and 

OC (2.1-fold, p≤0.01 and 3.3-fold, p≤0.001; respectively) when compared to day 0 controls 

(Figure 4.10 C). This increase in expression was sustained at 28 days for OPN (3.8-fold and 

6.5; respectively, p≤0.001 for both) and OC (2.0-fold, p≤0.01 and 3.15, p≤0.001), again in 

comparison to day 0 controls. Expression of OPN and OC was significantly higher in cells 

grown on old donor bone than young donor bone at 14 days (p≤0.001 and p≤0.01; 

respectively), with OC also significantly higher at 28 days (p≤0.01). 
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Figure 4.10: QRT-PCR gene expression in BM-MSCs isolated from young (≤50 YOA) 

donors seeded on washed bone scaffolds from either young (n=12) or old (n=12) bone 

donors. Seeded cubes were cultured in osteogenic medium for 14 or 28 days and samples 

retrieved through RNA extraction and reverse transcription. Relative gene expression of 

osteogenic markers RUNX2 (A), OPN (B) and OC (C) were normalised to the HKG 

MRPL19 and day 0 controls (2-∆∆CT). Data represent mean ± SE. *, significant difference 

with respect to 0d control (p≤0.05). +, indicates significant difference between cells cultured 

on young and old bone samples at the same timepoint (p≤0.05). 
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4.3.3.1.1 ALP activity of young cells cultured on young and old donor bone 

Alkaline phosphatase activity was significantly increased by day 14, compared to day 0 

controls, for cells cultured on young and old donor bone (2.9-fold, p≤0.001 and 1.9-fold, 

p≤0.01; respectively), as well as at 28 days on young and old bone (2.2-fold, p≤0.01 and 2-

fold, p≤0.01; respectively) (Figure 4.11). There was no significant difference between 

timepoints or age groups. 

 

 

Figure 4.11: Alkaline phosphatase enzyme activity of BM-MSCs isolated from young (≤50 

YOA) donors seeded on young (n=3) and old (n=3) donor washed bone scaffolds measured 

through pNPP lysis to pNP and subsequent colourimetric change. Seeded bone scaffolds were 

cultured for 14 or 28 days in osteogenic medium and enzyme retrieved through cell lysis. 

Relative enzymatic activity was normalised to non-seeded bone controls, DNA content and 

day 0 readings. Data represent mean ± SE. *, significant difference with respect to 0d control 

(p≤0.05). +, indicates significant difference between young and old samples at the same 

timepoint (p≤0.05). 
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4.3.3.2 Old donor cells cultured on washed human bone allograft from young 

(≤50 YOA) and old (≥70 YOA) donors  

Expression of RUNX2 varied greatly between old donor cell samples seeded onto young and 

old donor bone (Figure 4.12 A). In comparison to day 0 there was no significant difference at 

day 14 for old cells seeded on young bone; however there was a significant decrease in the 

expression of RUNX2 by day 28 (0.6-fold, p≤0.01). In contrast, old cells cultured on old 

donor bone had significantly increased expression levels of RUNX2 at both day 14 and 28 in 

comparison to day 0 controls (2.0-fold, p≤0.001 and 1.9-fold, p≤0.001; respectively) and 

were significantly increased compared to the young bone samples (p≤0.001 for both 

timepoints). 

In comparison to day 0 controls, samples of old cells cultured on young donor bone displayed 

a significant increase in OPN expression at 14 days, followed by a significant decrease at day 

28 (2.0-fold, p≤0.01 and 0.5-fold, p≤0.05; respectively) (Figure 4.12 B). On old donor bone, 

there were significant increases in OPN expression at both day 14 and 28 compared to day 0 

(10.2-fold and 17.7-fold; respectively, p≤0.001 for both), and in comparison to cells grown 

on young bone (p≤0.001 for both). There was no increase recorded in OC expression from 

day 0 (Figure 4.12 C), instead there was a significant decrease in expression levels at day 14 

for cells grown on old donor bone (0.4-fold, p≤0.05) and at day 28 for cells grown on young 

or old donor bone (0.44-fold, p≤0.01 and 0.44-fold, p≤0.05; respectively), with a significant 

difference recorded between young and old donor bone at day 14 (p≤0.001). 
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Figure 4.12: QRT-PCR gene expression in BM-MSCs isolated from old (≥70 YOA) donors 

seeded on washed bone scaffolds from either young (n=9) or old bone donors (n=9). Seeded 

cubes were cultured in osteogenic medium containing Dexamethasone for 14 or 28 days and 

samples retrieved through RNA extraction and reverse transcription. Relative gene 

expression of osteogenic markers RUNX2 (A), OPN (B) and OC (C) were normalised to the 

HKG MRPL19 and day 0 controls (2-∆∆CT). Data represent mean ± SE. *, significant 

difference with respect to 0d control (p≤0.05). +, indicates significant difference between 

cells cultured on young and old bone samples at the same timepoint (p≤0.05). 

 

 

 

RUNX2 OPN 

OC 



187 
 

4.3.3.2.1 ALP activity of old donor cells cultured on young and old donor bone 

At day 14 there were significant increases in ALP activity in old cells cultured on young and 

old donor bone (1.8-fold, p≤0.05 and 1.9-fold, p≤0.01; respectively) compared to day 0 

controls (Figure 4.13). The significant increase in activity was also seen at day 28 in cells 

grown on young and old donor bone (2.4-fold, p≤0.001 and 2.9-fold, p≤0.001; respectively). 

There was no significant difference between the age groups at either timepoint. 

 

 

Figure 4.13: Alkaline phosphatase enzyme activity of BM-MSCs isolated from old (≥70 

YOA) donors seeded on young (n=3) and old (n=3) donor washed bone scaffolds measured 

through pNPP lysis to pNP and subsequent colourimetric change. Seeded bone scaffolds were 

cultured for 14 or 28 days in osteogenic medium and enzyme retrieved through cell lysis. 

Relative enzymatic activity was normalised to non-seeded bone controls, DNA content and 

day 0 readings. Data represent mean ± SE. *, significant difference with respect to 0d control 

(p≤0.05). +, indicates significant difference between young and old samples at the same 

timepoint (p≤0.05). 
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4.3.3.3 Histological assessment of seeded bone cubes 

Histological staining with H&E of young and old donor BM-MSCs seeded on young and old 

donor washed bone indicated the presence of BM-MSCs in all bone cubes (Figure 4.14 A, D, 

G and J). MTC staining further indicated blue staining of newly deposited connective ECM 

in young donor cell samples, seeded on either young or old donor bone (Figure 4.13 B, E, H 

and K); however young donor cells seeded on old donor bone, displayed larger areas of new 

matrix deposition (Figure 4.14 E) with stronger staining than cells on young donor bone 

(Figure 4.14 B). In comparison there was very little new ECM deposition in old donor cells 

seeded on either young or old donor bone (Figure 4.14 H and K). 

ALPL staining was present in all bone samples, both young and old cell donor on young and 

old donor bone; however there was more consistent, stronger staining in young donor cells 

(Figure 4.14 C and F) compared to old donor cells (Figure 4.14 I and J). Additionally, there 

appeared to be stronger staining in old donor cells seeded on old donor bone (Figure 4.14 J) 

than seeded on young donor bone (Figure 4.14 I). 
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Figure 4.14: Histological assessment of young and old donor BM-MSCs seeded on either 

young or old donor bone material. Seeded cubes were cultured in osteogenic conditions for 

28 days, then histologically fixed and sectioned. Mounted sections were stained for H&E for 

cell presence (nuclei blue/purple and protein pink) (A, D, G and J), MTC to distinguish cells 

from connective tissue (B, E, H and K), and anti-ALPL to view osteogenically differentiated 

cells (C, F, I and L). All images are displayed at x300 magnification except C, F, I and L 

which are displayed at x600 for extra clarity. 
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4.3.3.4 Mineralisation state of the washed bone 

XRD analysis indicated that the bone contained hydroxyapatite in its structure, with a broad 

peak at comparable locations to the hydroxyapatite standard peaks (HA JCPDS 74-0565) 

(Figure 4.15). The XRD plot for young bone donor material matched closely with that of 

older material, with no significant difference in the peak for hydroxyapatite (position 30-35) 

between the two age groups. In addition, XRF data indicated a Ca/P ratio of 1:5 (±2) for 

young and 1:3.6 (±1) for old donor bone; with no significant difference between them.  

 

Figure 4.15: XRD patterns of signal diffraction in young (≤50 YOA) and old (≥70 YOA) 

donor washed bone scaffold including exploded view insert. Samples are displayed as line 

charts with error bars every 15 positions, for young (red) and old (black) bone with 

hydroxyapatite (HA) standard HA JCPDS 74-0565, displayed as line drop (blue). All 

measurements are in deflection angle (2-Theta (2Ɵ)). 
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4.4 Discussion and Conclusion 

The addition of stem cells to bone grafting material has been shown both in vitro and in vivo 

to improve osteogenic ability and graft incorporation (Supronowicz et al., 2013; Ateschrang 

et al., 2009; Hibi et al., 2006; Quarto et al., 2001; Mesimaki et al., 2009). The osteoinductive 

capability of the graft is of importance as it may determine the speed at which new bone may 

be formed, new host cells are recruited (Zhou et al., 2012), and ultimately the incorporation 

of the graft into the host tissue (Tohma et al., 2012). However, it has been shown that fresh 

allograft material has a low osteoinductive potential, which is further decreased by 

sterilisation techniques (Munting et al., 1988; Coquelin et al., 2012).  

Ultimately, the osteoinductive abilities of these grafts are determined by their 3D structure 

(discussed in Chapter 3), and biochemical composition. Although the novel wash process has 

been shown to not detrimentally affect the mechanical properties of the bone (Chapter 3), it is 

unknown how it may affect the ability of the washed bone to induce the osteogenic 

differentiation of seeded stem cells. Therefore, this study aimed to seed isolated BM-MSCs 

onto the washed bone and evaluate osteogenic differentiation. Additionally, the study sought 

to assess the effect that the donor age of cell and bone had on any osteogenic differentiation 

and activity.  

 

4.4.1 Osteoinductive assessment of washed bone 

The results of this study show that the washed bone allograft was capable of initiating 

osteogenic differentiation of BM-MSCs seeded upon its surface in static culture, and that this 

occurred independent of an osteogenic medium source. Assessment of the seeded bone cubes 

by alamarBlue displayed significant increases in the metabolic activity of the seeded cells in 
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both the standard and osteogenic conditions, with no significant difference between them, 

therefore supporting the results for seeding and biocompatibility reported in Chapter 2. 

Importantly, the seeded bone cubes in both medium types had significant increases in the 

early transcription factor RUNX2 by day 14; however this was only maintained at day 28 in 

osteogenic conditions. Together with the pre-osteoblastic marker OPN being significantly 

higher in standard conditions, and OC being significantly higher in osteogenic, this would 

suggest a more mature cell type in osteogenic conditions as OC is only produced by late stage 

differentiated osteoblast like cells (Strauss et al., 1990; Kalajzic et al., 2005). 

The osteogenic gene markers RUNX2, OPN and OC are widely used measures of osteogenic 

differentiation (Anderson et al., 2011; Bassi et al., 2012; Beebe et al., 2009; Smith et al., 

2011; Huang et al., 2007; Huang et al., 2012; Babiker et al., 2012). Although some of these 

studies have indicated that washed bone material is osteoinductive and able to cause the 

osteogenic differentiation of MSCs both in vitro (Evans et al., 2010; Babiker et al., 2013) and 

in vivo (Bolland et al., 2006; Beebe et al., 2009), wash procedures including PAA have 

shown a lack of osteoinductive capacity in the washed structures (Bormann et al., 2010; 

Stiehler et al., 2010), despite displaying good biocompatibility (Bormann et al., 2010), and 

containing BMPs (Wildemann et al., 2007).  

It is considered that this osteoinductive effect by the bone is likely to occur due to its protein 

and mineral composition. The protein component is comprised primarily of osteoconductive 

type I collagen but also includes osteo-modulatory BMPs, and non–collagenous proteins such 

as OC, fibronectin, laminin and vitronectin (Urist et al., 1983; Chaudhary et al., 2004; 

Clough et al., 2014; Nilsson et al., 1998). In particular, the abundance of BMPs contained 

within the bone ECM structure, and their subsequent osteoinductive effect on the 

differentiation of MSCs, has been shown in studies which have released them from the ECM 

by a process of demineralisation (Supronowicz et al., 2013; Supronowicz et al., 2011; Mo et 
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al., 2009). However, the non-collagenous ECM molecules also have unique osteogenic 

promotion qualities, and adhesion of pre-osteogenic cells to these proteins may have 

beneficial effects on cell viability and osteogenic differentiation (Salasznyk et al., 2004; 

Hidalgo-Bastida and Cartmell, 2010; Wang et al., 2009), altering lineage specificity 

(Santiago et al., 2009; Frith et al., 2012), as well as directing the migration of MSCs 

(Thibault et al., 2007). Differing responses to different ECM proteins, such as laminin or 

fibronectin, may dictate gene transcription through specific interactions with cell surface 

integrins (Brighton and Albelda, 1992) and downstream signalling (Gordon et al., 2009), 

leading to cell differentiation (Au et al., 2007; Jaiswal et al., 2000). Results here would 

suggest that the wash process did not negatively affect these structural proteins or alter their 

functional ability, as osteogenic induction of seeded BM-MSCs was observed, although 

further detailed studies are required to ascertain which factors may be playing a major role in 

this process.  

Additionally, the promotion of osteoegenic differentiation may, in part, be due to the 

architecture of the material, with more porous material exhibiting improved osteoinductive 

potential (Sicchieri et al., 2012; Marcos-Campos et al., 2012; Polini et al., 2011), compared 

to cortical material which exhibits very little (Cornejo et al., 2012). This innate ability of the 

architecture of a graft (Marcos-Campos et al., 2012; Li et al., 2012a), its surface roughness 

(Deligianni et al., 2001) and mineralisation state are of importance in the osteogenic activity 

of seeded cells and have been discussed in Chapter 3. However, though previous results have 

identified the washed human bone allograft as maintaining its structural stability, additional 

experimentation would be required to examine the porosity of the material. 

The majority of studies measuring the osteogenic capacity of their graft materials, synthetic 

or biological, do so in an osteogenic medium containing the powerful osteogenic 

differentiation inducer dexamethasone (Yamanouchi et al., 1997). Importantly, by using 
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standard medium not containing osteoinductive factors, this study was able to highlight the 

innate osteoinductive potential of the bone allograft as also shown in studies by Polini et al. 

(2011) and Hashimoto et al. (2011). Further investigations were undertaken using osteogenic 

medium, as the presence of osteogenic conditions is more akin to a normal healing 

environment and included factors required for appropriate mineralised matrix formation in 

order to appropriately assess ALP transcription and activity. 

 

4.4.2 Influence of cell donor age 

The effective osteogenic differentiation and activity of stem cells is an important issue. The 

senescence of osteoprogenitor cells such as BM-MSCs greatly affects the intrinsic ability of 

cells used in tissue engineering (Sun et al., 2011). 

The results of this study indicated a clear difference, both in monolayer and 3D, in the ability 

of BM-MSCs from young and old donors to undergo osteogenic differentiation. Cells 

donated from individuals under the age of 50 YOA displayed statistically higher osteogenic 

gene transcription levels than those from older (≥70 YOA) donors. In addition to QRT-PCR 

analysis, ALP activity, commonly used as an osteogenic marker (Foschi et al., 2012; 

Hashimoto et al., 2011), displayed evidence of significant enzymatic activity increases 

compared to day 0 controls in both age groups, with Immunohistochemistry identifying 

staining for ALP in all samples. This would indicate that both age groups had undergone 

osteogenic differentiation, as ALP is unlikely to increase in non-differentiated BM-MSCs. 

Taken together, these result suggest that though all cells were osteogenically induced, young 

cells displayed a more mature cell lineage, indicated by significantly more OC being 

produced in young samples. There was no detectable increase in ALP activity in monolayer 

cultures, as a low seeding density meant there was insufficient material to accurately 
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determine day 0 activities. Instead, ALP and Alizarin red staining of monolayer cultures 

indicated inconsistent differentiation and mineralisation of the structure in old donor cell 

samples, whilst young donor samples displayed consistently good staining for both. 

Whilst the ECM may play a large role in stem cell development, the initial ability of the cell 

to respond to its environment is also of importance (Erickson et al., 2011; Laschober et al., 

2011). Similar to the results of the current study, cells from older donors have been 

demonstrated to have a decreased osteogenic potential in 3D culture (Mueller and Glowacki, 

2001; Wagner et al., 2009), as well as displaying a change in the protein synthesis (Fedarko 

et al., 1992; Ikeda et al., 1995). In particular Ingram et al. (1994) showed decreases in OC 

production in older cells compared to younger, whilst OPN expression remained relatively 

constant. This corroborates fully with the findings of this current study, and the significant 

decrease in OC gene expression levels by old donor cells compared to young.  

This decrease in osteogenic ability may be caused by changes in the ageing bone marrow 

microenvironment in which the BM-MSCs originate (Carlson and Conboy, 2007). This 

ageing bone marrow niche is signified by the conversion of red marrow into yellow and an 

increase in the concentration of adipocytes (Justesen et al., 2001), which may affect cell 

activity by direct interaction (Maurin et al., 2000), or by limiting the exposure of BM-MSCs 

to required supportive cell types.  

Additionally, replicative senescence through passage is a contributing factor to the decreases 

in proliferation, life span and activity of cells, and is thought to occur both in vitro and in vivo 

(Wagner et al., 2009). Whilst the current study used cells from the same passage, the time 

spent in monolayer expansion may have impacted on the ability of young and old cells 

differently, with culture of old cells causing an acceleration of senescence, decreasing life 
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span and proliferative ability (Stenderup et al., 2003). However there was no evidence of a 

decrease in proliferative ability between the young and old cells in this study.  

 

4.4.3 Effect of bone donor age 

The retention and rejuvenation of “stemness ability” by ECM may prove important in 

utilising an autologous osteoprogenitor source in tissue engineering (Auletta et al., 2011). 

Research by Sun et al. (2011), has highlighted alterations in activity of cells grown on ECM 

constructed by young or old osteogenic cells, demonstrating the ability of ECM produced by 

young osteogenic cells to sustain cell viability and maintain, even rescue, a cells osteogenic 

capacity. 

In the investigation into the effect of bone allograft donor age on the osteogenic capacity of 

both young and old donor cells, this experiment indicated, contrary to the initial hypothesis, 

that old donor bone was better able to support the osteogenic differentiation of BM-MSCs 

from either cell donor age group, with statistically higher expression of all osteogenic genes 

in young cells seeded on old bone compared to those seeded on young donor bone. This was 

also true for old donor cells; however there were no significant changes to OC production. 

Additionally, both ALP activity and histological staining indicated that all samples underwent 

osteogenic differentiation. Whilst this suggests the old bone was better able to support the 

innate abilities of the cells, it does not suggest that the bone can rescue osteogenic ability, 

such as demonstrated by Sun et al. (2011). However, Sun et al. (2011) utilised newly 

produced matrix structures by young and old cells, whilst the current study used actual 

human bone, focussing on patient age instead. 
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To the authors knowledge this is the first study to be undertaken to examine the effect of 

bone allograft donor age utilising large, non-powdered structures of human trabecular 

allograft bone, free from bone marrow material. Whilst previous studies have examined 

donor age, and indicated the superior ability of old bone material compared to young 

(Jergesen et al., 1991; Pinholt and Solheim, 1998), they have all used powdered, 

demineralised bone. Of note, the study by Lohmann et al. (2001) also used non-demineralised 

material, though this was not decellularised and resulted in no reportable osteoinductive 

effect. 

Though some studies have identified no difference between ages in osteoinductive potential 

(Traianedes et al., 2004; Schwartz et al., 1998), or clinical outcome (Delloye et al., 2014), it 

is important to note that these did not include stem cell populations, instead relying on the 

healing potential of the host. These results therefore suggest that the host healing 

environment, such as inflammatory signals (Laschober et al., 2011), is equally as important 

as the graft material used. This would indicate that further investigation should be undertaken 

into the osteogenic ability of bone marrow material, without isolation and culture expansion. 

Ultimately the change in activity seen between young and old donor bone may be due to a 

change in composition and structural attributes, such as ECM proteins, mineralisation and 

architecture. As ageing occurs, osteoblasts become less numerous due to an increased rate of 

apoptosis (Zhou et al., 2008), with any remaining cells displaying altered matrix protein 

output (Fedarko et al., 1992; Ikeda et al., 1995; Ingram et al., 1994). This change in non-

collagenous proteins, which are subsequently incorporated into new bone formation, may 

ultimately affect the binding and promotion of the pre-osteogenic cells, due to possible 

alterations in their bone promoting abilities. Importantly, a reduction in bone turn-over 

through ageing also causes changes in the collagen structure, with non-enzymatic alterations 
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to the collagen network potentially leading to the presentation of new binding areas which 

cells may then interact with (Wang et al., 2002).  

This decrease in osteoblastic cell number and activity impacts on structural protein 

maintenance and leads to changes in the microarchitecture of the ageing trabecular structure 

(Viguet-Carrin et al., 2010; Turunen et al., 2013), with decreases in trabecular plates and 

connectivity density (Chen et al., 2008; Chen et al., 2010), and increases in the thickness of 

remaining trabeculae struts (Lochmuller et al., 2008; Fazzalari and Parkinson, 1998). This 

may lead to an increase in porosity and therefore a decreased BMD (Riggs et al., 2004), 

resulting in an increased surface area within the structure for cell adhesion and/or interaction. 

This increase in porosity may improve osteogenic activity, with more porous material 

exhibiting improved osteoinductive potential (Sicchieri et al., 2012; Marcos-Campos et al., 

2012; Polini et al., 2011), and epitomised by cortical material exhibiting very little (Cornejo 

et al., 2012). 

Whilst the protein constituency and architecture are of importance to osteogenic activity, so 

too is the mineral phase of the structure (Shi et al., 2009; Chou et al., 1999; Hu et al., 2014). 

The results of mineralisation assay XRD displayed broad peaks at locations relating to 

hydroxyapatite for both young and old bone samples, representing large elongated crystal of 

hydroxyapatite (Peters et al., 2000). Together with XRF analysis, which indicated no 

significant difference in the mineral phase or Ca/P ratio between the young and old donor 

bone samples, these results suggest that there was no change in the size, morphology or 

crystallinity of the hydroxyapatite crystals with age (Boskey, 2003). Though previous studies 

have indicated that mineral crystallinity can alter with age (Smith and Smith, 1976; 

Handschin and Stern, 1994), this study has indicated no difference between the two bone 

donor age groups, and would suggest that this does not account for the differences recorded 

in the osteoinductive ability between young and old donor bone. 
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4.4.4 Conclusion 

In conclusion, this study has assessed the osteoinductive potential of a human bone allograft 

scaffold, washed using a novel wash procedure, analysing the osteogenic differentiation of 

BM-MSCs seeded upon its surface. In addition, the study has also determined age specific 

changes in both cells and bone donated from young and old age groups. 

The results of this study have demonstrated the washed human bone scaffold as being 

osteoinductive, independent of an osteogenic promoter such as dexamethasone, with 

significant increases in the transcription levels of the osteogenic differentiation related genes 

in seeded BM-MSCs. The results further identified clear differences in the ability of BM-

MSCs from young and old donors to undergo osteogenic differentiation, given the same 

osteoinductive environment, with young donor cells expressing mature differentiation 

markers. 

In addition to the influence of cell donor age, the results of this study have also highlighted 

the importance of bone donor age; showing that old donor bone is better than young bone in 

supporting the osteogenic activity of seeded BM-MSC from young and old donors. These 

findings are of direct clinical importance, as the majority of available bone stock from living 

donors is retrieved from elderly patients, and would suggest that the use of this allograft bone 

is not only safe and reliable, but beneficial. 

Whilst this study has indicated that there are no changes in the mineral phase between young 

and old donor bone, further studies are required to elucidate the potential differences in ECM 

constitution, relative BMP availability and bone architecture, which are all important 

osteoinductive factors. These findings indicate the intrinsic effect of cell age on ECM 

production and in turn an extrinsic effect on the cell by the microenvironment. This research 
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highlights the need for better understanding of how unique microenvironments affect cells, 

with particular interest in matrix composition and recreation of an optimal healing niche. 
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5.1 Introduction 

Whilst BM-MSCs are the primary source of stem cells in tissue engineering, particularly 

BTE, the number of studies utilising alternative sources of stem cells has gradually been 

increasing. These include stem cells isolated from adipose tissue (Zuk et al., 2002; Hattori et 

al., 2004), dental pulp and circulating stem cells (Yamada et al., 2011; Matsumoto et al., 

2008), together with cell concentration technologies for clinical use of bone marrow with 

bone grafts (Hung et al., 2013; Hart et al., 2014). The prevalence of these studies has 

increased due to the issues with the isolation of BM-MSCs; their low numbers (De Ugarte et 

al., 2003), particularly in older individuals (Stolzing et al., 2008), the effect of ageing on their 

activity (see Chapter 4), and the requirement for additional surgical procedures to acquire the 

material. This low BM-MSC concentration has historically required expensive and time 

consuming in vitro culture to expand their numbers to usable levels. This methodology may 

also influence BM-MSC fate (Yang et al., 2014), thereby resulting in the reduction in 

differentiation capacity (Wagner et al., 2008; Baxter et al., 2004; Banfi et al., 2002), and 

eventual osteogenic activity (Niemeyer et al., 2010; Cornejo et al., 2012). 

Adipose tissue offers a more abundant source of stem cells than bone marrow, containing 

approximately between 7 to 20-fold more stem cells per gram of material. Furthermore, they 

are typically easier to isolate from whole tissue (De Ugarte et al., 2003; Kern et al., 2006) or 

even liposuction aspirates (Aust et al., 2004). Although adipose stem cells (ASC) may 

display different cell surface signalling molecules (Gronthos et al., 2001; Zuk et al., 2001), 

they do express the general stromal markers (CD13, CD29, CD44, CD63, CD73, CD90, 

CD105 and CD166) (Zuk et al., 2001; Yoshimura et al., 2006; Mitchell et al., 2006) and are 

able to undergo osteogenic differentiation when given the same stimulus as BM-MSCs (Zuk 

et al., 2002; Wall et al., 2007; Gupta et al., 2007; De Ugarte et al., 2003; Hattori et al., 2004), 
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displaying successful osseointegration when used in combination with multiple types of bone 

grafts (Runyan et al., 2010; Schubert et al., 2011; Shi et al., 2012; Lu et al., 2013; Declercq 

et al., 2013). Additionally, in comparison to BM-MSCs, the proliferation and osteogenic 

differentiation ability of ASCs is less affected by the processes of ageing and multiple 

passages (Chen et al., 2012b; Wu et al., 2013; Shi et al., 2005; Kern et al., 2006).  

Though the use of ASCs and BM-MSCs is beneficial to BTE and subsequent graft 

integration, their isolation and culture expansion through serial passaging is expensive, time 

consuming and may cause issues with loss of cell differentiation capacity. As such, 

techniques which can be used during surgery, without a prior operation and minimal invasive 

procedures, would be of great benefit in the use of BTE scaffolds. The direct use of bone 

marrow material to aid de novo bone formation has long been used in surgery (Tiedeman et 

al., 1991; Gangji et al., 2011), combining the marrow removed to create space for prosthetics, 

such as a stem in hip surgery, with allograft in an attempt to promote its osseointegration 

(Brodke et al., 2006; Babiker et al., 2012; Deakin and Bannister, 2007). This reamed marrow 

material has the benefit of containing multiple cell types including pre-osteogenic cells and 

BM-MSCs, and in greater numbers than can be isolated from iliac crest aspirations, a 

common form of autograft material (Cox et al., 2011).  

However, bone marrow material, such as aspirates and reamings, still contains a relative low 

concentration of BM-MSCs and pre-osteogenic cells, whilst containing large concentrations 

of non-required cells such as erythrocytes, haematopeotic progenitor cells, and immune cell 

such as monocytes and macrophage. Therefore, rapid isolation and concentration techniques 

can be used to isolate mononucleur cells, characterised by a non-granular cytoplasm and a 

unilobulated nuclei, which are collectively termed BM-MNCs. This BM-MNC fraction 

contains an increased concentration of pre-osteogenic cells and BM-MSCs which are able to 

adhere to the graft, as well as the non-osteogenic cells such as pericytes, vascular endothelial 
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cells and haemopoietic stem cells, which may be important in supporting the “stemness” and 

later differentiation of the BM-MSCs (Bianco, 2011; Augello et al., 2010; Di Nardo and 

Parker, 2011). Such isolation systems, though varying in efficiency, are commercially 

available (Hegde et al., 2014), and are FDA (Federal Drug Administration) approved for the 

production, and immediate use of, concentrated cell fractions at the time of surgery. These 

cells may then be used in conjunction with allografts (Hung et al., 2013; Vulcano et al., 2013; 

Scaglione et al., 2014; Ginis et al., 2012), displaying improved bone production and 

integration over allograft alone (Hart et al., 2014; Kretlow et al., 2010).  

Importantly, the inclusion of additional cell types such as endothelial cells may lead to the 

production of angiogenic growth factors such as VEGFa, which promotes revascularisation 

and the formation of new blood vessels. This revascularisation of a graft is important in its 

osseointegration. In addition to promoting new blood vessel formation the angiogenic growth 

factor VEGFa may also encourage de novo bone production, and aid the incorporation of a 

graft into the host (Street et al., 2002; Huang et al., 2005). Indeed clinically, the inclusion of 

endothelial cells with a graft material has been identified as being beneficial to its integration 

into the host (Thebaud et al., 2012).  

 

5.1.1 Aims 

Due to cost, low stem cell density and the implications of long culture periods on BM-MSC 

proliferation and differentiation ability, alternative sources of MSCs are being assessed for 

use in BTE. ASCs in particular offer an abundant, easy to acquire, alternative source to BM-

MSCs, exhibiting a comparable ability to undergo osteogenic differentiation and resulting in 

positive clinical outcomes. Importantly, it has also been demonstrated that these cells do not 

undergo age-related changes in differentiation capacity as dramatically as BM-MSC, 



205 
 

maintaining their osteogenic differentiation ability after multiple passages in culture 

expansion. In contrast, by removing the need for culture altogether, the use of BM-MNC 

concentration methods at the time of surgery may offer a relatively cheaper, faster and less 

processed source of osteogenic cells for BTE and ultimately clinical application. 

As such this study aimed to: 

(i) Compare the ability of patient-matched ASCs and BM-MSCs, cultured on the 

washed bone, to undergo osteogenic differentiation in either standard or 

osteogenic conditions. This aim hypothesised that ASCs seeded on the washed 

bone, similar to the BM-MSCs, would undergo osteogenic differentiation;  

(ii)  Assess the osteogenic potential of minimally processed BM-MNCs in conjunction 

with the washed bone, and their potential as an alternative osteogenic cell source 

in comparison to highly processed, monoculture expanded BM-MSCs. This aim 

hypothesised that the washed bone material would induce the osteogenic activity 

of the pre-osteogenic cells and BM-MSCs contained in the BM-MNC mixed cell 

type fraction, despite it containing relatively low numbers. 
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5.2 Materials and Methods 

5.2.1 Comparison of the efficacy and differentiation potential of BM-

MSC and ASCs from patient-matched samples seeded on 

washed bone  

5.2.1.1 Isolation of stem cells 

BM-MSCs and ASCs were isolated from a 73 YOA male, with BM-MSCs isolated using 

previously described methodology (2.2.6.1). Adipose tissue was removed from tissue 

surrounding the joint and cut into small pieces, which were digested in 15ml digestion buffer 

containing 15mg/ml collagenase type 1 (17100-017; Gibco, Life Technologies, Paisley, UK) 

and 2mM calcium chloride (C7902; Sigma-Aldrich, Gillingham, UK) in HBSS (H9394, 

Sigma-Aldrich, Gillingham, UK). This solution was incubated at 37°C with constant 

agitation for two hours. The digestion solution was passed through a 100µm filter (352360; 

BD Bioscience, Oxford, UK) to remove non-digested particles before enzyme activity was 

neutralised with 15ml of standard medium. The mixture was then centrifuged at 500xg for 

five minutes, with enough supernatant aspirated to leave a 5ml reservoir. An additional 7ml 

of culture medium was added and cells were cultured in monolayer. 

 

5.2.1.2 Seeding of cells on washed (allograft) bone 

ASCs and BM-MSCs were cultured until sufficient cells were recovered for experimental use 

(Passage 4), then seeded onto bone cubes from three bone donors (all ≥70 YOA), as 

described previously (2.2.7.1). The bone cubes were cultured for 0, 14 and 28 days in either 

standard or osteogenic medium. AlamarBlue cell health indicator was used to ascertain cell 
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metabolic activity (2.2.7.2). Samples were removed at 0, 14 and 28 days for RNA extraction 

and QRT-PCR analysis of osteogenic gene activity as described in section 4.2.1. 

 

5.2.2  Assessment of the osteogenic potential of concentrated 

mononuclear cells seeded on washed bone  

5.2.2.1 Isolation of BM-MNCs from human bone marrow reamings 

Bone marrow reamings from a 76 YOA female was treated as described in section 2.2.6.1. 

The bone marrow aspirate was separated into two fractions; one underwent the normal 

Rosettesep treatment while the other was pipetted over Histopaque 1077 without Rosettesep 

treatment. Non-Rosettesep treated cells were recovered from the interphase layer of the 

Histopaque. These cells were termed BM-MNC. The other fraction underwent normal BM-

MSC isolation (2.2.6.1), and adherent cells were cultured in monolayer until sufficient BM-

MSCs were expanded for experimental use. 

 

5.2.2.2 Seeding of bone cubes with BM-MNCs and BM-MSCs 

The BM-MNC fraction and isolated BM-MSCs were both counted and resuspended to 

4x106/ml in fresh medium. A 250µl aliquot containing 0.5x106 cells was used to seed 

defrosted bone cubes, which were cultured in osteogenic medium, with cell viability assessed 

using alamarBlue (2.2.7.2). Cubes were produced for 0 and 28 day samples for PCR analysis 

of osteogenic gene expression as described previously (4.2.1).  
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5.3 Results 

5.3.1 Comparison of osteogenic potential of patient-matched BM-

MSCs and ASCs 

5.3.1.1 Culture of ASC-seeded bone cubes in standard and osteogenic medium 

Expression levels of RUNX2 in ASCs seeded onto washed bone (n=3) were significantly 

increased in both standard and osteogenic medium at day 14 (8.1-fold and 8.9-fold; 

respectively, p≤0.001 for both) and day 28 (8.6-fold and 7.3-fold; respectively, p≤0.001 for 

both) compared to day 0 controls (Figure 5.1 A). However, there was no significant increase 

from day 14 to day 28, and no significant difference between conditions at either timepoint. 

At day 14, there were no significant differences in OPN expression levels when compared to 

day 0 controls for samples cultured in either standard osteogenic media; however there was a 

significant difference between culture conditions, with osteogenic medium cultured samples 

displaying higher expression levels than standard medium cultured (p≤0.01) (Figure 5.1 B). 

Additionally, in standard medium, OPN levels were significantly decreased at day 28 

compared to day 0 (0.1-fold, p≤0.001), while in osteogenic medium, OPN expression was 

significantly increased (2.5-fold, p≤0.01), with a significant difference between culture 

conditions (p≤0.001). 

In comparison, the transcription levels of OC were significantly increased in both standard 

and osteogenic medium at day 14 (4.4-fold and 12.2-fold; respectively, p≤0.001 for both) and 

day 28 (6.7-fold and 9.3-fold; respectively, p≤0.001 for both) compared to day 0 controls; 

however there was a significant decrease from day 14 to 28 in osteogenic medium cultured 



209 
 

samples (p≤0.01) (Figure 5.1 C). There was a significant difference between the two culture 

conditions at day 14 (p≤0.001), but not day 28. 

The gene transcription levels for ALPL were also significantly increased at day 14 and 28 

compared to day 0 for both standard (7.6-fold and 8.4; respectively, p≤0.001 for both) and 

osteogenic medium (5.6-fold and 4.9-fold; respectively, p≤0.001 for both) (Figure 5.1 D). 

There were no significant differences for either culture condition between day 14 and 28; 

however there was significantly lower transcription levels in osteogenic medium at day 28 

than in standard (p≤0.001). 
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Figure 5.1: QRT-PCR gene expression in ASCs isolated from a 73 YOA donor (WH106) 

seeded on washed bone scaffolds (n=3). Seeded cubes were cultured in either standard or 

osteogenic medium for 14 or 28 days and samples retrieved through RNA extraction and 

reverse transcription. Relative gene expression of osteogenic markers RUNX2 (A), OPN (B), 

OC (C), and ALPL (D) were normalised to the housekeeping gene MRPL19 and day 0 

controls (2-∆∆CT). Data represent mean ± SE. *, significant difference with respect to 0d 

control (p≤0.05). +, indicates significant difference between 14d and 28d (p≤0.05). #, 

indicates significant difference between cells cultured in standard or osteogenic medium at 

the same timepoint (p≤0.05). 

 

RUNX2 OPN 

OC ALPL 



211 
 

5.3.1.2 Culture of BM-MSC seeded bone cubes in standard and osteogenic 

medium 

RUNX2 transcription levels in BM-MSC seeded on washed bone cubes (n=3) were increased 

significantly at day 14 and 28 in both standard (2.2-fold and 3.5-fold; respectively, p≤0.001 

for both) and osteogenic conditions compared to day 0 controls (4.1-fold and 5.8-fold; 

respectively, p≤0.001 for both) (Figure 5.2 A). No significant difference between day 14 and 

28 was recorded in standard medium; however there was a significant increase in osteogenic 

medium cultures (p≤0.01). There were also significantly higher expression levels of RUNX2 

in osteogenic medium at day 28 than in standard medium (p≤0.001). 

The increases in OPN expression followed those of RUNX2, with significant increases in 

both standard and osteogenic medium at day 14 (7.7-fold and 32.2-fold; respectively, 

p≤0.001 for both) and day 28 in comparison to day 0 (26.2-fold and 60-fold; respectively, 

p≤0.001 for both) (Figure 5.2 B). As with RUNX2, there was only a significant increase from 

day 14 to day 28 in osteogenic medium (p≤0.01); however at both timepoints, expression 

levels were significantly higher in osteogenic medium (p≤0.001 for both). 

There was no significant change in OC expression from day 0 in BM-MSC seeded bone 

cubes in standard conditions at either timepoint (Figure 5.2 C). In contrast, there were 

significant increases at both day 14 and 28 compared to day 0, in osteogenic medium cultured 

samples (3.7-fold and 4.7-fold; respectively, p≤0.01 for both). There was also significantly 

higher expression in osteogenic conditions than standard at both 14 and 28 days (p≤0.01 for 

both). In comparison to levels at day 0, ALPL expression was significantly increased at day 

14 in standard medium (2.3-fold, p≤0.001), though there was no significant difference at day 

28. However, expression at day 28 was significantly decreased in comparison to that of day 

14 (p≤0.001) (Figure 5.2 D). At both day 14 and 28, expression levels were significantly 
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decreased in osteogenic medium compared to day 0 (0.51-fold, p≤0.001 and 0.52-fold, 

p≤0.01), as well as compared to levels in standard medium (p≤0.001 and p≤0.01 

respectively). 

 

 

Figure 5.2: QRT-PCR gene expression in BM-MSCs isolated from a 73 YOA donor 

(WH106) seeded on washed bone scaffolds (n=3). Seeded cubes were cultured in either 

standard or osteogenic medium for 14 or 28 days and samples retrieved through RNA 

extraction and reverse transcription. Relative gene expression of osteogenic markers RUNX2 

(A), OPN (B), OC (C), and ALPL (D) were normalised to the housekeeping gene MRPL19 

and day 0 controls (2-∆∆CT). Data represent mean ± SE. *, significant difference with respect 

to 0d control (p≤0.05). +, indicates significant difference between 14d and 28d (p≤0.05). #, 

indicates significant difference between cells cultured in standard or osteogenic medium at 

the same timepoint (p≤0.05). 

RUNX2 OPN 
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5.3.1.3 Comparison of patient-matched ASCs and BM-MSCs cultured on bone 

cubes in standard and osteogenic conditions 

Assessment by alamarBlue indicated that at day 14 in standard conditions, there were 

significant increases in relative metabolic activity in both ASC and BM-MSC samples 

compared to day 0, of 1.6-fold (±0.09) and 1.9-fold (±0.11) respectively (p≤0.001 for both) 

(Figure 5.3 A). Relative metabolic activity was also significantly increased at day 28 

compared to day 0, in both ASCs (1.7-fold ±0.03) and BM-MSCs (2.15-fold ±0.08) (p≤0.001 

for both). There was no significant fold-change in alamarBlue reduction between day 14 and 

day 28 for either ASCs or BM-MSCs; however, both at day 14 and day 28 timepoints, BM-

MSC fold change was significantly larger than ASCs (p≤0.05). 

In osteogenic conditions, relative metabolic activity was significantly increased in both ASCs 

and BM-MSCs at day 14 (1.7-fold ±0313, and 2.15-fold ±0.19; respectively, p≤0.001 for 

both) compared to day 0; however the fold change in BM-MSCs was significantly larger than 

in ASCs (p≤0.05) (Figure 5.3 B). At day 28, both ASC and BM-MSC metabolic activity was 

significant increase compared to day 0; by 1.92-fold (±0.05) and 2.0-fold (±0.05) respectively 

(p≤0.001 for both), with no significant increase compared to day 14, or difference between 

cell types. 

Additionally, there were no significant differences in metabolic activity between standard and 

osteogenic conditions for ASCs or BM-MSCs at either 14 or 28 days.  
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Figure 5.3: AlamarBlue metabolic activity for ASCs and BM-MSCs isolated from a 73 YOA 

donor (WH106), and cultured on washed bone scaffolds (n=3). Seeded cubes were cultured in 

either standard medium (A) or osteogenic medium (B) for 14 or 28 days with metabolic 

activity normalised to day 0 controls. Data represent mean ± SE. *, significant difference 

with respect to 0d control (p≤0.05). +, indicates significant difference between ASCs and 

BM-MSCs at the same timepoint (p≤0.05). #, indicates significant difference between 14d 

and 28d in the same medium type (p≤0.05). 

 

QRT-PCR data presented clear variances in the osteogenic differentiation profiles of ASCs 

and BM-MSCs seeded on washed bone cultured in standard conditions. Expression levels of 

RUNX2 were significantly higher in ASCs at both 14 and 28 days compared to BM-MSCs 

(p≤0.001 for both) whilst there were no significant differences at day 0 levels (Figure 5.4 A). 

OPN expression was also not significantly different at day 0; however at day 14 and 28, BM-

MSC samples produced significantly higher transcription levels than ASCs (p≤0.001 for 

both) (Figure 5.4 B). Initial OC expression levels were significantly higher in BM-MSC 

samples than ASCs (p≤0.01); however by day 28 there were significantly higher expression 

levels in ASCs (p≤0.05) (Figure 5.4 C). There were no significant differences in ALPL 
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expression at day 0; however at both day 14 and 28 there was significantly higher expression 

levels in ASCs than BM-MSCs (p≤0.001 for both) (Figure 5.4 D). 

In osteogenic culture conditions, RUNX2 expression was still significantly higher in ASCs 

than BM-MSCs at both day 14 and 28 (p≤0.001 and p≤0.01; respectively), but not 

significantly different at day 0 (Figure 5.5 A). OPN levels were not significantly different 

between ASC and BM-MSC samples at day 0; however at day 14 and 28, expression was 

significantly higher in BM-MSC samples than ASCs (p≤0.1 and p≤0.001; respectively) 

(Figure 5.5 B). As with standard conditions, basal levels of OC at day 0 were significantly 

higher in BM-MSCs than in ASCs (p≤0.01) (Figure 5.5 C); however, at day 14 OC 

expression was significantly higher in ASCs than BM-MSCs (p≤0.001), though at day 28 

there were no significant differences. ALPL expression was not statistically different at day 

0, but was significantly higher at both day 14 and 28 in ASC samples, compared to BM-

MSCs at the same timepoint (p≤0.001) (Figure 5.5 D). 
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Figure 5.4: QRT-PCR gene expression in patient-matched ASCs and BM-MSCs isolated 

from a 73 YOA donor (WH106), and cultured on washed bone scaffolds in standard medium 

(n=3 for both). Seeded cubes were cultured in standard medium for 14 or 28 days and 

samples retrieved through RNA extraction and reverse transcription. Relative gene 

expression of osteogenic markers RUNX2 (A), OPN (B), OC (C), and ALPL (D) were 

normalised to the housekeeping gene MRPL19 (2-∆CT). Data represent mean ± SE. *, 

indicates significant difference between ASCs and BM-MSCs at the same timepoint 

(p≤0.05). 
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Figure 5.5: QRT-PCR gene expression in patient-matched ASCs and BM-MSCs isolated 

from a 73 YOA donor (WH106) (n=3 for both), and cultured on washed bone scaffolds in 

osteogenic medium. Seeded cubes were cultured in osteogenic medium for 14 or 28 days and 

samples retrieved through RNA extraction and reverse transcription. Relative gene 

expression of osteogenic markers RUNX2 (A), OPN (B), OC (C), and ALPL (D) were 

normalised to the housekeeping gene MRPL19 (2-∆CT). Data represent mean ± SE. *, 

indicates significant difference between ASCs and BM-MSCs at the same timepoint 

(p≤0.05). 
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5.3.2 Osteogenic differentiation of BM-MSC and BM-MNCs cultured 

on washed human bone allograft 

Culture of BM-MSCs on washed bone (n=3) resulted in significant increases in expression 

levels of RUNX2 (2.47-fold, p≤0.01) and OPN (12.8-fold, p≤0.01) (Figure 5.6 A and B) at 

day 28, when compared to day 0. In contrast, while expression levels of OC were not 

significantly changed at day 28 compared to day 0 controls, the expression levels of ALPL 

and the angiogenic factor VEGFα were significantly down-regulated (0.06-fold, p≤0.01 and 

0.77-fold, p≤0.05; respectively) (Figure 5.6 C, D and E). 

BM-MNCs cultured on the washed bone (n=3) had significant increases in RUNX2 (1.54-

fold, p≤0.05) and OC (4.9-fold, p≤0.05) at day 28 in comparison to day controls (Figure 5.7 

A and C). In contrast, OPN expression at day 28 was significantly down-regulated compared 

to day 0 (0.03, p≤0.001). Additionally, whilst ALPL levels were not significantly different 

when compared to day 0, expression of VEGFα was significantly increased after the 28 day 

culture period (12.1-fold, p≤0.001) (Figure 5.7 B, D and E). In addition, there was a 

significant, 5.6-fold (±0.95) increase in relative metabolic activity after 28 days in culture in 

the BM-MNCs compared to day 0 (p≤0.001). 
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Figure 5.6: QRT-PCR gene expression in BM-MSCs isolated from a 76 YOA donor 

(WH129) seeded on washed bone scaffolds (n=3). Seeded cubes were cultured in osteogenic 

medium for 28 days and samples retrieved through RNA extraction and reverse transcription. 

Relative gene expression of osteogenic markers RUNX2 (A), OPN (B), OC (C), and ALPL 

(D) and angiogenesis marker VEGFα (E) were normalised to the housekeeping gene 

MRPL19 and day 0 controls (2-∆∆CT). Data represent mean ± SE. *, significant difference 

with respect to 0d control (p≤0.05). 
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Figure 5.7: QRT-PCR gene expression in BM-MNCs isolated from a 76 YOA donor 

(WH129) seeded on washed bone scaffolds (n=3). Seeded cubes were cultured in osteogenic 

medium for 28 days and samples retrieved through RNA extraction and reverse transcription. 

Relative gene expression of osteogenic markers RUNX2 (A), OPN (B), OC (C), and ALPL 

(D) and angiogenesis marker VEGFα (E) were normalised to the housekeeping gene 

MRPL19 and day 0 controls (2-∆∆CT). Data represent mean ± SE. *, significant difference 

with respect to 0d control (p≤0.05). 
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5.4 Discussion and Conclusion 

Although BM-MSCs are currently the most widely used source for BTE, their low 

abundance, difficult isolation and high cost due to additional surgical procedures and culture 

expansion, has meant the number of studies utilising alternative sources of stem cells has 

increased. Two of the most promising sources are ASCs and BM-MNCs. Whilst ASCs are in 

relatively high abundance in tissue, they still require some culture expansion; conversely, 

BM-MNCs require no monolayer expansion or separate isolation procedures and can be used 

directly in theatre. Therefore this preliminary study aimed to determine whether such cells 

were able to undergo osteogenic differentiation once seeded onto the washed bone allograft 

which has previously been shown to be osteoconductive and osteoinductive (Chapter 4). 

As these were preliminary experiments using a small n value, it is important to interpret their 

results with caution. As such, while they test the basic hypothesis, additional experimentation 

using a larger cohort of patient-matched samples and a wider range of techniques, such 

enzyme activity or protein expression, are required in order to reproducibly, and clearly 

evaluate whether (i) the relatively more abundant ASCs are equivalent to BM-MSCs in their 

ability to undergo osteogenic differentiation when cultured on the washed bone, and (ii) 

whether culture of minimally processed BM-MNCs results in increased expression of 

osteogenic markers (thereby depicting osteogenic differentiation of such cells).  

 

5.4.1 Culture of ASCs on the washed bone allograft 

The results show that ASCs isolated from an elderly donor underwent osteogenic 

differentiation independent of osteogenic medium, as did the BM-MSC (similar to previous 

findings with BM-MSCs) (Chapter 4). However, there were differences in transcription levels 
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of osteogenic genes between the two cell groups. ASCs expressed significantly higher levels 

of RUNX2 and OC compared to their bone marrow equivalents, in both standard and 

osteogenic conditions, whilst expressing less OPN. Importantly, the ALPL expression levels 

were also significantly increased in the ASC population compared to their BM-MSC 

counterparts. These results suggest that, whilst the two stem cell groups were both able to 

undergo osteogenic differentiation, the ASCs were further differentiated than their bone 

marrow derived counterparts. Interestingly, the higher expression of late stage marker OCN, 

together with significantly higher ALPL expression by the ASCs, is similar to the expression 

profiles of young donor BM-MSCs, previously shown in this study (Chapter 4).  

A difference in osteogenic activity of ASC and BM-MSCs has previously been documented 

by Noel et al. (2008) and Schubert et al. (2011), who also noted similar increases in OC and 

ALPL to those recorded in the current investigation. Interestingly, studies into the 

comparative effect of ageing on the osteogenic activity of ASCs and BM-MSCs have 

indicated that ASCs are not as dramatically affected as BM-MSCs (Shi et al., 2012; Wu et 

al., 2013; Chen et al., 2012b). In particular, the study by Chen et al. (2012b) reported 

increased expression of RUNX2, OC and ALPL in old donor ASCs compared to patient-

matched BM-MSCs, whilst the old BM-MSCs displayed increased expression in senescence 

markers (p21 and β-glactosidase activity) compared to ASCs group. However, the same 

group also determined that the young donor BM-MSCs group outperformed their ASC 

counterparts. As such, the osteogenic differentiation of ASCs may differ with age, and would 

suggest that, in addition to experimental repeats; this study should be replicated using cells 

from young donors, to better understand the influence of age on the osteogenic differentiation 

of ASCs seeded on the washed bone.  

There have been multiple studies indicating the successful incorporation and osteogenic 

differentiation of ASCs in BTE, both in vivo (Runyan et al., 2010; Fan et al., 2014) and in 
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vitro (Desai et al., 2013; Mihaila et al., 2014; Shi et al., 2012; Haimi et al., 2009; Noel et al., 

2008). In particular, the use of ASCs in conjunction with washed bone allograft material has 

shown positive results (Runyan et al., 2010; Shi et al., 2012; Kloeters et al., 2011); however 

they are routinely used in combination with factors such as platelet rich plasma (PRP), which 

contain numerous growth factors, or osteogenic factors (e.g. BMP-2). In comparison, the 

current study has displayed induction independent of an osteogenic growth factor source. As 

previously discussed in Chapter 4, this is most likely to be due to the material attributes of 

both rigidity and biochemical qualities that have also been recognised as important cues for 

the osteogenic differentiation of ASCs (Li et al., 2014; Haimi et al., 2009). Importantly, the 

current experiment only utilised bone material retrieved from old donors (≥70 YOA), which 

has previously been identified by this study (Chapter 4) as being the most able to induce the 

osteogenic differentiation of seeded BM-MSCs. As such, additional experiments should 

incorporate young donor bone material, and assess the influence of bone donor age on the 

osteogenic differentiation of seeded ASCs. 

 

5.4.2 Use of BM-MNCs for Bone Tissue Engineering 

The results of the BM-MNC seeded bone cube experiments suggest that, despite there being a 

relatively low concentration of BM-MSCs and presence of other non-osteogenic cells, the 

BM-MNC fraction was still able to undergo osteogenic differentiation, with significant 

increases in osteogenic gene transcription levels of RUNX2 and late stage marker OC. 

Furthermore, alamarBlue results indicated the presence and proliferation of cells adhered to 

the washed bone. 

Additionally, the transcription levels of VEGFα were significantly increased in BM-MNC, 

whilst being down-regulated in BM-MSCs. These results imply that in addition to the 
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osteogenic differentiation of cells within the BM-MNC fraction to a mature osteoblast 

phenotype, the powerful angiogenic growth factor VEGFα was also expressed, which may be 

beneficial to the osseointegration of a bone tissue engineered graft into the host. The increase 

in VEGFα gene transcription by the BM-MNCs may be of clinical significance, as expression 

of this angiogenic factor has been identified as being beneficial to the bone healing 

environment, through both increasing cell proliferation as well as attracting host BM-MSCs 

and osteoblasts (Fiedler et al., 2005; Mayr-Wohlfart et al., 2002). This activity may lead to 

increases in de novo bone production (Street et al., 2002), and when used by itself or in 

combination with other osteogenic factors, may benefit the incorporation of a graft into the 

host (Huang et al., 2005). 

Unlike processed and monoculture expanded BM-MSC, the minimal processing required to 

produce BM-MNCs retains non–osteogenic supportive cells, such as endothelial cells and 

pericytes. These cell types have been identified as supporting the osteogenic ability of the 

BM-MSCs (Bianco 2011; Augello et al., 2010; Di Nardo and Parker, 2011), either by the 

promotion of BM-MSC (and pre-osteogenic cell) adhesion to the bone surface, or through 

prolonged cross-talk and interaction between the different cell types (Hammoudi et al., 

2012). Indeed the presence of endothelial cells in particular may account for the expression of 

VEGFα by the BM-MNC fraction. Indeed this may be of benefit, as the use of endothelial 

cells in combination with stem cell tissue engineered bone graft has been shown to greatly aid 

in the incorporation of graft material in vivo (Thebaud et al., 2012; Cornejo et al., 2012). As 

such, by seeding BM-MNCs directly onto the bone, cell types which would normally have 

been removed during processing to BM-MSCs, such as the endothelial cells, may have been 

able to adhere to the washed bone structure and support osteogenic differentiation and the 

production of angiogenic factors. However, this study did not ascertain the relative 

concentration of BM-MSCs and other cells types which were present in the BM-MNC 



225 
 

fraction, or their biological necessity. Additionally, once seeded, the distribution of these 

different cells types within the scaffold was not assessed histologically, and would be of 

interest regarding potential cell-cell interactions. 

Ultimately, utilising cells concentrated from bone marrow reamings reduces the costs of 

additional surgical procedures required to procure BM-MSCs and laboratory time needed for 

culture expansion. In addition, the use of BM-MNCs as an alternative to BM-MSCs enables 

the production of an autologous source of osteogenic cells, including BM-MSCs, at the time 

of surgery (Scaglione et al., 2014; Hermann et al., 2008) and has shown positive clinical 

results (Hung et al., 2013; Vulcano et al., 2013; Scaglione et al., 2006; Ginis et al., 2012; 

Hart et al., 2014; Kretlow et al., 2010). Importantly, the FDA approval for the use of 

concentrated BM-MNCs at the time of surgery, may expedite the production of osteogenic 

grafts (Scaglione et al., 2006; Chatterjea et al., 2012), potentially allowing clinical translation 

without intervening use of animal models.  

 

5.4.3 Conclusion 

The use of long culture periods to expand isolated BM-MSCs, due to their low abundance, 

increases the cost involved with BTE and has the potential to alter their later osteogenic 

differentiation and functional ability. Consequently, the use of alternative sources of MSCs, 

such as the use of ASCs and minimally processed BM-MNCs, is increasing. 

This preliminary study has identified the potential use of alternative sources of stem cells for 

use in BTE, with both ASCs and BM-MNCs able to undergo osteogenic differentiation on the 

washed bone. The results also suggested that given the same osteoinductive cues, ASCs were 
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further differentiated than their BM-MSC counterparts and that the BM-MNC fraction 

showed increased transcription levels of angiogenic factors when seeded on bone.  

Although the washed bone was able to induce osteogenic differentiation of the two cell 

sources, the further investigation of minimally processed BM-MNCs is of greater clinical 

importance, and may offer more promising results.  
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6.1 Conclusions of the study 

Bone grafting is a crucial surgical tool for the replacement of large areas of bone which has 

been lost through disease, trauma or surgical procedures. Whilst autograft is considered the 

gold standard, it is limited in availability and its removal poses the risk of site morbidity in 

the patient. Although tissue engineered allografts produced from washed bone are available, 

they often lack the substantial osteogenic activity and consistency found in autograft material, 

and as such have not become ubiquitously used. Other issues affecting the use of BTE 

allografts include its availability, the size of material, the speed at which it can be produced, 

cost of production, but most importantly its osteogenic qualities. 

 

6.1.1 The wash process produced an acellular bone scaffold, with 

osteogenic properties suitable for BTE 

In this study a novel wash process (developed by the NHSBT) was employed to test its 

efficiency in producing a biocompatible, biomechanically stable washed bone allograft that 

could be used for BTE. Importantly this study has shown that: 

i) The novel wash process is highly efficient, with both biochemical and histological 

evidence displaying the production of an acellular structure. Further results show 

this material to be biocompatible, with BM-MSCs able to colonise the structure 

and proliferate in culture. Conversely, the unwashed fresh-frozen bone is not 

biocompatible and displays cytotoxicity both in extract and proximity cytotoxicity 

assays.  
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ii)  The washed material is able to withstand compressive forces and is mechanically 

comparable to currently used, unwashed fresh-frozen material. This is shown in 

both the orientated and random orientated loading models, and implies that the 

washed allograft bone will maintain its structural stability in vivo, under clinical 

conditions. The stability is important not only for supporting areas of load, but 

also in the maintenance of native architecture, which has been identified as being 

crucial in the formation of new bone, and which clinically may promote 

osseointegration.  

iii)  Importantly, this study also demonstrates that BM-MSCs seeded upon the washed 

bone undergo osteogenic differentiation, with significant increases in gene 

transcription levels of the osteogenic genes RUNX2, OPN and OC. In particular, 

BM-MSCs are able to undergo osteogenic differentiation in standard medium and 

independent of the osteoinductive corticosteroid dexamethasone, indicating the 

bone itself is osteoinductive, a crucial characteristic of a successful graft material.  

iv) Taken together, though they are from in vitro studies, these results suggest that 

utilisation of the wash process would be beneficial for clinical use of human 

allograft bone, and that the washed acellular bone scaffold produced is suitable for 

direct clinical use as an allograft material. 

 

6.1.2 Cell donor age and bone donor age are important factors which 

may determine the success of bone allograft applications  

Having demonstrated the use of a novel wash process to produce a washed bone scaffold 

suitable for use in BTE, the study subsequently aimed to ascertain whether the age of cell or 

bone donor directly influenced the osteogenic differentiation of BM-MSCs seeded on the 
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washed bone scaffold. Clinically the majority of patients who receive bone allografts are 

elderly. This has ramifications in BTE when utilising autologous BM-MSCs, as with 

increasing patient age, the number and osteogenic ability of the BM-MSCs decreases. In 

addition, the majority of bone material is donated by elderly patients as they undergo primary 

hip replacements and, as with cells, there are known changes which occur in the bone 

structure with age which may influence cell behaviour.  

The results of this particular section of the study indicate that: 

i) Young donor cells are better able to undergo osteogenic differentiation when 

given the same cues as old donor cells, and importantly that old donor bone is 

better able to support this osteogenic activity. This has important implications for 

clinical use, as the data suggests that the current use of old donor bone may 

actually be beneficial to using young, but that elderly patients’ cells may require 

additional osteogenic factors to promote and support their osteogenic activity.  

Importantly, with increasing age, the number of BM-MSCs present in the bone marrow also 

decreases, and culture expansion to produce significant numbers may exacerbate loss of 

function. As such this study also utilised alternative sources of stem cells for population of 

the scaffold for BTE. 

ii)  The results of these experiments (detailed in Chapter 5), show that the washed 

bone is able to support the osteogenic differentiation of ASCs and BM-MNCs. In 

addition, the seeded BM-MNCs actively expressed the gene for the angiogenic 

factor VEGFα. Expression of VEGFα is important as angiogenesis is crucial in 

bone graft incorporation, and though this work is preliminary, it emphasises the 

need to understand the requirement for supportive cell types in BTE. 
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6.2 Future studies 

This study yielded promising results for the production of a washed human biological bone 

scaffold from whole femoral heads (suitable for tissue engineering) using a novel wash 

process. It has successfully shown the osteoinductive ability of the washed bone scaffold and 

the osteogenic differentiation of stem cells seeded upon it, and in addition, added to the 

understanding of how age of cell or bone donor may influence the success of such BTE 

allografts in patients. As such, this study offers new avenues of research to progress the 

clinical application of the material and fully understand the potential of this type of bone 

scaffold in BTE. 

To date, the data in this study has been obtained from in vitro experimentation, and as such 

there is a need to understand how this material will function in vivo, and how it will compare 

to allograft currently being used. Although the study has shown the washed bone to be 

biocompatible and osteoinductive, these promising results need to be assessed in vivo 

utilising appropriate animal models prior to clinical translation. These animal models may 

initially be undertaken in small animal studies, such as subcutaneous implantation into rats to 

assess biocompatibility and osteogenic potential, before developing into orthopaedic surgery 

models in larger mammals such as sheep or dogs. Of note, however, is the fact that a similar 

wash process (minus PPA and hydrogen peroxide) is already employed in the processing of 

deceased bone for use in surgery (Paul Rooney (NHSBT) – personal communication).  

Additionally, preliminary experiments have indicated that this material can be used in 

conjunction with BM-MNCs, and that importantly this material invokes angiogenic gene 

expression. This angiogenic promotion is thought to be essential for bone osseointegration 

into the host without which grafts usually fail. Furthermore, the use of BM-MNCs removes 
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the requirement for expensive and time consuming in vitro expansion, and crucially, 

concentration techniques can be undertaken within the theatre at the time of surgery. There 

are a number of commercially available concentration techniques that work in an automated 

fashion to the methods used in this study, which are FDA approved for the production, and 

immediate use of, concentrated cell fractions from bone marrow. As such, the use of this 

source of osteogenic cells removes the regulations faced with isolated and culture expanded 

BM-MSCs, and may expedite the clinical translation of the washed bone allograft by 

withdrawing the need for animal studies. This could indicate a quick-to-use product; however 

the study presented here needs to be expanded to include more samples from a number of 

donors of varying ages, as well utilising additional experimental techniques to confirm 

findings.  

This study has also identified age as an important factor dictating the osteoinductive capacity 

of the washed bone; however the basis for the difference seen between the two bone donor 

age groups was not studied and necessitates further investigation. Although this study 

indicated no mechanical difference between the young and old donor bone, the architecture is 

known to change with age which may have an impact on osteogenic activity. Therefore, 

structural imaging experiments such as µCT may be employed to determine factors such as 

surface area or porosity. Additionally, this study has indicated no statistic differences in 

mineral composition of the two age groups detected by XRD; however other biological 

constituents of the structure, most notably encapsulated BMPs and other growth factors (e.g 

IGF, TGFβ and BMP7), may change in concentration or accessibility with age. As such, 

further studies involving the enzymatic release of these encapsulated factors from the bone 

should be undertaken, with an assessment of bioavailability, identification, and total yield of 

growth factors. This could be achieved utilising proteolytic enzymes, such as collagenase, to 

breakdown the bone type I collagen structure, utilising Luminex multiplexed ELISAs 
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(enzyme-linked immunosorbent assay) to screen a broad panel of bioactive (growth) factors 

encapsulated in the structure (total content), and quantifying the presence specific growth 

factors (e.g. BMP2 and 7) in the lysate using ELISA at specified time points, thereby 

assessing rate of release of the encapsulated factors. Importantly, such experiments may 

provide important information on the bioavailability of osteogenic growth factors 

encapsulated in bone and whether this changes with age. 

Additionally, the preliminary data has also shown that the washed bone scaffold is able to 

support ASCs, and that in comparison to patient-matched BM-MSCs, they displayed 

increased osteogenic differentiation. Importantly, ASCs are not thought to be affected by age 

as dramatically as BM-MSC, and could be a useful cell source alternative. Again, this 

requires further investigation to ascertain whether ASCs are indeed a suitable cell source, and 

whether cell donor age affects their differentiation potential and activity. The design of this 

study would closely follow that of experimentation undertaken in Chapter 4, instead utilising 

patient-matched ASCs and BM-MSCs.  

Finally, although this study demonstrated the expression of both osteogenic and angiogenic 

genes by the seeded BM-MNCs, the relative concentration of BM-MSCs and supportive cell 

types it contained is unknown. As such, additional research should be undertaken to 

determine the relative concentration of different cell types present in the BM-MNC fraction. 

Using molecular biology techniques such as FACS (fluorescence-activated cell sorting) 

analysis, individual cell types could be identified and systematically removed, to investigate 

their biological activity in a BTE system. This would help isolate the crucial cell types and 

reduce the burden unnecessary cells would place on the limited nutrients available in the 

healing environment during graft incorporation. 
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Although this material has demonstrated good osteoinductive properties, there are still issues 

surrounding the use of this, and other, scaffolds in bone tissue engineering. The integration of 

the graft into the host is not only dependent on the ability to produce bone, but also its 

promotion of neovascularisation, essential if cells seeded further than 5mm into its surface 

are to survive and become active. The implantation of any graft is also commonly 

accompanied by a foreign body response by the host, which can cause severe inflammation of 

the area resulting in fibrous tissue enveloping the graft, further preventing blood vessel 

infiltration, and leading to the death of seeded stem cells. To prevent this activity, many 

current technologies aim at modulating the immune response of the host via the use of 

immunomodulatory growth factors while improving the infiltration of the vasculature 

network, and may be used in conjunction with this material in its eventual clinical use.  

Additionally, the use of growth factors to promote the formation of new bone tissue and 

vascularisation is contentious, due to difficulties in localising the area they affect and using 

concentrations several times higher than naturally occurring, which may inadvertently affect 

surrounding tissue. This issue may also be overcome by improved culturing methods, and the 

use of in vitro bioreactors to culture the scaffold, seeded cells and specific growth factors, to 

establish cell growth and tissue maturation (including vessel formation) pre-implantation, 

potentially improving the integration of the graft. However, in vitro culture is an expensive 

process, and ultimately the most beneficial “bioreactor” bone healing environment is that of 

the host, though only if a beneficial environment can be assured. As such more efficient 

intraoperative cell seeding methods should be assessed, as well as technologies to control the 

in vivo environment. This may include the controlled release of growth factors into specific 

regions and at specific times and durations during the healing processes, by the use of tailored 

microparticles. In this study, the inclusion of a BM-MNC fraction to the bone scaffold 

promoted the expression of the angiogenic factor VEGFa by the seeded cells. The production 
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of VEGFa at a localised site by the cells may diminish the need for additional expensive 

growth factors and aid in the bone graft’s integration. This improved integration may also 

negate the need for metal screw fixation to stabilise the graft after implantation. This crew 

fixation regularly results in complications relating to bending, breaking or metal-on-metal 

wear, which can lead to failure of the graft and revision surgery.  

Also of importance is the practical clinical use of the bone material. Currently the majority of 

fresh-frozen bone allograft is morcellised into small fragments for use in IBG, this process is 

quick, but destroys much of the materials structure and mechanical stability and is an 

ineffective way at stabilising a structurally integral area of bone such as the acetabulum or the 

glenoid in the shoulder. In these cases large structural grafts are required. These structural 

grafts can be formed from whole femoral heads relatively easily, with the surgeon using 

images and moulds of the defect area to help fashion the right shape, which is implanted and 

stabilised with screws. The novel wash process used in this study produced whole washed 

femoral heads which may allow for use in both IBG, as well as the formation of structural 

graft. However, the formation of structural graft from the femoral head does require training, 

expertise and time, though from the authors own experience the removal of the cortical shell 

from the femoral head would allow for structures to be easily fashioned with use of a De 

Souter saw, and could be undertaken at the time of the wash process, in an attempt to later 

save the surgeon time and effort during surgery. 
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Table 8.1: Coefficient of variation for both intra-head and inter-head in orientated and non-orientated samples  

 Variable  Orientation Young's 
Modulus 
(MPa) 

Load at 
Yield (N) 

Deflection 
at yield 
(mm) 

Stress at 
Yield (MPa) 

Work to 
Yield (J) 

Load at 
failure (N) 

Deflection at 
failure (mm) 

Stress at 
failure 
(MPa) 

Work at failure (J) 

Intra-head  
  

Non-orientated 27.823712 38.927236 25.20791 35.982754 57.086238 35.553303 33.42678 32.360923 49.678542 

Orientated 34.524995 42.829003 19.57245 41.772395 56.987396 29.979873 29.8973 34.011731 50.683394 

Inter-head  
  

Non-orientated 30.085637 39.576705 27.01869 38.627917 54.521498 36.582331 45.8869 35.669145 48.764543 

Orientated 33.131177 44.194852 24.64107 40.570227 67.52927 29.018848 51.30686 31.552679 67.447184 
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Abstract

Fresh-frozen biological allograft remains the most effective substitute for the ‘gold standard’
autograft, sharing many of its osteogenic properties but, conversely, lacking viable osteogenic cells.
Tissue engineering offers the opportunity to improve the osseointegration of this material through
the addition of mesenchymal stem cells (MSCs). However, the presence of dead, immunogenic and
potentially harmful bone marrow could hinder cell adhesion and differentiation, graft augmentation
and incorporation, and wash procedures are therefore being utilized to remove the marrow, thereby
improving the material’s safety. To this end, we assessed the efficiency of a novel wash technique to
produce a biocompatible, biological scaffold void of cellular material that was mechanically stable
and had osteoinductive potential. The outcomes of our investigations demonstrated the efficient
removal of marrow components (~99.6%), resulting in a biocompatible material with conserved
biomechanical stability. Additionally, the scaffold was able to induce osteogenic differentiation of
MSCs, with increases in osteogenic gene expression observed following extended culture. This
study demonstrates the efficiency of the novel wash process and the potential of the resultant
biological material to serve as a scaffold in bone allograft tissue engineering. © 2014 The Authors.
Journal of Tissue Engineering and Regenerative Medicine published by John Wiley & Sons Ltd.

Received 29 January 2014; Revised 29 April 2014; Accepted 21 May 2014
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1. Introduction

An ever-increasing need for bone graft material is placing
increased pressure on its availability, quality and integra-
tion capabilities (National Joint Register, 2012). Biocom-
patibility, osteogenic capacity, biomechanical strength
and architecture are all important factors in the successful
incorporation of graft bone and can determine the speed

of recovery (Marcos-Campos et al., 2012). As such, for
clinical use it is important to use a material which encom-
passes these qualities.

The ‘gold standard’ grafting material is currently auto-
graft bone. Sourced from the patient, this mix of mineral-
ized extracellular matrix (ECM), bone marrow and
osteogenic cells is the most osteogenic material available,
with both osteoinductive and osteoconductive properties.
However, the quality and volume of the material acquired
is often not able to meet the demands of surgical proce-
dures requiring large volumes, may be of substandard
biomechanical stability and may contain few viable pre-
osteogenic cells, e.g. mesenchymal stem cells (MSCs)
(Hernigou et al., 2005).
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Synthetic and biological alternatives are available to
autografts (Kolk et al., 2012; Seebach et al., 2010); how-
ever, whilst synthetic materials aim to duplicate many of
the same features found in autografts (Beswick and Blom,
2011), with post-production modifications and addition of
growth factors, biological materials are still considered
the most effective and are the most widely-used alternative
(Zimmermann and Moghaddam, 2011).

A commonly used biological alternative to autograft is
allograft bone, incorporating many of the same qualities
as autograft and displaying good healing potential (Miller
and Block, 2011). However, it does not include a source of
viable osteogenic cells and is therefore associated with a
lack of osteogenic and angiogenic stimulatory properties
(prerequisite properties for clinical success). Consequently,
bone tissue-engineering approaches aim to incorporate
osteogenic cells into allograft scaffolds (Schubert et al.,
2011; Aarvold et al., 2012; Xie et al., 2007) and improve
the properties of this biological material. However, while al-
lograft contains no viable cells, it does contain residual
dead cell matter, which reduces the ability of progenitor
or osteogenic cells to adhere to bone, may act to induce
an immune response and could potentially harbour trans-
mittable diseases (Varettas and Taylor, 2011), all of which
could profoundly affect its use as a scaffold in bone tissue
engineering. This potential for harmful disease transmis-
sion, albeit somewhat alleviated by stringent donor selec-
tion, virus and microbiological testing, means that it is
advised that allograft material is sterilized by γ-irradiation
before clinical use (American Association of Tissue Banks,
2006). γ-Irradiation involves subjecting the target material
to a dose of 25 kGy whilst deep-frozen. However, this
sterilization technique fails to remove the dead cell
matter and marrow containing the antigenic cell types
(Czitrom et al., 1985) and thus it can still elicit an
immune response (Bos et al., 1983). Furthermore, this
method has been demonstrated to decrease osteogenic
potential by reducing biocompatibility through the
production of peroxidized lipids (Moreau et al., 2000),
as well as diminishing the biomechanical stability of the
bone (Dux et al., 2010; Cornu et al., 2011).

Alternative sterilization or processing methods have
been described for human bone material, either in
addition to, or as a replacement for, γ-irradiation. These
methods attempt to remove all soft tissue from the
allograft, leaving behind a scaffold devoid of cellular ma-
terial whilst retaining biocompatibility and biomechanical
stability (Hassabella et al., 2009).

Although the addition of chemical agents, such as
peracetic acid and ethanol, may reduce the osteoinductive
potential of the material (Bormann et al., 2010), their
controlled use has been shown to have a limited effect
on the biomechanical stability and biocompatibility of
the material (DePaula et al., 2005; Haimi et al., 2009),
whilst still reducing infectious viral particles and killing
harmful bacteria (Pruss et al., 2003). This potential for
complete removal of immunogenic cellular components
has led to marrow removal techniques becoming more
prevalent in the production of structures required as

scaffolds in tissue-engineering applications (Ma et al.,
2013; Djouad et al., 2012; Hashimoto et al., 2011; Dutra
and French, 2010).

Although tissue-engineered bone allografts offer huge
potential for the improvement of bone regeneration, a
method of producing a biomechanically stable and
biocompatible bone allograft material that retains the
bone’s innate structure and osteogenic properties is still
required. Furthermore, for clinical translation, the
methods to produce such allografts should be rapid and
require minimal processing, whilst allowing the genera-
tion of sufficiently large structures for bespoke bone void
filling. Thus, this study was designed to assess the applica-
tion and efficacy of a novel bone allograft wash process on
human bone from whole femoral heads. This wash
process was modified from that published by Yates et al.
(2005) to be more rapid and include the chemical
sterilants peracetic acid–hydrogen peroxide and ethanol
and an increased number of wash/centrifugation steps.
Specifically, it aimed to ascertain whether the resulting
structure had any alterations to its biocompatibility,
immunogenicity, osteoinductive ability or biomechanical
stability, which will ultimately determine its potential as
a scaffold in bone tissue-engineering applications.

2. Materials and methods

2.1. Preparation of washed bone material

2.1.1. Sample procurement

Fresh-frozen femoral heads were obtained, through ethi-
cal approval from the National Health Service Blood and
Transplant Tissue Services, from consenting live donors
undergoing hip replacement surgery: male, n= 16; aged
38–82 (mean 53) years; and female (n= 12; aged 42–78
(mean 41) years. Upon removal, the samples were stored
at –80 °C until required.

2.1.2. Wash process

Whole femoral heads were defrosted overnight at 5 °C, then
submerged in 300ml distilled water preheated to 60 °C and
sonicated for 15min at 60 °C (F5300b; Decon, UK). The
femoral heads were then drained and rinsed in 300ml
distilled water preheated to 60 °C whilst agitated on an
orbital shaker at 200 rpm at 60 °C for 5min (IOC400;
Weiss-Gallenkamp, Loughborough, UK). The femoral heads
underwent a wash–centrifuge combination three times, in
which they were submerged in 300ml distilled water
preheated to 60 °C and agitated in an orbital shaker at
200 rpm at 60 °C for 10min, with an initial wash of 30min
and subsequent washes 10min. The femoral heads were
then centrifuged at 1850× g for 15min at ambient tempera-
ture (Sorvall, using rotor RC3BP; Thermo-Scientific, Hemel
Hempstead, UK). After three wash–centrifuge steps the
femoral heads were sonicated for 10min at 60 °C in 300ml
prewarmed (60 °C) sterilant solution containing 3% v/v
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hydrogen peroxide (H3410, Sigma-Aldrich, Gillingham, UK)
and 0.02% v/v peroxy-acetic acid (PAA; 77240, Sigma-
Aldrich). Samples were transferred to 300ml 70% v/v
ethanol and sonicated for 10min at 21 °C. Finally, the
femoral heads underwent two washes in 300ml distilled
water and agitated at 200 rpm for 10min at 60 °C before
being centrifuged at 1850× g for 15min at ambient temper-
ature to remove any remaining liquids. The washed,
disinfected femoral heads were then dissected into 1 cm3

bone cubes, using an oscillating saw (NS3A, De Soutter,
Aston Clinton, Buckinghamshire, UK), snap-frozen and
stored dry at –80°until use.

2.2. Assessment of wash efficiency

2.2.1. Biochemical assays

To assess the removal of marrow contaminants from the
whole femoral head, samples of wash solutions were
collected after each step of the protocol (n= 14). The
soluble components, protein, DNA and haemoglobin, were
assessed using Bradford reagent (B6916, Sigma-Aldrich);
PicoGreen assay (P7589, Life Technologies, Paisley, UK)
and Drabkin’s reagent (D594, Sigma-Aldrich), prepared
with Brij 35 solution (B4184, Sigma-Aldrich), respectively,
using 50μl aliquots and conducted according to the manu-
facturers’ protocols.

2.2.2. Residual DNA quantification within washed
bone samples

Bone cubes from three fresh-frozen and three washed
femoral heads (1 cube/femoral head) were snap-frozen,
impacted and ground to produce a fine coarse powder.
Samples (100mg) were predigested (56 °C for 48 h) in
proteinase k solution (19131, Qiagen, Manchester, UK)
before DNA was extracted using the DNeasy Blood and
Tissue Kit (69506, Qiagen). Extracted DNA was concen-
trated using ethanol precipitation and total DNA quantified
using a Nanodrop spectrophotometer (ND1000, Thermo-
Scientific, Hemel Hempstead, UK).

2.2.3. Histological analysis

Cubed bone samples from the fresh-frozen (n= 2) and
washed bone (n= 2) were fixed in 50ml formal saline
(4% v/v formaldehyde, 0.9%w/v sodium chloride) at room
temperature for 48h, then decalcified in 20% v/v EDTA,
pH7.4. Decalcified bone sampleswere embedded in paraffin
wax and 5μm sections cut and mounted. The sections were
stained with haematoxylin and eosin (H&E) and Masson’s
trichrome (RRSP131-c, Biostain, Manchester, UK).

2.2.4. Immunohistochemical analysis

Sections of fresh-frozen (n= 3) and washed bone (n= 3)
were dewaxed and rehydrated before antigen retrieval
using chemotrypsin, and incubated overnight at 4 °C with
primary HLA class 1 ABC (EMR8-5) antibody (ab70328;

Abcam, Cambridge, UK). The samples were incubated
for 30min with the secondary antibody (sc-3795; Santa
Cruz Biotechnology, Heidelberg, Germany) and antibody
binding disclosed using the avidin–biotin interaction
(PK-7100; Vector Laboratories, Peterborough, UK) and
DAB (3,3-diaminobenzidine) staining (H-2200; Vector
Laboratories). All images were acquired on a Leitz DMRB
microscope (Leica Microsystems, Milton Keynes, UK),
using Deltapix Infinity X and supporting software
(Deltapix, Maalov Beyvej, Denmark).

2.3. Biocompatibility of washed bone

2.3.1. Production of bone extract-conditioned
medium

Powder samples of bone cubes from fresh-frozen, un-
washed (n= 3) and washed (n= 3) bone samples were
soaked in five times their weight of standard culture
medium for 72 h at 37 °C under constant agitation
(ISO-10993-5, 1993E). The solution was centrifuged at
400× g for 5min and at 10875× g for 10min to remove
fine bone particles. The resulting supernatant was used as
extract-conditioned medium in cytotoxicity assays onMSCs.

2.3.2. Effect of extract-conditioned medium on
MSC viability

Human MSCs were isolated from the bone marrow of a
55year-old female, with ethical approval using established
methodology (Strassburg et al., 2010). The cells were ex-
panded in standard culture medium containing α-modified
Eagle’s medium (M4526, Sigma-Aldrich), 10% fetal calf
serum (FCS; 10270, Sigma-Aldrich), 10μM ascorbate-2-
phosphate (A8960-5G, Sigma-Aldrich), 2mM GlutaMAX
(35050-038, Life Technologies, Paisley, UK) and combined
antibiotic–antimycotic solution (50 000 U penicillin,
100μg/ml streptomycin, 250ng/ml amphotericin B;
A5955, Sigma-Aldrich). At passage 2, MSCs were seeded
into 96-well plates at 3.3×104 cells/cm2 and incubated
for 24h. The culture medium was replaced with 100μl
extract-conditionedmedium. After 24h of incubation, cell vi-
ability was assessed by adding 5μl WST-1 (05015944001,
Roche, UK) to each well. The culture plates were incubated
for 4h at 37 °C and read at absorbance 450/620nm
(Multiscan FC, Thermo Scientific, UK). Cells remaining in
the 96-well culture plate were rinsed with phosphate-buff-
ered saline (PBS) and lysed with 100μl 2% Triton X-100.
To each well, 100μl lactate dehydrogenase (LDH) reagent
(MAK066, Sigma-Aldrich) was added and incubated at
room temperature for 30min. The plates were read at
absorbance 485/620nm.

2.4. Osteoinductive capacity of washed bone

Mesenchymal stem cell samples from two donors (a female
aged 67 and a male aged 72years) were used to seed 1 cm3

Osteoinductive allograft bone scaffold for bone tissue engineering
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cubes of washed bone material with 5×105 MSCs in 250μl
standard medium. Each MSC sample was cultured on bone
cubes from three different donors (all aged> 70years). After
seeding, the cubes were incubated for 1h at 37 °C, washed
three times in PBS and centrifuged at 500× g for 5min to
remove non-adherent cells. These cells were combinedwith
residual cells trypsinized from the tissue-culture wells and
counted using a haemocytometer to assess seeding effi-
ciency. A non-cell-seeded control was run simultaneously.

MSC-seeded bone cubes were either cultured in standard
or osteogenic differentiation medium (standard medium con-
taining 10mM β-glycerophosphate (G9891, Sigma) and
1×10–7M dexamethasone (D8893, Sigma) and cultured for
28days. At 0, 14 and 28day time points, cell viability was
assessed using an alamarBlue® assay (DAL1025, Life
Technologies). Briefly, the medium was replaced with 5%
alamarBlue® in relevant medium. After 2h of incubation a
100μl samplewasmeasuredusing afluorescence plate reader
(FLx800, Biotek, UK) at 540nm and excitation 600nm.

2.4.1. qRT–PCR analysis of osteogenic
differentiation

At time points 0, 14 and 28 days, medium was removed
from bone cubes by centrifugation at 500× g for 5min.
The bone cubes were transferred to clean tubes and 1ml
TRIzol reagent (AM9738, Ambion, Life Technologies)
added, then incubated for 5min with constant agitation.
After incubation, the bone cubes were centrifuged at
500× g for 5min to remove all TRIzol reagent. RNA was
extracted as previously described (Minogue et al., 2010),
quantified using a Nanodrop and reverse-transcribed to
cDNA, using a High Capacity cDNA Reverse Transcription
Kit (4368814, Life Technologies). Real-time quantitative
polymerase chain reaction (PCR) was performed on a
StepOnePlus real-time PCR system (4376600, Life
Technologies), using Lumino-Ct qPCR ReadyMix (l6669,
Sigma-Aldrich). Assays were prepared using FAM-BHQ1
assays (all primers and probes from Sigma-Aldrich) for
the following genes: runt-related transcription factor 2
(RUNX2; NM_001024630), forward CGCTGCAACAAGACC,
reverse CGCCATGACAGTAACC; osteopontin (OP; NM_
000582), forward CTGACATCCAGTACCCTG, reverse
CAGCTGACTCGTTTCATA; and osteocalcin (OC; NM_
199173), forward CCGCACTTTGCATCG, reverse GCC-
ATTGATACAGGTAGC. Data were normalized to the house-
keeping gene mitochondrial ribosome protein 19 (MRPL19;
NM_014763), forward CCACATTCCAGAGTTCTA, reverse
CCGAGGATTATAAAGTTCAAA) and displayed as 2–ΔΔCT

(Minogue et al., 2010; Livak and Schmittgen, 2001) relative
to day 0 controls.

2.5. Biomechanical stability of washed bone

2.5.1. Compression testing

For assessment of biomechanical stability, fresh-frozen
femoral heads from male [n= 10, aged 72–90 (mean

78.2) years] and female [n= 5, aged 70–85 (mean 77.4)
years] donors were laterally bisected along the coronal
plane to produce two equal halves. One half was retained,
while the other was washed according to the method
described earlier. The two halves were grid-marked
along the axis of normal compression, cut into 1 cm3

cubes (n= 242) and labelled with orientation and
designated coordinates.

The cubes were loaded onto a compression-testing
machine (LRXPlus, Lloyd Instruments, Sussex, UK) and
subjected to one round of compression to failure, with
the settings: preload 0.2N, maximum deflection 3mm,
and load of 5 kN at a speed of 5mm/min. Data were
recorded for parameters of yield, elasticity and failure,
using NEXYGENplus software.

2.6. Statistical analysis

Statistical analysis was conducted using Origin Pro v. 8.5
(Silverdale Scientific, StokeMandeville, UK).Mann–Whitney
non-parametric statistical analysis was performed on the
WST-1, LDH, PCR and alamarBlue® results, with a paired
t-test used on mechanics data. Significance was set at
p≤ 0.05.

3. Results

3.1. Wash process removes marrow components

The removal of marrow components from the femoral
heads was assessed by comparing soluble factors present
in the spent wash solutions to samples taken from washed
bone and soaked for 1 h in deionized water at 60 °C with
agitation. This indicated a total removal of 99.2±1.8%
recorded DNA, 98.9±1.5% soluble protein and 100%
haemoglobin from the trabecular material, resulting in a
DNA content of 16.9 ng DNA/mg dry bone material.

3.2. Histology

H&E staining of unwashed bone showed large quantities
of soft marrow and cells deposited in the trabecular
structure (Figure 1a). Encapsulated osteocytes and the
endosteum were also evident.

A fine meshwork was still present in the washed bone
material (Figure 1b); however, this was almost completely
untethered from the trabeculae. Additionally, there was a
diminished cell presence with no obvious endosteum,
although a few osteocytes were still present encapsulated
in lacunae.

In addition, Masson’s trichrome staining only showed
changes to soft tissue histology (Figure 1c, d), with
similar morphological staining of osteoid (red) and
mineralized (ossified) (blue) matrix between washed
and unwashed bone.
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3.3. Immunogenicity of washed bone

As MHC antigens are used to recognize foreign material,
samples were immunohistochemically stained for HLA
serotypes A, B and C. The washed bone displayed little
or no immunopositivity (Figure 1f). In comparison,
unwashed material was heavily stained, including endos-
teum and soft marrow tissue containing fat cells, stromal
cells and osteocytes (Figure 1e).

3.4. Biocompatibility of washed bone

MSC cultures subjected to extract-conditioned medium
from washed bone material showed a significant
10.6±4.4% (p= 0.05) increase in cellular metabolic
activity (Figure 2a), with LDH assays showing a small
but not significant increase in cell number (Figure 2b).

In contrast, fresh-frozen bone extract-conditioned
medium caused a significant, 32±13.78% ( p= 0.03)
decrease in cellular metabolic activity (Figure 2a) and a

significant ( p= 0.02) 20±9.03% decrease in total cell
number compared to standard culture medium.

3.5. Washed bone is osteoinductive and
supports MSC osteogenic differentiation

AlamarBlue® results for MSCs seeded on washed bone
displayed significant fold increases in metabolic activity
at days 14 and 28 in both standard and osteogenic
medium (p< 0.001) (Figure 3a). There was a significant
increase in activity between days 14 and 28 (p< 0.01);
however, there was no significant difference between
medium types at any time point.

Osteogenic markers for initial differentiation (RUNX2),
immature osteoblast gene (OPN) and mature osteoblast
gene (OCN) were used to determine both osteogenesis
and the extent of cell maturation. Non-seeded, washed
bone material displayed no detectable amplification.

Expression of the early osteogenic gene RUNX2 by
MSCs seeded on washed bone (Figure 3b) was signifi-
cantly increased at day 14 compared to day 0 in both

Figure 1. Histological and immunohistological staining of unwashed (A, C, E) and washed (B, D, F) allograft material. Images display
H&E staining (A, B), Masson’s trichrome (C, D) and HLA class 1 ABC antibody staining (E, F). All images were taken using×600
magnification; scale bars=50μm. Images clearly display a significant decrease in immunogenic cellular content and soft tissue,
whilst maintaining bone morphology
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standard ( p< 0.001) and osteogenic ( p< 0.001) media,
with significantly larger increases noted in osteogenic me-
dium ( p= 0.005). By day 28, RUNX2 expression by MSCs
in standard medium had returned to day 0 control levels,
whereas expression in osteogenic medium remained sig-
nificantly higher than both day 0 controls and standard
medium at day 28 ( p< 0.001).

Expression of the immature osteoblast marker gene
OPN (Figure 3c) was also significantly increased by day
14 in both standard ( p< 0.001) and osteogenic media
(p< 0.001) compared to day 0 controls. However,
levels were significantly lower in osteogenic medium
compared to standard medium at day 14 ( p= 0.003).
By day 28, expression of OPN remained significantly higher

than day 0 controls in both medium types ( p< 0.001),
with no significant difference noted between standard
and osteogenic media.

Expression of the mature osteoblast marker gene OCN
(Figure 3d) was upregulated to similar extents in both
standard and osteogenic media compared to day 0 con-
trols (p< 0.001 in both standard and osteogenic media).
Expression was further increased in both media by day
28 ( p< 0.001 in standard and osteogenic media relative
to day 0; p< 0.001 and p= 0.04 in standard and osteo-
genic media, respectively, relative to the same medium
type at day 14), with a small but significant increase noted
in osteogenic medium compared to standard medium at
day 28 ( p= 0.04).

Figure 2. Analysis of MSC activity assessed using a WST-1 assay (A) and viability assessed using an LDH assay (B) after incubation in
standard medium (SM), fresh-frozen extract-conditioned medium (FFCM) and washed bone extract-conditioned medium (WBCM).
Results from FFCM or WBCM were averaged and normalized to SM and displayed as percentage change±SE; #, significant difference
with respect to SM ( p ≤0.05); *, significant difference ( p ≤0.05) between FFCM and WBCM

Figure 3. Alamar blue metabolic activity and quantitative real-time PCR for osteogenic marker gene expression of MSCs seeded on
washed bone scaffolds and cultured for 14 or 28days in either standard or osteogenic medium. Relative metabolic activity (A) was
normalized to non-seeded bone controls and day 0 readings, whilst relative gene expression of (B) RUNX2, (C) OPN and (D) OCN
was normalized to the housekeeping gene MRPL19 and day 0 controls. Data represent mean±SE. *, significant difference with
respect to day 0 control ( p ≤0.05); #, significant difference between standard and osteogenic medium ( p ≤0.05); +, significant
difference between days 14 and 28 in the same medium type ( p ≤0.05)
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3.6. Washed bone is biomechanically stable

At the point of yield there were no significant differences
to load at yield, stress or work at yield (Figure 4a, c, d).
The washed material was compressed less at the point
it lost its elasticity, with a significant decrease in the
deflection at yield for washed bone compared to
unwashed, from 1.49±0.04mm to 1.35±0.04mm
( p= 0.002) (Figure 4c).

The parameters of elasticity indicated a significant
increase in Young’s modulus of washed bone over
unwashed bone from 75.9±3.4MPa to 84.6±3.6MPa
(p= 0.02) (Figure 5a), with a small but insignificant
increase in stiffness. The results of parameters at
failure indicated no significant differences between
the washed and unwashed material in any parameter
(Figure 6a–d).

4. Discussion

Allograft bone material is essential in surgical procedures
aimed at replacing large areas of bone loss, sharing many
of the characteristics of ’gold standard’ autograft but with
greater availability. However, whilst the use of allograft
material has shown good long-term healing potential, its
marrow material is comprised of dead cell matter contain-
ing no viable osteogenic cell source, diminishing its ability
to osseointegrate (through immunogenicity and infection)
and detrimentally affecting cell adherence and activity
(Bonsignore et al., 2013). Therefore, wash techniques are
being developed to remove the marrow material. Impor-
tantly these wash methods aim not to detrimentally effect
the latent abilities of the ECM in supporting the prolifera-
tion and regulation of cell activity (Dutra and French,
2010; Yates et al., 2005; Declercq et al., 2013; Choi et al.,

Figure 4. Compression testing results for parameters relating to yield of: (A) load to yield; (B) deflection of material at yield; (C)
stress at yield; and (D) work at yield. Results of compression data were averaged for both fresh-frozen and washed bone (n=108
for each) and displayed as mean±SE; *p ≤0.05 between fresh-frozen and washed bone

Figure 5. Compression testing results for parameters relating to elasticity of: (A) Young’s modulus; (B) stiffness. Results of compres-
sion data were averaged for both fresh-frozen and washed bone (n=105 for Young’s modulus and n=108 for stiffness in both cases)
and displayed as mean±SE; *p ≤0.05 between fresh-frozen and washed bone
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2011; Polini et al., 2011). In addition, the material and its
properties may be exploited further as a scaffold in tissue
engineering, with replication of the bone microenviron-
mental niche (Hammoudi et al., 2012; Thebaud et al.,
2012), having been demonstrated to result in better
osseointegration compared to standard allograft material
(Coquelin et al., 2012). Thus, this study used a novel rapid
wash process to remove marrow material from fresh-frozen
allograft femoral heads, assessing for marrow removal, bio-
compatibility, osteoinductive potential and biomechanical
stability, and determining its potential as a scaffold for use
in future bone tissue engineering.

The biochemical results provide evidence that the wash
process removes a large proportion of soluble protein,
DNA and haemoglobin trapped in the trabecular structure
of the whole femoral head. This removal was equivalent
to soluble protein removal reported by Yates et al.
(2005) and superior in the removal of both soluble
protein and DNA to Ibrahim et al. (2012); however, these
processes did not include a chemical sterilant step. Our
study resulted in a material with a low DNA value
(16.9 ng DNA/mg dry material) and which, histologically,
displayed a washed matrix devoid of a marrow compo-
nent, which may otherwise affect osseointegration. These
characteristics are in accordance with other studies pro-
ducing decellularized bone (Hashimoto et al., 2011) and
other tissue structures (Dutra and French, 2010; Cornejo
et al., 2012) and the standards proposed by Crapo et al.
(2011) for the evaluation of a decellularized soft tissue.

The cytotoxicity assays confirmed the biocompatibility
of the washed bone material while, interestingly,
highlighting the detrimental properties of the unwashed
fresh-frozen bone in this in vitro study. The washed
material caused no decrease in cell number or metabolic

activity, with the alamarBlue® assays demonstrating the
sustained viability of cells seeded into the materials’ struc-
ture. Conversely fresh-frozen bone caused a significant
reduction in both the total cell number and metabolic
activity of the cultured cell population, suggesting a
detrimental effect of non-washed, fresh-frozen bone. The
cytotoxic effect of fresh-frozen material in vitro has previ-
ously been noted by Board et al. (2009), although there
are no reports of trials comparing the clinical outcomes
of fresh-frozen vs washed allograft. Despite the fact that
fresh-frozen material displays good long-term healing,
the leaching of cytotoxic factors from this material into
the surrounding tissue could be detrimental to host-
derived osseointegration, or affect the health of surround-
ing tissues in vivo, and thus requires investigation utilizing
appropriate in vivo studies. It is of interest that through
washing and the removal of the marrow, the material was
able to maintain cell metabolic activity and viability, show-
ing good biocompatibility and, importantly, not inducing
any cytotoxic effects. This is in contrast to γ-irradiation, in
which the technique itself is thought to affect cell viability
through the production of cytotoxic peroxidized lipids
(Moreau et al., 2000).

Gene expression analysis demonstrated the osteoinductive
capabilities of the washed bone and its ability to support
differentiated cells. Interestingly, increased osteogenic gene
expression was seen with standard medium alone, with
increases in early marker RUNX2, as well as the osteo-
blast marker osteopontin and mature osteoblast gene
osteocalcin, suggestive of differentiation and cell
maturation. These results suggest that the induction
and maturation of the MSCs is due to the bone ECM
itself and may be due to the integrin–ECM binding
(Frith et al., 2012; Sun et al., 2011) or encapsulated

Figure 6. Compression testing results for parameters relating to failure of: (A) load to failure; (B) deflection at failure; (C) stress at
failure; and (D) work at failure. Results of compression to failure were averaged for both fresh-frozen and washed bone (n=108 for
each) and displayed as mean±SE. There is no significant difference between fresh-frozen and washed bonematerial in any parameter
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bone-specific growth factors, such as bone morphogenetic
proteins (BMPs), which elicit an osteogenic response upon
release (Mauney et al., 2005). The induction of MSC
osteogenesis by the washed bone without the addition
of an osteogenic medium suggests that the ECM proteins
and entrapped growth factors are relatively unaffected
by the chemicals in the novel wash process, and still
remain functional.

The material produced by this study demonstrates com-
parable biomechanical stability at both yield and failure to
a fresh-frozen control. Whilst there were changes to
Young’s modulus and yield displacement, the small in-
crease in rigidity did not negatively affect the overall
structural stability. Additionally, the increase in Young’s
modulus seen after the removal of marrow is similar to
that documented by Halgrin et al. (2011), who concluded
that the marrow had caused increased transverse pressure
and local stress on trabeculae, leading to its premature fail-
ure. Our results would also suggest that the material was
not demineralized by the wash process, as this would have
compromised the biomechanical stability of the bone (Chen
and McKittrick, 2011). Utilization of halved femoral heads
reduced interpatient variability, which may arise through
changes in sex, age, weight or even disease state (Green
et al., 2011; Homminga et al., 2002), and intrahead variabil-
ity due to the differing compressive and tensile structures of
the trabeculae (Martens et al., 1983).

Accurate determination of the biomechanical strength
of the washed bone material is important in its eventual
use, either directly as a surgical allograft, or as a scaffold
for MSC-based tissue engineering. The three-dimensional
(3D) structure itself is thought to influence the activity of
osteogenic cells through mechanotransduction (Kilian
et al., 2010; Shih et al., 2011) or simply through shear
force (Yourek et al., 2010). Maintenance of rigidity and
an appropriate porous 3D architecture is essential for
osteoconductivity and new bone infiltration (Tagil et al.,
2000), whilst preventing recoil of the impacted bone allo-
graft that may negatively influence cementation (Kligman
et al., 2003). The biomechanical compression results
therefore suggest that washed bone is mechanically
comparable to commonly used fresh-frozen allograft

material and, together with improved biocompatibility
and sustained osteoinductive potential, may thus offer an
attractive alternative to existing unwashed bone allografts.

5. Conclusion

The results of this study depict a novel wash process for
fresh-frozen allograft, able to remove ~99.5% of marrow
components from whole femoral heads, leaving a biocom-
patible, mechanically stable, biological material, which,
importantly, is still able to support cell proliferation and
induce osteogenic differentiation. Additionally, the wash
process removed the MHC class 1-positive marrow mate-
rial present in fresh-frozen bone, which demonstrated
detrimental cytotoxic effects on cultured cells in vitro.
This large-scale removal of immunogenic marrow and
the biocompatibility of the structure, together with the
preservation of the materials’ osteoinductive and mechan-
ical properties, illustrate the potential of this washed bone
material as a scaffold for bone tissue-engineering applica-
tions. Importantly, the novel wash process described in
this study offers a number of potential benefits, including
the rapid removal of marrow components from multiple
whole femoral heads simultaneously, with minimal
processing. The use of femoral heads in this process also
allows for the production of large biological scaffolds for
application in large-scale bone tissue engineering.
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