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TISSUE ENGINEERING STRATEGIES IN SPINAL ARTHRODESIS: THE DEVELOPMENT 

OF NEW MODELS WITH THE POTENTIAL TO PROMOTE FUSION  

by Nicholas Rhys Evans 

 

Skeletal disorders requiring the regeneration or de novo production of bone present considerable 
reconstructive challenges and are one of the main driving forces for the development of skeletal 
tissue engineering strategies today. The incorporation of stem cell technology with material 
science has been pivotal in the design and application of tissue engineering strategies for bone 
regeneration but requires a detailed understanding of the complex interactions that occur between 
stem cells, osteoinductive stimuli, osteoconductive constructs and the biomechanical 
environment. The requirement for tissue engineering strategies in spinal arthrodesis highlights 
just one example of the clinical imperative for such strategies. Being a field of personal clinical 
interest, recent tissue engineering strategies employed to promote spinal fusion and the ongoing 
challenges to successful clinical translation, are considered in greater detail for the purposes of 
this thesis.  
 
The work in this thesis explores the role of two novel tissue engineering strategies to promote 
bone tissue regeneration and considers the potential application of these strategies for spinal 
arthrodesis. Firstly, by examining in vitro and ex vivo the effect of a titanium-spray coated 
nanopatterned surface on skeletal stem cell behaviour and embryonic chick femur development, 
it attempts to identify whether nanotopography can direct skeletal stem cell differentiation along 
an osteoblastic lineage in the absence of chemical stimulation, and considers whether the 
arrangement of nanopits on the substrate surface affects the osteoinductive surface potential. 
Furthermore, attempts are made to develop a suitable animal model to analyse the effect of 
nanopatterned titanium-spray coated substrates in vivo. Secondly, by way of an in vitro study, 
this thesis analyses the effect of varying pore size on the osteoconductive potential of a 3-D 
printed 100% sintered hydroxyapatite scaffold seeded with skeletal stem cells. 
 
This thesis demonstrates the potential that nanotopography and 3-D printed scaffolds offer to 
tissue engineering strategies for skeletal regeneration but also highlights the challenges to clinical 
translation and the need for a collaborative multidisciplinary approach for future success. 
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latter ignorance.” 

 

           Hippocrates  
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CHAPTER 1 

 

Introduction 

 

 

 

A review article based upon part of the work in this chapter has been published in Regenerative Medicine 

(Evans et al., 2013).  
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1.1 Regenerative medicine 

Regenerative medicine involves the repair, replacement or regeneration of cells, tissues 

or organs to restore impaired function lost due to age, disease, damage or congenital 

defects (Daar and Greenwood, 2007). From the story of Prometheus in Greek mythology, 

where as a punishment from Zeus, Prometheus is tied to a rock and his liver eaten daily 

by an eagle only for it to regenerate overnight and for eternity, to the biblical tale 

describing the creation of Eve from Adam’s rib; the concept of tissue regeneration has 

been around for millennia. But it was not until the Renaissance period in Europe, when 

physicians and alchemists such as Theophrastus von Hohenheim (better known as 

Paracelsus) began experimenting with biochemical techniques, that the first real attempts 

at tissue regeneration were made (Meyer, 2009) (Figure 1). 

 

         

 
Figure 1: Philippus Aureolus Theophrastus Bombastus von Hohenheim (1493-1541). 

Available from: www.http://amunaor.com/qabalah/the-alchemists/aureolus- 
paracelsus/  [Accessed 10 May 2014] 
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In the current era, regenerative medicine does not relate to a specific technology, but 

instead refers to a broad and expanding field that encompasses a diverse combination of 

existing and newly emerging technological approaches that stimulate and support the 

body’s intrinsic ability to self-heal. Some of these approaches include the use of soluble 

molecules, gene therapy, stem and progenitor cell therapy, tissue engineering and the 

reprogramming of cell and tissue types (Daar and Greenwood, 2007). Tissue engineering 

is just one such approach that contributes to the interdisciplinary field of regenerative 

medicine (Figure 2).  

 

    

 
Figure 2: Disciplines currently contributing to regenerative medicine 

(adapted from Daar & Greenwood, 2007) 
 

 

Having evolved from the field of biomaterials development, tissue engineering involves 

the use of a combination of cells, engineering and materials methods, and suitable 

biochemical and physiochemical factors to improve or replace biological functions (Vert 

et al., 2012). While tissue engineering plays an important role in the development of 

compatible and functional biological constructs for regenerative medicine purposes, 

regenerative medicine itself is not dependent on tissue engineering techniques to achieve 

these objectives.  
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In recent decades, there has been considerable interest in the application of tissue 

engineering strategies to facilitate the regeneration and repair of bone, with the number 

of articles and reviews published on the PubMed database in the field of bone tissue 

engineering increasing exponentially over the last thirty years (Amini et al., 2012). 

Tissue engineering strategies have successfully been translated into clinical practice and 

used in the management of a variety of conditions that include long bone non-union, 

spinal fusion, bone cysts, acetabular defects during revision total hip arthroplasty and 

tumour surgery (Table 1) (reviewed in Chapter 1.4.2 – Skeletal stem cells). Clinical trials 

are ongoing (reviewed in Dawson et al., 2014), but osteoprogenitor cell numbers appear 

to be critical for successful translation. 

 

Clinical scenario Cases Treatment Reference 

Tibial non-union 60 
Percutaneous injection of 
concentrated autologous bone 
marrow 

Hernigou et al., 2005 

Femoral head AVN 534 
Core decompression and 
concentrated autologous iliac crest 
bone marrow grafting 

Hernigou et al., 2009 

Posterior instrumented 
spinal fusion 41 Concentrated bone marrow combined 

with porous β-TCP Gan et al., 2008 

Long bone fractures 64 Percutaneous injection of ex vivo 
cultured MSCs Kim et al., 2009 

Simple bone cysts 28 Percutaneous injection of autologous 
bone marrow Zamzam et al., 2009 

Acetabular defects 79 Freeze dried irradiated bone allograft 
with autologous bone marrow Ochs et al., 2008 

Benign tumours 7 Concentrated bone marrow with a 
collagen matrix Jager et al., 2009 

AVN – avascular necrosis, β-TCP – beta tricalcium phosphate, MSCs – mesenchymal stem cells 
 
Table 1: Examples of clinically translated tissue engineering strategies (adapted from Gomez-

Barrena et al., 2011) 
 
 

Bone tissue engineering involves a collaborative approach from scientists, engineers and 

surgeons alike, and is based on a fundamental understanding of the development, 

biology, structure and mechanics of bone that will be considered in more detail in the 

following chapter. 
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1.2 Skeletal tissue regeneration 

1.2.1 Bone structure and function 

Bone is a composite, dynamic living structure with a unique ability to constantly 

regenerate throughout life (Rodan, 1992). In the adult skeleton, the rate of bone turnover 

is approximately 10% each year (Barrere et al, 2006). Bone possesses several important 

functions (Taichman, 2005; Clarke, 2008): 
 

• Mechanical role – providing structural support, protecting internal organs and acting 

as an attachment for muscles to aid locomotion. 
 

• Haematological role – the bone marrow is a haematopoietic centre producing 

erythrocytes, leukocytes and platelets. 
 

• Metabolic role – acting as the primary reservoir for minerals (particularly calcium 

and phosphorus); providing storage for cytokines, growth factors, fatty acids and 

heavy metals; maintaining mineral homeostasis and acid-base balance. 

 

The mature lamellar bone of the skeleton is comprised of a hard, dense outer layer of 

cortical (compact) bone, lined by periosteum on its outer surface and endosteum on its 

inner surface, and a lighter, spongy inner layer of cancellous (trabecular) bone (Figure 3). 

The porosity of cortical and cancellous bone is approximately 5% and 80% respectively 

(Clarke, 2008). Stress-oriented collagen fibrils, which contribute to the anisotropic 

properties of bone, form thin microscopic sheets called lamellae. Within each lamella, 

collagen fibres are arranged parallel to each other, but run at oblique angles to the 

collagen fibres in adjacent lamellae, forming a herring-bone structure (Bates & 

Ramachandran, 2007). In cortical bone, the lamellae are arranged in concentric rings 

around individual Haversian canals (containing the neurovascular structures) forming 

longitudinally oriented osteons, connected to each other by Volkmann’s canals. In 

cancellous bone, the lamellae form a 3-dimensional (3-D) lattice of interconnecting 

trabeculae oriented along the axes of mechanical stress. The blood supply to bone is 

derived from three sources: a nutrient artery system, a metaphyseal-epiphyseal system 

and a periosteal system. 
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Figure 3: The structural arrangement of cortical and cancellous bone. 
  Available from:  www.http://en.wikipedia.org/wiki/File:Illu_compact_spongy_bone.jpg 
  [Accessed 10 May 2014] 
 
 

1.2.2 Bone extracellular matrix 

The extracellular matrix (ECM) in bone consists of mineral, collagen, water, non-

collagenous proteins and lipids in decreasing proportion (Robey & Boskey, 2008). The 

ECM not only provides structural support to bone, acting as a scaffold for cell migration, 

but through an array of matrix proteins, integrates cell signalling pathways that control 

cell behaviour during bone remodelling (Kim et al., 2011). The inorganic component, 

accounting for approximately 60% of the ECM, comprises hydroxyapatite (HA), with 

smaller amounts of carbonate, magnesium, phosphate and other trace elements, and 

provides the compressive strength to bone (Robey & Boskey, 2008). Furthermore, the 

inorganic matrix serves as a reservoir for the body’s calcium, phosphorus, sodium and 

potassium (Bates & Ramachandran, 2007). The organic component, accounting for 

approximately 40% of the ECM, comprises collagen (predominantly type I) and non-

collagenous matrix proteins (serum-derived proteins, proteoglycans and glycoproteins), 

and provides elasticity and flexibility (tensile strength) to bone (Clarke, 2008) (Table 2).  
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PROTEIN 
 

 
PROPOSED FUNCTIONAL ROLE 

COLLAGEN-RELATED PROTEINS  

 
Type I  
 

 
• Most abundant protein in organic matrix (>90%) 
• Orientates and acts as a scaffold for other matrix proteins 
• Contributes to tensile strength of bone 

 
 
Type III (trace amounts) 
 

 
• Regulates collagen fibril diameter 

 
Type V (trace amounts) 
 

 
• Regulates collagen fibril diameter 

 
Type X 
 

 
• Present in hypertrophic cartilage of the growth plate 
• No apparent role in matrix mineralization 

 
 
FACITs 
 

 
• Stabilise the ECM by acting as molecular bridges 

SERUM-DERIVED PROTEINS  
 
Albumin 
 

 
• Inhibits hydroxyapatite crystal growth 

α2-HS glycoprotein 

 
• Promotes endocytosis and chemoattractant for monocytic cells 
• Inhibits mineralisation 

 
PROTEOGLYCANS  

Aggrecan  

 
• Matrix organisation 
• Predominantly found in cartilage 

 

Versican 
 
• Defines space destined to become bone 

 

Decorin 

 
• Regulates collagen fibril diameter 
• Binds to TGF-β  

 

 
Biglycan 
 

 
• Binds to collagen and TGF-β 
• A genetic determinant of peak bone mass 

 
 
Hyaluronan 
 

 
• Works with versican to define space destined to become bone 

 
Fibromodullin 
 

 
• Binds to collagen and TGF-β 
• Regulates collagen fibril diameter 

 
 
Osteoglycin 
 

 
• Binds to TGF-β 

 
 
Osteoadherin 
 

 
• Mediates cell attachment 

FACITs – fibril-associated collagens with interrupted triple helices, α2-HS glycoprotein – alpha 2-HS glycoprotein, TGF-β – 
transforming growth factor beta 
 
Table 2: Summary of some of the ECM proteins found in bone and their functional role (adapted 

from Robey, 2002; Clarke, 2008; Robey & Boskey, 2008) 
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PROTEIN 
 

 
PROPOSED FUNCTIONAL ROLE 

GLYCOPROTEINS  

 
Alkaline phosphatase 
 

 
• Hydrolyses inhibitors of mineral deposition (eg. 

pyrophosphates) 
• Binds to calcium, hydroxyapatite and collagen 

 

 
Osteonectin 
 

 
• Mediates deposition of hydroxyapatite 
• Binds to growth factors 
• Positive regulator of bone formation 

 

 
Tetranectin 
 

 
• Binds to plasminogen 
• Regulates matrix mineralisation 

 
RGD-CONTAINING GLYCOPROTEINS  
 
Thrombospondins 
 

 
• Cell attachment 

 
Fibronectin 
 

 
• Cell attachment  
• Osteoblastic maturation 

 

Vitronectin 

 
• Cell attachment 
• Affects activity of plasminogen activator inhibitor 

 
 
Fibrillin 
 

 
• Regulates elastic fibre formation 

RGD-CONTAINING GLYCOPROTEINS 
(SIBLING FAMILY) 

 

 
Osteopontin  
 

 
• Inhibits mineralisation and remodelling 

 
Bone sialoprotein  
 

 
• Cell attachment 
• Initiates mineralisation 

 
 
BAG-75  
 

 
• Cell attachment 

γ-CARBOXY GLUTAMIC ACID 
CONTAINING PROTEINS 

 

 
Matrix Gla protein 
 

 
• Inhibits mineralisation 

 
Osteocalcin 
 

 
• Regulates the activity of osteoclasts and osteoclast precursors 
• Inhibits mineralisation 

 
 
Protein S 
 

 
• Deficiency associated with osteopenia 

SIBLING – small integrin-binding ligands with N-linked glycosylation, Gla – glutamic acid, RGD – arginine-glycine-aspartate, BAG-
75 – bone acidic glycoprotein 
 
Table 2 (continued): Summary of some of the ECM proteins found in bone and their functional role 

(adapted from Robey, 2002; Clarke, 2008; Robey & Boskey, 2008) 
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Additional components of the ECM, found in smaller quantities but of no less 

importance, include water, lipids and enzymes. Water accounts for approximately 10% of 

the ECM and is necessary for the maintenance of collagen structure, the regulation of ion 

flux and for cellular and matrix nutrition (Robey & Boskey, 2008). Lipids account for 

<3% of the ECM but are important for cell function and the regulation of signalling 

pathways (Boskey, 2013). Numerous enzymes reside within the ECM and are vital for 

processing the complex interaction between the matrix components. 

 

1.2.3 Cellular components of bone 

The cellular components of bone, responsible for the synthesis, maintenance and 

remodelling of bone, are deposited within the bone ECM: 

 

• Osteoblasts – derived from undifferentiated mesenchymal stem cells in bone 

marrow, these bone-forming cells are responsible for matrix (osteoid) production and 

subsequent mineralization (Lian & Stein, 2006).  
 

• Bone lining cells – these flattened cells are inactive osteoblasts, covering the 

endosteal surface of quiescent bone, which may reactivate in response to hormonal 

and mechanical stimuli. Bone lining cells are thought to play a key role in the 

integration of bone formation and resorption by preventing osteoclastic bone 

resorption and regulating the movement of mineral ions into and out of bone (Everts 

et al., 2002; Clarke et al., 2008). 
 

• Osteocytes – derived from osteoblasts that become entrapped by osteoid and 

comprising 90% of the bone cell population, these cells influence bone turnover and 

regulate calcium and phosphate metabolism by responding to environmental stimuli 

and communicating with other osteocytes and bone lining cells via cytoplasmic 

extensions along channels called canaliculi (Bates & Ramachandran, 2007). 
 

• Osteoclasts – multinucleated giant cells derived from haematopoietic cells of the 

monocyte-macrophage lineage, these cells attach to bone surfaces via integrins and 

are responsible for bone resorption  (Takahashi et al., 2002). 
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1.2.4 Bone metabolism 

Long bones undergo longitudinal and radial growth during development up until skeletal 

maturity. Thereafter, bone morphology changes through the modelling and remodelling 

of bone in response to physiological influences and mechanical stresses according to 

Wolff’s law (Clarke, 2008). Bone metabolism is a dynamic process, under complex 

molecular control, that balances bone formation and bone resorption through both direct 

and indirect means.  

 

1.2.4.1 Bone remodelling 

Bone remodelling occurs in small packets of cells known as basic multicellular units 

(BMUs) with four sequential phases (Figure 4): 

 

 
 
Figure 4: Schematic representation of bone remodelling 

Copyright © 2008 The McGraw-Hill Companies, Inc. Website: http://dualibra.com/wp-
content/uploads/2012/04/037800~1/Part%2015.%20Endocrinology%20and%20Metaboli
sm/Section%202.%20Disorders%20of%20Bone%20and%20Mineral%20Metabolism/34
6.htm [Accessed 31 July 2014] 

 
 

• Activation – osteoclast precursor cells are recruited by the action of the cytokines, 

macrophage colony stimulating factor (M-CSF) and receptor activator of nuclear 

factor kappa-B ligand (RANKL). The binding of preosteoclasts (via integrin 

receptors such as αvβ3) to bone matrix (via cell surface protein interactions that 

include vitronectin, collagen, osteopontin and bone sialoprotein), results in the 

differentiation and activation of preosteoclasts to mature osteoclasts (Vaananen & 

Zhao, 2008)  
 

• Resorption – the secretion of tartrate-resistant acid phosphatase (TRAP), cathepsin 

K, matrix metalloproteinase 9 (MMP-9), gelatinase and hydrogen ions from 

osteoclasts creates an environment that leads to the digestion of the extracellular 
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matrix. Osteoclasts possess a ruffled border that facilitates bone resorption by 

increasing the surface area in contact with bone (Boyle et al., 2003). 
 

• Reversal – the transition from osteoclastic bone resorption to osteoblastic bone 

formation involves the recruitment of osteoblast precursors and the complex 

interaction of various signalling molecules that include members of the transforming 

growth factor-beta (TGF-β) superfamily, insulin-like growth factor (IGF-1, IGF-2), 

bone morphogenetic proteins (BMPs), platelet-derived growth factor (PDGF), 

vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) 

(Rucci, 2008). 
 

• Formation – osteoblasts synthesise new collagenous matrix and regulate subsequent 

matrix mineralization through the expression of alkaline phosphatase and several 

non-collagenous proteins (osteocalcin, osteopontin, bone sialoprotein) (Rucci, 2008). 

 

1.2.4.2 Local regulatory factors 

The direct control of bone repair involves a complex interaction of polypeptides that 

include growth factors, cytokines and hormones. These locally acting molecules exert 

their effect at the receptor sites on cells with the same phenotype (autocrine function) 

and/or on cells with different phenotypes (paracrine function). 

 

Growth factors: 

The main growth factors involved in bone repair include transforming growth factor-beta 

(TGF-β), bone morphogenetic proteins (BMPs), insulin-like growth factors (IGF), 

fibroblast growth factor (FGF), platelet-derived growth factor (PDGF) and vascular 

endothelial growth factor (VEGF) (Devescovi et al., 2008) (Table 3). The effect of these 

growth factors on tissue-engineered bone using animal and clinical translational models 

has been comprehensively reviewed (Gothard et al., 2014). 
 

• TGF-β – belongs to a large superfamily of related proteins and plays an important 

role in regulating cell proliferation and differentiation and in ECM production via cell 

signalling pathways involving serine/threonine kinase receptors (Hughes et al., 2000). 

Although TGF-β has been shown to enhance fracture healing in rabbit tibiae (Lind et 

al., 1993) and implicated in cartilage repair (Tang et al., 2009), at higher doses TGF-

β inhibits bone mineralisation (Broderick et al., 2005), suggesting a dose related 

response may exist. 
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GROWTH 
FACTORS 
 

 
CELL SOURCE 

 
EFFECT ON BONE METABOLISM 

 
 TGF-β 
 

Platelet, osteoblast, 
BMSC, chondrocyte, 
endothelial cell, 
fibroblast, macrophage 

 
• Promotes the recruitment of osteoblast and osteoclast 

precursors 
• Stimulates the proliferation and early osteoblastic 

differentiation of osteoprogenitor cells 
• Inhibits late osteoblastic differentiation and mineralization 
• Inhibits the expression of RUNX-2 
 

BMP 
Osteoprogenitor cell, 
osteoblast, chondrocyte, 
endothelial cell 

 
• Promote the proliferation and differentiation of MSCs along 

the osteoblastic lineage 
• Migration of osteoprogenitor cells 

 

IGF 
Osteoblast, chondrocyte, 
hepatocyte, endothelial 
cell 

 
• Stimulate osteoblast proliferation and activity 
• Stimulate osteoclastic activity 
• Up regulation of type 1 collage and down regulation of 

collagenase-3 expression 
 

FGF 

Macrophage, monocyte, 
BMSC, chondrocyte, 
osteoblast, endothelial 
cell 

 
• Stimulate osteoblast proliferation 
• Inhibit osteoblast differentiation 
• Promotes angiogenesis 

 

 
PDGF 
 

Platelet, osteoblast, 
endothelial cell, 
monocyte, macrophage 

 
• Promotes the migration, proliferation and differentiation of 

osteoprogenitor cells 
• Stimulates osteoclastic activity 
• Promotes angiogenesis 

 

 
 VEGF 
 

Osteoblast, platelet 

 
• Stimulates osteoblast proliferation and differentiation 
• Promotes angiogenesis 

 
TGF-β – transforming growth factor beta, BMP – bone morphogenetic protein, IGF – insulin-like growth factor, FGF – fibroblast 
growth factor, PDGF – platelet-derived growth factor, VEGF – vascular endothelial growth factor, SSC – skeletal stem cell, RUNX-2 
– Runt-related transcription factor-2, BMSC – bone marrow-derived mesenchymal stem cell, MSC – mesenchymal stem cell 
 
Table 3: Local regulatory factors involved in bone metabolism  

(Hughes et al., 2000; Devescovi et al., 2008; Brinker & O’Connor, 2012; Clarke, 2008; 
Crockett et al., 2011; Hadjidakis & Androulakis, 2006) 

 

 

• BMPs – form a group of 20 proteins belonging to the TGF-β superfamily.  BMPs 

(particularly BMP-2, 4, 6 and 7) have considerable osteoinductive properties and are 

responsible for initiating and regulating bone formation via cell signalling pathways 

involving serine/threonine kinase receptors (Hughes et al., 2000). The ability of 

BMPs to accelerate bone healing has been studied extensively both pre-clinically 

(reviewed by Gothard et al., 2014) and in clinical trials (reviewed by Fisher et al., 

2013). Currently, only BMP-2 and BMP-7 are approved for clinical use (Devescovi 

et al., 2008). 
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• IGFs – have two polypeptide forms (IGF-I and IGF-II) and are the most abundant 

growth factors in bone. IGF-II is the most abundant but its function in the adult 

skeleton is unproven (Canalis, 2009). IGF-I has the greater osteogenic potency and 

exerts maximal effect when used synergistically with TGF-β (reviewed by Simpson 

et al., 2006). The effects of IGF on bone repair and the IGF regulation of other 

growth hormones occur via cell signalling pathways involving tyrosine kinase 

receptors (Brinker & O’Connor, 2012). 
 

• FGF – belongs to a family with over 20 members of which FGF-1 and FGF-2 (also 

known as basic FGF) are the most abundant. FGF-1 has been shown to promote an 

osteogenic response in progenitor cells by inhibiting inflammatory oxidants 

(reviewed by Simpson et al., 2006) while FGF-2 is a potent angiogenic factor 

(Montesano et al., 1986) that has been extensively researched in tissue engineering 

studies and is known to directly accelerate bone repair (reviewed by Gothard et al., 

2014). FGFs are thought to stimulate the proliferation and inhibit the differentiation 

of osteoblasts, acting via tyrosine kinase receptor pathways, but the role of FGFs in 

bone formation is yet to be fully understood (Hughes et al., 2000).  
 

• PDGF – is a two-chained polypeptide that exists in three different isoforms. PDGF is 

released early in fracture healing and, acting via tyrosine kinase receptors, is a potent 

mitogen and chemotactic agent responsible for the proliferation and migration of 

osteoblasts and osteoblast progenitor cells (Dimitriou et al., 2005). PDGF has been 

shown to enhance bone healing with direct and indirect administration using in vivo 

animal models (reviewed by Gothard et al., 2014). Furthemore, rh-PDGF has been 

granted FDA approval for clinical use in the repair of periodontal defects (Hollinger 

et al., 2008). However, despite these promising results, few other clinical studies 

have been conducted and its therapeutic potential remains unclear. 
 

• VEGF – forms a family of growth factors (VEGF-α being the most important) that 

act via tyrosine kinase receptors. VEGFs are integral to enchondral bone formation 

and stimulate bone repair by promoting angiogenesis and bone turnover (Street et al., 

2002). The effect of VEGF on bone regeneration has been assessed directly (through 

direct injection or application to a scaffold), indirectly (using DNA plasmids or 

transfected cells) and in combination with BMPs using in vivo animal models, and 

while these studies have demonstrated that VEGF enhances vascularisation, the effect 

of VEGF on bone formation is less conclusive (reviewed by Gothard et al., 2014). 
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Cytokines: 

Cytokines are small proteins released from a broad range of cells (macrophages, B and T 

lymphocytes, mast cells, endothelial cells and fibroblasts) that play an integral role in cell 

signalling pathways during bone repair. A number of important cytokines have been 

implicated in bone metabolism and include receptor activator of nuclear factor kappa-B 

ligand (RANKL), macrophage colony-stimulating factor (M-CSF), osteoprotegerin 

(OPG), wingless (Wnt) signalling pathway, runt-related transcription factor 2 (Runx2), 

tumour necrosis factor alpha (TNF-α) and various interleukins (IL). 

 

• RANKL – forming part of the TNF superfamily, RANKL is a membrane protein 

expressed on osteoblasts and bone marrow stromal cells. In the presence of M-CSF, 

RANKL is responsible for the maturation, differentiation and activation of 

osteoclasts and subsequent bone resorption (reviewed by Caetano-Lopes et al., 2007). 

Both parathyroid hormone (PTH) and activated vitamin D3 stimulate the expression 

of RANKL and thus indirectly stimulate osteoclastic activity (Leibbrandt & 

Penninger, 2008). Deletion of the RANKL gene in mice has been shown to cause 

osteopetrosis (Kodaira et al., 1999). 
 

• M-CSF – upregulates the expression of RANKL (Crockett et al., 2011) and 

contributes to the proliferation, survival and differentiation of osteoclast precursors 

(Ross, 2008).  
 

• OPG – is another member of the TNF superfamily secreted by osteoblasts that 

prevents osteoclastic activity by inhibiting the effects of RANKL (Caetano-Lopes et 

al., 2007). 
 

• Wnt proteins – are a diverse family of glycoproteins involved in numerous cellular 

processes during embryonic and post-natal development. Induction of the canonical 

Wnt signalling pathway (involving activation of β-catenin) promotes osteoblastic 

proliferation and differentiation and is integral for successful bone formation, while 

inactivation of the pathway leads to osteopenic states (Canalis, 2009). The Wnt/ β-

catenin signalling pathway has also been shown to inhibit osteoclast formation by 

stimulating OPG and inhibiting RANKL expression (Glass et al., 2005). Although 

tightly regulated, attempts to manipulate the Wnt/ β-catenin pathway have been 

made. Stimulation of the pathway by the administration of Wnt proteins has 
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demonstrated enhanced bone formation using in vivo animal models (reviewed in 

Gothard et al., 2014). Antibodies that inhibit Wnt antagonists have shown 

considerable promise in early clinical trials (reviewed in Kim et al., 2013). While 

manipulation of the Wnt/ β-catenin signalling pathway has undoubted therapeutic 

potential, financial costs and the potential risk of tumourgenesis are proving 

prohibitive to widespread clinical translation. 
 

• RUNX-2 – is a member of the RUNX family of transcription factors that regulates 

the commitment of MSCs to the osteoblastic lineage by controlling the expression of 

Osterix and osteoblastic genes such as collagen 1, alkaline phosphatase, osteocalcin, 

osteopontin, osteonectin and bone sialoprotein (Zhang et al., 2009). 
 

• Interleukins – are a group of cytokines secreted by macrophages, monocytes, 

lymphocytes, endothelial cells and cells of mesenchymal origin. IL-1 and IL-6 (the 

predominant regulators of bone formation) are released early in response to bone 

injury, with peak expression occurring within the first 24 hours following injury and 

after several weeks during the bone remodelling phase. The interleukins exert a 

chemotactic effect on other inflammatory cells, enhance ECM production, promote 

both osteoblastic and osteoclastic activity and enhance angiogenesis (Dimitriou et al., 

2005). 
 

• TNF-α – secreted in association with ILs, TNF-α promotes the chemotactic 

migration of MSCs during the early stages of fracture repair, induces apoptosis of 

hypertrophic chondrocytes during enchondral ossification and stimulates osteoclastic 

activity during bone remodelling (Dimitriou et al., 2005). 

 

Hormones: 

The majority of hormones involved in the regulation of bone metabolism act systemically 

(reviewed in Chapter 1.2.4.3 – Systemic regulatory factors). Prostaglandin-E2 (PGE-2) 

has a local autocrine effect on cells. 

 

• PGE-2 – is a lipid compound and a member of the prostaglandin family. Found in 

most tissues, PGE-2 stimulates osteoblastic activity and bone formation by inhibiting 

the effects of RANKL, but a therapeutic role during bone repair is limited by the 

associated systemic side effects (Li et al., 2007). 
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1.2.4.3 Systemic regulatory factors 

Bone metabolism is also regulated by a number of systemically acting hormones that 

often have dual effects. Such endocrine factors include PTH, calcitriol (1,25 (OH)2 

vitamin D3),  calcitonin, growth hormone (GH), glucocorticoids, thyroid hormones, 

oestrogens, androgens and corticosteroids (Table 4). 

 
 
SYSTEMIC 
REGULATORY 
FACTORS 
 

SOURCE EFFECT ON BONE METABOLISM 

 
PTH 
 

Parathyroid gland 

 
• Stimulates osteoclastic activity (continuous secretion) 
• Stimulates osteoblastic activity (intermittent secretion) 
 

 
 1,25(OH)2 vit D3 
 

Liver, kidney 

 
• Stimulates osteoblastic activity 
• Stimulates osteoclastic bone resorption 
• Promotes bone mineralization 
 

 
Calcitonin 
 

Thyroid gland 

 
• Inhibits osteoclastic activity  
• Limited physiological role in the adult skeleton 

 

 
Growth hormones 
 

Pituitary gland 

 
• Direct effect (via GH receptors on osteoblasts) and indirect effect 

(via IGF-1 induction)  
• Stimulates chondrogenesis 
• Stimulates osteoblastic and osteoclastic activity 
• Promotes bone mineralisation 
• Stimulates IGF-1 

 

 
Glucocorticoids 
 

Adrenal gland 

 
• Promote osteoblast differentiation but decrease osteoblastic 

activity 
• Stimulate osteoclastic activity  

 
 
Thyroid hormones 
 

Thyroid • Stimulate osteoblastic and osteoclastic activity 

 
Oestrogens 
 

Ovaries, testes  

 
• Stimulate osteoblastic activity (through osteoblast proliferation 

and differentiation; reduced osteoblast apoptosis) 
• Inhibit osteoclastic activity (by decreasing and increasing the 

responsiveness of osteoclast progenitor cells to RANKL and OPG 
respectively; increased osteoclast apoptosis) 
 

 
Androgens 
 

 
Testes, ovaries 
 

• Stimulates osteoblastic and osteoclastic activity 

GH – growth hormone, IGF-1 – insulin-like growth factor-1, RANKL - receptor activator of nuclear factor kappa-B ligand, 1,25(OH)2 
vit D3 - calcitriol 
 
 
Table 4: Systemic regulatory factors involved in bone metabolism (Hadjidakis & Androulakis, 

2006; Brinker & O’Connor, 2012) 
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1.2.5 Types of bone formation 

Mechanisms of bone formation include enchondral ossification, intramembranous 

ossification and appositional ossification (Brinker & O’Connor, 2012).  

 
Enchondral ossification involves replacement of the hyaline cartilage model with bone. 

Chondroblasts initially develop from undifferentiated mesenchymal stem cell, but are 

gradually replaced with osteoblasts that deposit osteoid in the ossification centres. 

(Figure 5). Examples of enchondral ossification include embryonic long bone formation, 

longitudinal physeal growth, callus formation and bone formed with the use of 

demineralized bone matrix.  

 

 

 
 
Figure 5: Stages of enchondral ossification during long bone development. 

Copyright © The McGraw Hill Companies, Inc. Available from: 
http://histonano.com/books/Junqueira's%20Basic%20Histology%20PDF%20WHOLE%
20BOOK/8.%20Bone.htm [Accessed 19 Feb 2015] 
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Intramembranous ossification involves the direct formation of bone in the absence of a 

cartilage model. Undifferentiated mesenchymal stem cells first form a fibrous connective 

tissue membrane. The ossification centre develops from the aggregation of centrally 

located cells and the differentiation of these cells into osteoblasts (Figure 6). Examples 

include embryonic flat bone formation and bone formation during distraction 

osteogenesis.  

 

 

 
 
Figure 6: Stages of intramembranous ossification. 

Copyright © The McGraw Hill Companies, Inc. Available from: 
http://histonano.com/books/Junqueira's%20Basic%20Histology%20PDF%20WHOLE%
20BOOK/8.%20Bone.htm [Accessed 19 Feb 2015] 
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Appositional ossification involves the osteoblastic deposition of bone on existing bone. 

Examples include the axial periosteal enlargement of bone and the bone formation phase 

of bone remodelling (Figure 7). 

 

 
 
 
Figure 7: Stages of appositional ossification. 

Copyright © 2015 Quizlet LLC Available from:	   http://quizlet.com/29157349/ap-227-
chapter-7-labelingpictures-flash-cards/ [Accessed 06 Mar 2015] 

 

 

1.2.6 Fracture healing 

Primary (direct) fracture healing is intolerant of strain and requires near absolute stability 

at the fracture site. Failure to achieve this through anatomical reduction and 

interfragmentary compression can lead to non-union. Two processes exist: contact 

healing and gap healing. Contact healing occurs if the gap between the bone ends is less 

than 0.01mm and strain at the fracture site is less than 2% (Shapiro, 1988). Bone repair 

under these conditions involves cutting cones (Figure 8). Osteoclastic bone resorption 

occurs at the leading edge of the cutting cone that advances at approximately 50µm/day 

(Sahoo et al., 2013). This is closely followed by vascular and osteoblastic infiltration and 

results in the subsequent deposition of osteoid, the restoration of the Haversion systems 

and the direct remodelling of the bridging osteons into lamellar bone. Gap healing occurs 

if a gap measuring less than 1mm exists at the fracture site. Instead of bony union and 

Haversion remodelling taking place simultaneously, as occurs in direct healing, the 

fracture site is first filled by lamellar bone oriented perpendicular to the longitudinal 

bony axis. This lamellar bone is structurally weak and requires a secondary remodelling 

process, involving cutting cones, to restore the normal longitudinal osteon alignment that 
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is capable of providing sufficient biomechanical strength to the bone (Marsell & Einhorn, 

2011). 

 

 

Figure 8: Schematic representation of a cutting cone.  
Available from: http://www.intechopen.com/books/implant-dentistry-a-rapidly-evolving-
practice/bone-biology-for-implant-dentistry-in-atrophic-alveolar-ridge-theory-and-
practice) [Accessed 30 June 2014] 

 

Secondary (indirect) fracture healing occurs through callus formation in the presence of 

relative stability and relies on micromotion at the fracture site. Animal in vivo studies 

have demonstrated that axially directed movement of between 200µm and 1mm at the 

fracture site during the early stages of fracture healing stimulates callus formation 

(reviewed by Jagodzinski & Krettek, 2007). The initial trauma results in bleeding and the 

formation of a fibrin clot. Endothelial damage and platelet degranulation stimulates the 

release of inflammatory cytokines and growth factors (including TNF-α, IL-1, IL-6, 

PDGF, VEGF and members of the TGF-β superfamily) that trigger a self-propagating 

cascade of events involving the recruitment of osteoprogenitor and inflammatory cells. 

Polymorphonuclear cells (neutrophils, basophils and eosinophils), macrophages and 

fibroblasts migrate to the fracture site and release further inflammatory mediators. 

Haematoma is gradually replaced by granulation tissue with neo-angiogenesis and 

revascularization of the tissue at the fracture site. Early in the bone repair process (within 

the first few weeks), a combination of enchondral and intramembranous ossification 

occurs that results in the gradual conversion of granulation and fibrous connective tissue 

to callus. Intramembranous ossification produces the “hard” periosteal callus at the 
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periphery of the fracture site, whereas enchondral ossification produces the “soft” 

bridging callus in the surrounding soft tissues and between the adjacent bone ends 

(Dimitriou et al., 2005). Under the orchestration of local bone regulatory factors that 

include M-CSF, RANKL, OPG and TNF-α (Marsell & Einhorn, 2011), the soft callus is 

gradually resorbed and replaced by immature woven bone over several months, before 

being remodelled to hard lamellar bone over several years (Bates & Ramachandran, 

2007); a process that parallels normal skeletal development. 

 

Mechanical stability and biological activity are prerequisites for successful fracture 

healing. The amount of strain at the fracture site dictates the cellular response according 

to Perren’s strain theory (which states that different tissues tolerate differing amounts of 

strain). Given a suitable biological environment, instability at the fracture site promotes 

fibrous tissue formation in preference to bone formation and may result in delayed union 

or hypertrophic non-union (although a degree of micromotion is beneficial for indirect 

bone healing as previously discussed). In the absence of a suitable biological 

environment, where cellular activity is compromised, there is a risk of atrophic non-

union, even with sufficient mechanical stability (Bates & Ramachandran, 2007).   
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1.3 The clinical imperative for skeletal tissue engineering strategies 

Within the orthopaedic and dental fields, implants have traditionally been cemented in 

situ to achieve a stable fixation, but in recent decades cementless fixation has gained in 

popularity. This is no more apparent than in hip arthroplasty surgery where, in the United 

Kingdom, the use of cementless acetabular prostheses has superseded the use of 

cemented prostheses over the last 5 years (National Joint Registry UK, 2013). The ability 

to obtain a direct structural and functional connection between ordered, living bone and 

the surface of a load-carrying implant, a process known as osseointegration, was first 

recognised by Branemark and colleagues who demonstrated the fixation of bone to 

titanium implants in rabbits (Branemark, 1959). Branemark’s early work was followed 

by the successful clinical translation of osseointegrated implants in the fields of 

orthodontics and orthopaedics (Albrektsson et al., 1981; Branemark, 1983). As with the 

bone healing response to trauma, peri-implant osteogenesis involves a similar cascade of 

cellular and extracellular biological events, regulated by growth and differentiation 

factors at the bone-implant interface (Mavrogenis et al., 2009). An improved 

understanding of micro- and macroscale surface roughness and implant porosity has led 

to developments in cementless implant design to reduce the risk of component failure, 

with implants that are porous coated, surface roughened, hydroxyapatite-spray coated or 

made of trabecular metal commercially available for clinical use.  

 

Despite the growing enthusiasm to adopt new strategies to improve the fixation of 

cementless components, the overall 9-year survivorship of cementless hip and knee 

prostheses is lower than cemented prostheses, with aseptic loosening being the primary 

mode of failure (National Joint Registry UK, 2013). Furthermore, as a consequence of 

significant bone loss, certain clinical scenarios preclude the use of cement and 

conventional cementless techniques, and instead require the regeneration or de novo 

production of bone. These skeletal disorders include non-union due to the biological 

failure of normal bone healing, traumatic bone loss secondary to high velocity injuries, 

surgical excision of bone for infection or tumour, joint arthrodesis and revision 

arthroplasty surgery. Such scenarios present considerable reconstructive challenges, 

requiring the insertion of implants to which bone not only adheres to, but forms a bond 

that prevents progressive relative movement at the bone-implant interface, such that long 

term stability can be achieved.  

 



  CHAPTER 1 
	  

	   23	  

The clinical need to fill large areas of bone loss and improve fixation of cementless 

prostheses has been an important driving force in the development of tissue engineering 

strategies to facilitate osseointegration. Bone tissue engineering strategies, employed in 

the development of scaffolds to optimize bone graft incorporation, have traditionally 

focused on three key elements: 
 

• Osteogenesis: the synthesis of new bone (osteoid) from osteoblasts  
 

• Osteoconduction: the ability of a graft or scaffold to act as a matrix that facilitates 

the on-growth (growth onto a biologically active surface) and in-growth (growth into 

a porous surface) of bone 
 

• Osteoinduction: factors that stimulate undifferentiated mesenchymal stem cells to 

develop along the osteogenic lineage  

 

More recently, these core principles have been extended to incorporate the mechanical 

environment, into what is now recognized clinically as the “Diamond Concept” 

(Giannoudis et al., 2007) (Figure 9). 

 

       

   
Figure 9: The Diamond Concept illustrating the four principles that should be adopted in bone 

tissue engineering (adapted from Giannoudis et al., 2007) 
 

	  
DIAMOND	  
CONCEPT 

Osteogenic	  cells Osteoconductive	  
scaffolds 

Mechanical	  
environment 

Growth	  factors 
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1.4 Stem cells 

1.4.1 Definition of stem cells 

Stem cells are a population of undifferentiated cells found in multicellular organisms that 

have been defined by their potency, their ability to self-renew and their capacity to 

maintain cell division throughout life (Lajtha, 1979). 
 

• Potency – describes the capacity of a cell to differentiate into specialised cell types. 

Totipotent cells have the ability to form all cell types within the body (embryonic and 

extraembryonic) and are derived form the zygote or the morula (a ball of cells formed 

following cell division of the zygote). Pluripotent cells, direct descendants of 

totipotent cells, can differentiate into any of the three germ cell layers of the adult 

organism (endoderm, mesoderm and ectoderm) and are derived from the inner cell 

mass of the blastocyst during early embryonic development. Multipotent cells can 

form all the cell types of a given tissue and are commonly referred to according to 

their tissue of origin. Unipotent cells are lineage specific and are only able to form 

cells along that same cell lineage (Watt & Driskell, 2010).  
 

• Self-renewal – describes the ability of a cell to go through numerous cycles of cell 

division while maintaining an undifferentiated state. This is achieved through either 

stereotypic asymmetric replication (whereby a stem cell divides into a mother cell, 

which is identical to the original stem cell, and a differentiated daughter cell) or 

stochastic symmetric replication (whereby each time a stem cell divides into two 

differentiated daughter cells, with an equal probability of further differentiation, 

another stem cell divides by mitosis producing two stem cells identical to the 

original) (Lin, 1998). 

 

1.4.2 Skeletal stem cells 

In a series of seminal studies in the 1960s and 1970s, Friedenstein and colleagues 

isolated a population of tissue culture plastic-adherent, spindle-shaped fibroblast-like 

stromal cells from human bone marrow (reviewed in Bianco et al., 2008). Originally 

referred to as colony forming unit-fibroblastic (CFU-F) cells, this subset of cells 

displayed high replicative capacity and, given the appropriate conditions, the ability to 

differentiate along multiple mesodermal lineages to form osteoblasts, chondrocytes, 

adipocytes, myelosupportive stroma and fibrous connective tissue (reviewed in 

Afanasyev et al., 2009 and Dawson et al., 2014) (Figure 10).  
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Since this pioneering work, there has been much debate as to the appropriate terminology 

for this non-haematopoietic population of precursor cells (Bianco et al., 2008; Caplan, 

2010), with terms such as “mesenchymal stem cell” (MSC), coined by Caplan in the 

early 1990s (Caplan, 1991), gaining widespread acceptance. For the purposes of this 

research, the term skeletal stem cell (SSC) will be used to indicate those MSCs derived 

from human bone marrow.  

 

Locating an individual and unique cell surface marker that specifically identifies SSCs, 

thereby enabling a homogenous osteoprogenitor population to be isolated, has remained a 

significant challenge. In the last two decades, studies have shown that the monoclonal 

STRO-1 antibody, by recognizing a cell-surface trypsin-resistant antigen expressed by a 

subpopulation of bone marrow stromal cells, could identify the CFU-F cells in adult bone 

marrow (Simmons & Torok-Storb, 1991; Stewart et al., 1999). The identification of a 

number of cell surface markers, including STRO-1, cluster of differentiation (CD) 63 

(tetraspanin), CD146 (melanoma cell adhesion molecule – MCAM), CD166 (activated 

leukocyte cell adhesion molecule – ALCAM), CD54 (intercellular adhesion molecule-1 – 

ICAM-1) and CD106 (vascular cell adhesion molecule-1 – VCAM-1), has facilitated the 

isolation and enrichment of MSCs with osteogenic potential, enabling an enhanced, more 

homogenous subpopulation of MSCs to be used for research purposes. 

 

While the osteogenic potential of MSCs has long been recognized, it is only with the 

recent advancements in tissue engineering technology that basic scientists and clinicians 

have been able to harness this potential in an attempt to promote, de novo, bone 

formation in the clinical setting (Table 5). The potential scope for the application of 

tissue engineering strategies within the surgical field is vast. However, with a personal 

clinical interest in spinal surgery and the challenges facing surgeons performing spinal 

arthrodesis, this thesis will concentrate on the development of tissue engineering 

strategies to promote spinal fusion. 
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Study Scaffold/TE 
strategy 

Cell type/preparation Anatomical 
location 

Clinical situation 

Vacanti et al. 
2001 
 

HA Autologous PDSCs 
 

Thumb distal 
phalynx 

Trauma 

Warnke et al. 
2004 
 

HA, titanium mesh 
cage & BMP-7 

Autologous BMA Mandible Tumour 

Ohgushi et al. 
2005 
 

Alumina-ceramic 
prosthesis 

Culture-expanded BMA Ankle  Arthroplasty for 
osteoarthritis 

Hernigou et al. 
2006 
 

Percutaneous 
injection (no scaffold) 

Concentrated autologous 
BMA 

Tibia Traumatic non-union  

Morishita et al. 
2006 
 

HA Culture-expanded 
autologous BMA 

Femur/tibia Tumour 

Marcacci et al. 
2007 
 

HA Culture-expanded 
autologous BMA 

Tibia/ulna/ 
humerus 

Trauma 

Hernigou et al. 
2009 

Local application (no 
scaffold) 
 

Concentrated autologous 
BMA 

Femoral head Osteonecrosis 

Kitoh et al. 
2009 

Local application (no 
scaffold) 

Culture-expanded 
autologous BMA and 
platelet-rich plasma 

Femur/tibia Distraction 
osteogenesis 

Hartmann et al. 
2010 
 

Anterior vertebral 
body cage & autograft 

Platelet-rich plasma Spine Trauma 
 

Thesleff et al. 
2011 
 

β-TCP Culture-expanded 
autologous ADSCs 

Calvarium Trauma/tumour 

De Biase et al. 
2011 
 

Autograft Autologous BMA and 
platelet-rich fibrin matrix 

Various sites Pseudotumour 

Nagata et al. 
2012 
 

Autograft Culture-expanded 
autologous PDSCs and 
platelet-rich plasma 

Alveolar bone Alveolar ridge 
augmentation/ 
maxillary sinus lift  

Civinini et al. 
2012 
 

Calcium sulphate & 
phosphate (Pro-
Dense) 

Concentrated autologous 
BMA 

Femoral head Osteonecrosis 

Giannotti et al. 
2013 
 

Autologous plasma 
gel and calcium 
chloride 

Culture-expanded 
autologous BMA 

Upper limb 
bones 

Traumatic non-union  

Yamada et al. 
2013 
 

Injectable application 
(no scaffold) 

Culture-expanded 
autologous BMA and 
platelet-rich plasma 

Alveolar bone Alveolar bone 
deficiency 

Kaigler et al. 
2013 
 

Gelatin sponge 
(Gelfoam) & collagen 
mesh (Biomend) 

Culture-expanded 
autologous BMA 

Alveolar bone Alveolar bone 
deficiency 

Vulcano et al. 
2013 
 

Allograft Concentrated autologous 
BMA 

Acetabulum Revision total hip 
arthroplasty 

Aarvold et al. 
2013 
 

Allograft (using IBG 
technique)  

Autologous BMA Femoral head Osteonecrosis 

Sandor et al. 
2014 
 

β-TCP +/- BMP-2 Culture-expanded 
autologous ADSCs 

Cranio-
maxillofacial 

Trauma/tumour/conge
nital 

TE – tissue engineering, BMP – bone morphogenetic protein, TCP – tricalciumphosphate, PDSC – periosteum derived stem cell 
HA – hydroxyapatite, BMA – bone marrow aspirate, ADSC – adipose derived stem cell, IBG – impaction bone grafting,  
 

Table 5: Summary of recent tissue engineering strategies successfully translated into clinical 
practice 
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1.5 Spinal arthrodesis 

Spinal arthrodesis (or fusion) is a common surgical procedure with approximately 

450,000 cases performed annually in the United States alone (Agency for Healthcare 

Research and Quality, 2012), with this figure predicted to rise over the next few years 

(accurate data from the United Kingdom is difficult to obtain - the British Spine Registry 

was only launched three years ago and is still developing). The procedure helps to relieve 

pain and restore motion segment stability in the management of degenerative disc 

disease, spondylolisthesis, spinal trauma, deformity, tumour and infection, however, non-

union rates as high as 56% have been reported (reviewed by Lee et al., 2004), resulting in 

significant patient morbidity and placing a considerable financial burden on the 

healthcare system. The original procedure, described independently by Russell Hibbs and 

Frederick Albee (Figure 11) in 1911 for the treatment of spinal tuberculosis, involved the 

use of autograft to augment fusion, the former harvesting it locally from the vertebral 

spinous processes and the latter from the tibia (Albee, 1911; Hibbs, 1911). 

 

                 
 
 

 
Figure 11: Left)  Dr Russell A. Hibbs (1869-1932)  

Website: http://www.burtonreport.com/infspine/SurgStabilSpineHistory.html  
[Accessed 13 March 2014] 

 
Right)  Dr Frederick H. Albee (1876-1945) 
Website: http://www.oldeflorida.blogspot.co.uk/2010/09/venice-antidote-to-
urban-sprawl.html [Accessed 10 May 2014] 
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Autograft remains the “gold standard” in spinal fusion procedures as the inherent 

biological properties (from the cancellous component) and mechanical properties (from 

the cortical component) of autograft bone make it ideal for achieving a solid fusion. The 

pool of SSCs within autograft bone has considerable osteogenic potential and is integral 

to bone formation. The porous trabecular structure of the cancellous bone facilitates both 

vascular ingrowth and the attachment and migration of osteogenic cells, creating an ideal 

osteoconductive environment (Kalfas, 2001). The osteoinductive stimulus that is 

necessary for the differentiation and proliferation of osteoprogenitor cells is provided by 

growth factors that are not only inherent to autologous bone but are also synthesized by 

the SSCs themselves (Devescovi et al., 2008). The predominant site of autograft harvest 

is the iliac crest, due in part to the relative accessibility and proximity of the iliac crest to 

the operative field.  However, with donor site morbidity reported in up to 39% of cases, 

limited availability and an increase in operative and rehabilitation time, alternative 

materials to promote spinal fusion have been sought (Dimitriou et al., 2011). 
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1.6 Autologous bone graft substitutes and their problems 

1.6.1 Allograft 

Allograft bone offers an attractive alternative to autograft bone as it overcomes some of 

the problems associated with iliac crest bone graft harvest. Allograft can be harvested 

from either cadaveric or live donors in both cortical and cancellous form. Most allograft 

is obtained from the femoral heads of patients undergoing total hip arthroplasty surgery 

and stored for future use in regional bone bank units, in either fresh-frozen, freeze-dried 

or irradiated form (Costain and Crawford, 2009). Commercially available allograft 

products are also used and may offer a financially more viable alternative (Benninger et 

al., 2014). The long-term clinical success of using impacted allograft in repairing femoral 

and acetabular defects has been demonstrated (Schreurs et al., 2009), while within the 

spinal surgical field, excellent fusion rates have been achieved with freeze-dried allograft 

use in adolescent idiopathic scoliosis (Knapp et al., 2005). However, spinal non-union is 

predominantly a problem of the adult lumbar spine. Despite these encouraging clinical 

findings and despite exhibiting good osteoconductive properties, allograft has negligible 

osteoinductive and osteogenic activity, resulting in reduced and slower graft 

incorporation and inferior spinal fusion results in comparison to autograft (Jorgenson et 

al., 1994). Large allograft specimens particularly are poorly revascularised (Delloye et 

al., 2007), with retrieval analysis studies of massive allograft specimens demonstrating 

incomplete bone graft incorporation after five years (Enneking & Mindell, 1991). 

Furthermore, despite stringent regulation in both the UK (under the Human Tissue Act 

2004) and the US (by the American Association of Tissue Banks), concerns exist 

regarding host immunogenicity and the risk of disease transmission, with well-

documented reports of hepatitis C and human immunodeficiency virus transmission and 

bacterial contamination (Conrad et al., 1995; Carlson et al., 1995; Sommerville et al., 

2000).  

 

Demineralised bone matrix (DBM), a processed form of cadaveric allograft in which the 

inorganic mineral content has been removed, leaving the organic collagen matrix and 

exposed BMPs, has enhanced osteoinductivity (attributable to a small concentration of 

growth factors rendered more bio-available by the demineralization process) and reduced 

immunogenicity, in comparison to untreated allograft (Urist, 1965; Guizzardi et al., 

1992). Relatively inexpensive, DBM is available in powder, fibre, pellet, gel, putty and 

sheet preparatory forms (Park et al., 2013). However, although DBM has widespread 
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clinical applications for the filling of bone defects in dental and orthopaedic surgery, 

where it can be used either in isolation or in combination with autograft to act as a bone 

graft extender, the clinical efficacy of DBM at enhancing bone repair is mixed (reviewed 

in Dinopoulos and Giannoudis, 2006). Furthermore, the variation in the BMP content 

between different DBM preparations, and indeed between DBM batches from the same 

source, can be considerable (Bae et al., 2006; Wildemann et al., 2007), while the host 

environment can have a significant impact on the ability of DBM to induce bone 

formation in vivo (Lee et al., 2005). These findings may explain the disparate results 

reported in clinical spinal arthrodesis studies using DBM (Jorgenson et al., 1994; Russell 

et al., 1999). 

 

1.6.2 Naturally derived and synthetic scaffolds 

Both naturally derived and synthetic materials have been used to develop scaffolds for 

use in spinal arthrodesis to overcome the complications associated with bone graft use. A 

number of salient features need to be taken into consideration during scaffold design 

(Moore et al., 2001): 
 

• Biocompatibility – the scaffold should not elicit an immune or foreign body 

reaction. 
 

• Osteoconductivity – the scaffold should provide a framework to facilitate vascular 

ingrowth, cell adhesion and cell migration, and an environment that protects the 

osteogenic cells and encourages bone formation. 
 

• Biomechanics – where structural support is required, the scaffold should have 

similar strength to the bone that it is replacing, a similar modulus of elasticity to 

minimise stress shielding and comparable toughness to prevent fatigue.  
 

• Degradation – the scaffold should have a known and controlled degradation 

pathway. Scaffold degradation should not occur prematurely, such that bone 

formation is impeded, and the degradation process should not release toxic by 

products that are potentially harmful to the body. 
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1.6.2.1 Ceramics 
 

Coral: 

Naturally occurring coral is composed primarily of calcium carbonate (CaCO3). 

Exhibiting a porous architecture comparable to that of cancellous bone, coralline CaCO3 

has excellent osteoconductive properties. However, the natural variability in structure 

between different coralline CaCO3 products may lead to unpredictability when used as 

scaffolds for bone tissue engineering purposes. Furthermore, the high dissolution rate, 

poor longevity and instability makes coralline CaCO3 unsuitable for most implant 

purposes (Hutmacher et al., 2007). 
 

Beta tricalcium phosphate: 

Beta tricalcium phosphate (β-TCP) was one of the earliest calcium phosphate compounds 

to be used as a bone graft substitute (Albee, 1920). β-TCP is a brittle structure with poor 

tensile strength, and although the compressive and tensile properties of β-TCP are 

comparable to that of cancellous bone, it is unsuitable for use in load-bearing situations. 

Furthermore, the resorption of β-TCP (over a 6-18 month period) is not coupled with a 

comparable amount of bone formation, leaving the potential for voids to develop at sites 

of application (reviewed in Moore et al., 2001). Consequently, β-TCP has gained 

popularity for use as a bone graft expander (with allograft or autograft) or in combination 

with other materials (especially HA) as part of a composite structure, and when used 

under these circumstances excellent spinal fusion rates have been achieved  (reviewed in 

Park et al., 2013). 
 

Hydroxyapatite: 

HA [Ca10(PO4)6(OH)2] is the predominant mineral component of bone (Chapter 1.2.2 – 

Bone extracellular matrix). Originally derived from coralline CaCO3 via a simple 

hydrothermal exchange process, porous HA scaffolds have since been fabricated using 

alternative methods that enhance HA’s mechanical properties while preserving the 

porous microstructure (Sopyan et al., 2007). Synthetic HA scaffolds have been used 

extensively to repair bone defects in the field of spinal surgery (reviewed in Spivak and 

Hasharoni, 2001). HA is often incorporated into scaffolds with β-TCP in order to benefit 

from the reactivity provided by the β-TCP and the stability provided by the HA 

(Hutmacher et al., 2007). However, despite the improved mechanical and 

osteoconductive properties of synthetic HA, the accurate and reproducible control of pore 
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size and pore interconnectivity (fundamental parameters for bone formation – as 

discussed in section 1.8.2), remains a significant challenge. 

 

1.6.2.2 Trabecular metals 

Unlike brittle ceramic scaffolds, tantalum and titanium trabecular metal scaffolds provide 

excellent mechanical (tensile and compressive) strength while retaining a highly 

osteoconductive framework, making trabecular metals favourable for bone replacement 

where structural support is required. Indeed, trabecular metals have been used in hip and 

knee arthroplasty, in the treatment of avascular necrosis, in spinal surgery and following 

bone tumour excision (Findlay et al., 2004). However, there are perceived disadvantages 

with the use of trabecular metals. Trabecular metals are not biodegradable and concerns 

exist not only with regards to metal ion toxicity and particulate debris (as a consequence 

of implant micro-motion or migration) but to the potential damage caused to the host 

bone should the implants need extracting at a later date. The Young’s modulus of 

elasticity of metal cages is greater than that of vertebral bone, and this biomechanical 

difference may lead to stress shielding and inhibit bone formation between spinal motion 

segments. Furthermore, the radio-opacity of trabecular metals on radiographic imaging 

and the artifact created with CT or MRI imaging of metal constructs makes it difficult to 

establish whether bony union has fully occurred (reviewed in Kroeze et al., 2009). 

 

1.6.2.3 Polymers 

A polymer is a large molecule composed of many repeating subunits. Natural polymers 

(that include silk, cotton, starch and rubber) have the advantage of being biocompatible 

and biodegradable. However, the use of natural polymers in bone tissue regeneration, 

particularly in the spine, is limited by inherently poor mechanical properties and high 

rates of degradation, and as such natural polymers have found greater application as 

composites in scaffold design, to enhance the properties of other materials (Karageorgiou 

& Kaplan, 2005). Chemically synthesized polymers have largely superseded the use of 

natural polymers in the fabrication of scaffolds for bone tissue regeneration, and 

numerous polymers and co-polymers have been created for both research and clinical 

purposes in the wider orthopaedic field (reviewed in Salgado et al., 2004 and 

Karageorgiou & Kaplan, 2005).  
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Synthetic polymers are extremely versatile and can be fabricated with tailored structural 

specifications, according to clinical need, with improved control over scaffold porosity, 

pore size, strength, biocompatibility, bioresorbability and 3-D reproducibility. This 

versatility has proved useful within the dynamic loading spinal environment, where the 

correct balance between scaffold strength (sufficient to provide structural support where 

required but not to cause stress shielding) and scaffold resorption (at a rate that allows 

sufficient bone formation so that early construct failure does not occur) is necessary to 

minimize the risk of spinal non-union. Indeed, in vivo animal studies have demonstrated 

improved bone formation and spinal fusion rates in “flexible” PLLA cages compared to 

“stiff” PLLA and titanium cages (reviewed in Kroeze et al., 2009). Unlike impaction 

bone grafting (of the femoral head or acetabulum), where load is distributed directly 

through the impaction bone graft site, interbody cages provide circumferential structural 

support while maintaining a hollow central core for the application of bone graft, with 

the effect (perhaps undesirably) of off-loading the fusion site. However, despite the 

obvious advantages that “bespoke” synthetic scaffolds offer, concerns regarding the 

toxicity of polymeric degradation products, and the potential long-term effects of non-

degradable polymeric scaffolds such as PEEK, have been highlighted.  

 

1.6.2.4 Hydrogels 

Hydrogels constitute a unique group of hydrophilic polymeric materials (examples 

include hyaluronan, fibrin, alginate and collagen) that have the ability to retain large 

volumes of water within a 3-D framework. The structural and compositional similarities 

that hydrogels have with the ECM, and the ability to manipulate the molecular structure 

(through the incorporation of peptide domains) to enhance cellular adhesion, migration, 

proliferation and growth within the scaffold structure, have made hydrogels an attractive 

proposition for use as scaffolds in regenerative medicine (reviewed in Slaughter et al., 

2009). However, the mechanical properties of hydrogels are not sufficient for load-

bearing applications, where the structural integrity of a scaffold is required. While the 

use of hydrogels in isolation may be limited, the recent development of hydrogels as 

delivery vehicles for the controlled release of growth factors to augment bone 

regeneration, offers considerable promise for the future (Lienemann et al., 2012).  

 

 

 



  CHAPTER 1 
	  

	   35	  

1.6.2.5 Composite scaffolds 

Scaffolds fabricated from more than one material have been developed to take advantage 

of the properties that different materials have to offer. A wide variety of composite 

scaffolds have been investigated for bone tissue engineering applications within the 

orthopaedic field (Zippel et al., 2010). Synthetic scaffolds, whether used as a single 

material or as a composite, are available commercially in various preparatory forms that 

include beads, blocks, cages, cement, foam, fleece, gels, granules, pastes, pellets, putty, 

sponges and strips, depending on their clinical application and role as either bone graft 

extenders, enhancers or substitutes (Helm et al., 2001). The outstanding osteoconductive 

properties of synthetic scaffolds have made them ideal materials for use in scaffold 

fabrication and their role in spinal fusion has been extensively reviewed (Helm et al., 

2001; Vaccaro et al., 2002; Kwon & Jenis, 2005; Brandoff et al., 2008; Chau & Mobbs, 

2009; Miyazaki et al., 2009; Rihn et al., 2010 and Blanco et al., 2011). However, despite 

the excellent osteoconductivity synthetic scaffolds provide, the materials used in the 

fabrication of these scaffolds have little inherent biological activity, displaying limited 

osteogenic and osteoinductive potential when used in isolation, and are dependent on the 

biological environment of the host to initiate bone formation.  

 

1.6.3 Osteoinductive agents 

Bone formation is regulated by the complex interaction of numerous growth factors and 

cytokines (as discussed in section 1.2.4 – Bone metabolism). This cellular interaction is 

instrumental in orchestrating the chemoattractive, migratory, differentiation and 

proliferative responses of individual cells during osteogenesis. BMPs belong to the TGF-

β superfamily of proteins and stimulate host osteoblasts to form bone. Originally 

identified by Urist (Urist, 1965; Urist et al., 1967; Urist et al., 1979), the ability of BMPs 

to provide a biological stimulus to bone formation has been harnessed by researchers, 

with BMPs now incorporated into scaffolds for their osteoinductive potential. Studies 

have demonstrated the efficacy of BMP-2 and BMP-7 in promoting spinal fusion both in 

vivo (Boden et al., 1999; Blattert et al., 2002) and clinically (Boden et al., 2000; Boden et 

al., 2002). The modification of BMPs at a molecular level using recombinant technology 

has led to the development of tailored BMPs with improved osteoinductivity (Wang et 

al., 1988), and clinical studies have demonstrated comparability between rhBMP-2 and 

autograft in achieving spinal fusion (Boden et al., 2000; Burkus et al., 2002). The United 

States FDA subsequently approved rhBMP-2 for use in single level anterior lumbar 
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interbody fusions and in 2002 rhBMP-2 became commercially available. However, the 

perceived clinical safety and efficacy of rhBMP-2 led to considerable off-label use of the 

product by surgeons (Ong et al., 2010). Since the early halcyon days of rhBMP-2 use, 

numerous complications associated with the intraoperative use of rhBMP-2 have been 

reported, including dysphagia and dyspneoa secondary to excess bone formation, 

graft/implant subsidence and migration secondary to osteolysis, urogenital disorders 

(retrograde ejaculation, urinary retention), carcinogenesis, radiculitis, infection, 

inflammatory cyst formation and spinal cord toxicity (Mroz et al., 2010; Carragee et al., 

2011). In recent years, the companies producing rhBMP-2 have been embroiled in a 

media and legal “storm”, with much dispute over the validity and reliability of the 

original clinical studies (Carragee et al., 2011). Furthermore, there are other potential 

limitations associated with the use of BMPs. Firstly, in order for recombinant growth 

factors to be effective, an adequate osteogenic cell population is needed. Secondly, to 

prevent the diffusion of BMPs from the fusion site, a carrier that controls and maintains 

BMP release is required. Thirdly, the widespread use of BMP is prohibited, as the BMP 

doses required to promote spinal fusion in humans are considerably higher, and thus 

more expensive, than the doses used in animal studies (Boden et al., 1995; Garrison et 

al., 2007). 

 

Biological constructs, incorporating allograft or bone graft substitutes with agents that 

provide a biological stimulus for bone formation, have been developed with variable 

clinical success. However, the absence of any inherent osteogenic activity in these 

constructs remains a fundamental problem, with the initiation of osteogenesis being 

dependent on a pool of osteoblasts within the host bone. The posterior elements and 

vertebral body of the spine contain an abundance of cancellous bone and, theoretically, 

should be rich in osteogenic cells. Good surgical technique traditionally involves 

decortication of the vertebral endplates or posterior elements to expose the bleeding 

cancellous bone, but Romih et al. demonstrated that the number of potential osteoblast 

progenitor cells released was significantly less than from an iliac crest or vertebral body 

aspirate (Romih et al, 2005). Using tissue engineering strategies and the latest scaffold 

design techniques, research is now focused on the development of a construct that 

overcomes this osteogenic deficiency so as to reduce the need for autograft harvest in 

spinal fusion procedures or limit the harvest to a purely cellular harvest (without the 

cortical bone). 
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1.7 Bone tissue engineering strategies in spinal arthrodesis (review article, Evans et al., 2013) 

1.7.1 Skeletal stem cells 

The relative accessibility of the iliac crest makes it a common site for bone marrow 

aspiration, providing a quick and simple means of obtaining an osteogenic pool of 

osteoprogenitor and SSCs. The ability of SSCs to promote spinal fusion, following the 

direct application of bone marrow aspirate (BMA) to scaffolds, has been investigated in 

vivo in both small and large animal studies (Table 6). 

 

Scaffolds seeded with BMA appear to have an osteogenic and mechanical advantage 

compared to unseeded scaffolds, with several studies showing demonstrable 

improvements in spinal fusion rates when compared to autograft controls (Tay et al., 

1998; Curylo et al., 1999; Gupta et al., 2007; Tanaka et al, 2011). Clinical translational 

studies in which scaffolds have been loaded with BMA in vivo have also yielded 

promising results (Table 7). However, although the results from these clinical studies are 

encouraging, the mean concentration of osteoprogenitor cells within a human BMA 

sample is 600 cells/cm3 (Hernigou et al., 2005), with SSCs constituting only a fraction 

(approximately 0.001%) of the total cell number in bone marrow (Koga et al., 2008). 

While the SSC population within an aspirate sample may be sufficient to promote 

osteogenesis in animal studies, there are concerns that the cell population is not large 

enough to provide a reliable osteogenic response in clinical practice. Indeed, in a study 

analysing the effects of the percutaneous administration of BMA on atrophic tibial non-

unions in humans, Hernigou et al. demonstrated that a minimum number of 

osteoprogenitor cells (>30,000 cells) and a minimum concentration of osteoprogenitor 

cells (>1000 osteoprogenitor cells/cm3) within a BMA sample were necessary to achieve 

successful bony union (Hernigou et al., 2005). 

 

Bone marrow aspiration certainly reduces the morbidity associated with iliac crest bone 

graft harvest, but bone marrow aspiration also has its own associated problems. The 

dilution of BMA with peripheral blood and poor technique from incorrect needle 

placement, have both been shown to reduce MSC concentration in BMA harvested from 

the iliac crest (Muschler et al., 1997; Kitchel et al., 2005). Indeed, Muschler et al. found 

that a 4-fold increase in the aspirate volume reduced the concentration of alkaline 

phosphatase-positive colony-forming units (CFUs-ALP) by 50% (Muschler et al., 1997).  
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Study	   Animal	   Type	  
of	  

fusion	  

Cell	  
source	  

Scaffold	  material	   Final	  
analysis	  

Observation	  

Tanaka	  
et	  al.	  
2011	  

Rabbit	   PLF	   SSCs	  
Untreated	  

HA-‐PdlLA	   12	  
weeks	  

Fusion	  rate	  with	  microCT:	  	  	  91.7%	  (cf.	  HA-‐PdlLA	  -‐	  16.7%,	  autograft	  -‐	  66.7%)	  
Fusion	  rate	  with	  manual	  palpation:	  	  	  91.7%	  (cf.	  HA-‐PdlLA	  -‐	  16.7%,	  autograft	  -‐	  58.3%)	  
Mechanical	  strength:	  	  	  HA-‐PdlLA-‐BMA	  >	  autograft	  >	  HA-‐PdlLA	  	  
	  

Koga	  et	  
al.	  2008	  

Rabbit	   PLF	   SSCs	  
Untreated	  

HA	   6	  
weeks	  

Mechanical	  strength:	  	  	  autograft	  =	  HA-‐fibronectin-‐BMA	  >	  HA-‐BMA	  >	  HA	  	  
Histological	  evidence	  of	  osteogenesis:	  	  	  HA-‐BMA	  >	  HA	  	  
	  

Gupta	  et	  
al.	  2007	  	  

Sheep	   PLF	   SSCs	  
Selective	  
cell	  

retention	  

β-‐TCP	  
	  

6	  
months	  

Fusion	  rate	  with	  microCT	  and	  histology:	  	  	  33%	  (cf.	  autograft	  -‐	  25%,	  β-‐TCP-‐unenriched	  BMA	  -‐	  8%,	  β-‐TCP	  -‐	  
0%)	  
Fusion	   rate	   with	  manual	   palpation:	   	   	   67%	   (cf.	   autograft	   -‐	   17%,	  β-‐TCP-‐unenriched	  BMA	   -‐	   17%,	  β-‐TCP	   -‐	  
17%)	  
Histology:	  	  	  bone	  density	  with	  enriched	  grafts	  >	  autograft	  
	  

Kraiwatt
anapong	  
et	  al.	  
2005	  	  

Rabbit	   PLF	   SSCs	  
Untreated	  

1.Collagen-‐HA	  sponge	  
(Healos®)	  

2.Collagen	  sponge	  
(Infuse®)	  +	  collagen	  
ceramic	  sponge	  

(Mastergraft	  Matrix®)	  +	  
rhBMP2	  

	  

8	  
weeks	  

Fusion	  rate	  with	  plain	  radiographs,	  microCT	  and	  manual	  palpation:	  	  	  group	  1	  -‐	  0%,	  group	  2	  -‐	  100%	  
Mechanical	  strength:	  	  	  group	  2	  >	  group	  1	  

Muschler	  
et	  al.	  
2005	  	  

Dog	   PLF	   SSCs	  
Selective	  
cell	  

retention	  
	  

DBM	  powder	   12	  
weeks	  

Fusion	  rate	  and	  mass	  with	  CT:	  	  	  DBM	  with	  enriched	  BMA	  >	  DBM	  with	  unenriched	  BMA	  >	  DBM	  

Curylo	  et	  
al.	  1999	  	  

Rabbit	   PLF	   SSCs	  
Untreated	  

Autograft	   12	  
weeks	  

Fusion	  rate	  with	  plain	  radiographs:	  	  	  61%	  (cf.	  autograft	  without	  BMA	  -‐	  25%)	  
Fusion	  mass	  with	  CT:	  	  	  919mm3	  (cf.	  autograft	  without	  BMA	  -‐	  667mm3)	  
	  

Boden	  et	  
al.	  1999	  	  

Rabbit	   PLF	   SSCs	  
Untreated	  

Coralline	  HA	   5-‐10	  
weeks	  

Fusion	   rate	   with	   manual	   palpation	   and	   plain	   radiographs:	   	   	   0%	   (cf.	   autograft-‐coralline	   HA	   -‐	   50%,	  
coralline	  HA-‐bone	  protein	  extract	  -‐	  100%)	  
Mechanical	  strength:	  	  	  coralline	  HA-‐bone	  protein	  extract	  >	  coralline	  HA-‐autograft	  =	  coralline	  HA-‐BMA	  
	  

Tay	  et	  al.	  
1998	  	  

Rabbit	   PLF	   SSCs	  
Untreated	  

Collagen-‐HA	  matrix	  
(Healos®)	  

8	  	  
weeks	  

Fusion	  rate	  with	  plain	  radiographs:	  	  	  100%	  (cf.	  autograft	  -‐	  75%,	  Healos	  -‐	  18%)	  
Mechanical	  strength:	  	  	  autograft	  >	  Healos-‐BMA	  >	  Healos	  
	  	  

β-‐TCP	  –	  beta	  tricalcium	  phosphate,	  CT	  –	  computed	  tomography,	  HA	  –	  hydroxyapatite,	  PdlLA	  –	  poly-‐dl-‐lactide,	  PLF	  –	  posterolateral	  lumbar	  fusion,	  rhBMP2	  –	  recombinant	  human	  bone	  	  
morphogenetic	  protein-‐2.	  
	  

Table 6  In vivo animal studies with seeding of SSCs onto scaffold (Evans et al., 2013)
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Study	  
	  

Type	  of	  fusion	   Graft	  material	   Control	   No.	  of	  subjects	   Follow	  up	   Radiographic	  fusion	  rate	  
(controls	  in	  brackets)	  

	  
Yamada	  et	  al.	  
2012	  	  

Single	  level	  Instrumented	  	  
PLF	  

BMA	  +	  β-‐TCP	  +	  trephined	  iliac	  crest	  
bone	  sticks	  

LBG	   61	   2	  years	   6m:	  	  	  68.9%	  (49.2%)	  
12m:	  83.6%	  (75.4%)	  
24m:	  93.5%	  (89.1%)	  

	  

Kerr	  et	  al.	  
2011	  	  

Single/multilevel	  
Instrumented	  

ALIF,	  TLIF	  +	  360°	  	  
	  

Allograft	  +	  MSCs	  (Osteocel)	   None	   52	   14	  months	  
(median)	  

5m:	  92.3%	  

Taghavi	  et	  al.	  
2010	  	  

Single/multilevel	  
Instrumented	  
Revision	  PLF	  	  

	  

BMA	  +	  allograft	   LBG	  +/-‐ICBG	   62	   2	  years	   Single	  level:	  100%	  (100%)	  
Multilevel:	  	  	  63.6%	  (100%)	  

Niu	  et	  al.	  
2009	  	  

Single	  level	  
Instrumented	  

PLF	  
	  

1.	  BMA	  +	  LBG	  
2.	  BMA	  +	  calcium	  sulfate	  

ICBG	   43	   2	  years	   1.	  	  85.7%	  (90.5%)	  
2.	  	  45.5%	  (90.9%)	  

Gan	  et	  al.	  
2008	  	  

Single/multilevel	  
Instrumented	  

Posterior	  lumbar/	  thoracolumbar	  
	  

Enriched	  BMA	  +	  β-‐TCP	   None	   41	   34	  months	   34m:	  95.1%	  

Neen	  et	  al.	  
2006	  	  

Instrumented	  
PLF,	  PLIF	  +	  360°	  

BMA	  +	  collagen-‐HA	  matrix	  (Healos)	   ICBG	   100	   2	  years	   PLF:	  93.3%	  (93.3%)	  
PLIF:	  84.6%	  (92.3%)	  
360°:	  77.3%	  (95.5%)	  

	  

ALIF	  –	  anterior	  lumbar	  interbody	  fusion,	  β-‐TCP	  –	  beta	  tricalcium	  phosphate,	  HA	  –	  hydroxyapatite,	  ICBG	  –	  iliac	  crest	  bone	  graft,	  LBG	  –	  local	  bone	  graft,	  PLF	  –	  posterolateral	  lumbar	  fusion,	  	  
PLIF	  –	  posterior	  lumbar	  interbody	  fusion,	  TLIF	  –	  transforaminal	  lumbar	  interbody	  fusion.	  
 
 

Table 7  Clinical translational studies with in vivo seeding of SSCs onto scaffolds (Evans et al., 2013) 
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BMA from the vertebral body has been proposed as an alternative to iliac crest aspiration 

to overcome this problem. A vertebral body aspirate is easily obtainable through either a 

direct anterior approach or through a transpedicular posterior approach, and would not 

only prevent the need for a procedure on the iliac crest (thereby removing the associated 

morbidity) but could potentially reduce operative time. However, the findings from 

studies comparing the concentration of osteoprogenitor cells in BMA from the vertebral 

body and iliac crest have been mixed, with some studies showing comparability between 

sources (McLain et al., 2005; Risbud et al., 2006; McLain et al., 2009; Min et al., 2010), 

and others demonstrating a significantly lower concentration of osteoprogenitor cells in 

vertebral body aspirate samples (Romih et al, 2005). As such, further efforts have been 

made to increase the SSC population from BMA (discussed below). 

 

1.7.2 Cell concentration techniques 

Osteogenesis can be enhanced by increasing the loading volume and cell concentration of 

BMA within the scaffold (Connolly et al., 1989; Muschler et al, 2003). Muschler et al. 

were able to deliver 5.6 times more osteoprogenitor cells to the scaffold, compared to 

untreated BMA, using the technique of selective cell retention for SSC isolation, and 

demonstrated a corresponding improvement in the spinal fusion rate using a canine spinal 

fusion model (Muschler et al., 2005). A similar increase in spinal fusion rates was 

demonstrated in sheep by Gupta et al., with a 4-fold and 1.3-fold increase in fusion rates 

using cell enrichment compared to untreated BMA and autograft respectively (Gupta et 

al., 2007). The success of cell concentration techniques in animal studies has stimulated 

research into the development of cell concentration systems that can be used peri-

operatively in clinical practice. Using a density gradient centrifugation process to 

separate the SSC containing buffy coat from the BMA sample, Gan et al. augmented β-

TCP scaffolds and demonstrated a 4.3-fold increase in the concentration of CFUs-ALP 

(Gan et al., 2008). Furthermore, spinal fusion rates reaching 95% have been 

demonstrated in clinical studies using cell concentration systems, with comparability to 

the application of iliac crest bone graft alone (Gan et al., 2008). The application of cell 

enrichment techniques for BMA not only provides a rapid, safe and sterile means of 

obtaining a high concentration of SSCs, but the buffy coat is also believed to contain 

other mononuclear cells that may augment the osteogenic and angiogenic effect, thereby 

further promoting bone formation (Tateishi-Yuyama et al., 2002). The application of cell 

retention technology may result in the creation of a construct that can deliver sufficient 
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numbers of osteoprogenitor cells to the fusion site for successful osteogenesis. While 

other fields of orthopaedic surgery have exploited the potential advantage of such 

approaches to aid arthrodesis (Jacobsen et al., 2008), it remains to be incorporated into 

mainstream spinal surgical use. 

 

1.7.3 In vitro culture expansion of SSCs 

The prospect of producing an unlimited supply of SSCs through in vitro culture 

expansion has brought the technique of in vitro culture expansion to the fore in recent 

years. By expanding SSCs on tissue culture plastic prior to loading of the cell population 

onto a scaffold, it is hoped that the increase in osteoprogenitor cell number will improve 

the chances of a successful fusion. However, the effects of scaffolds seeded with culture 

expanded SSCs on spinal fusion in small and large animal models have yielded mixed 

results. The differences in culture expansion techniques may be partly responsible for the 

discrepancy in findings from these studies (Table 8).  

 

The differentiation of SSCs along the osteogenic lineage prior to seeding on to the 

scaffold would certainly appear to be beneficial for a successful fusion (Boden et al., 

1999; Cinotti et al., 2004; Nakajima et al., 2007). However, the degree of osteogenic 

differentiation for optimum bone formation remains unclear and, critically, the 

osteogenic potential of culture expanded human SSCs has been shown to diminish with 

repeated passage (Banfi et al., 2000; Chen et al., 2005). The ex vivo culture expansion of 

differentiated SSCs on the scaffold for a period of time prior to the scaffold’s insertion 

into the animal model have yielded the most successful results. This may explain why 

Urrutia et al., using a centrifuged pellet of culture expanded SSCs directly to autograft in 

the absence of a fabricated scaffold, not only failed to increase fusion rates but inhibited 

new bone formation (Urrutia et al., 2010). Furthermore, seeding the scaffold with too few 

cells has been shown to induce fibrous tissue formation in preference to bone and 

consequently reduces the chance of a successful fusion (Minamide et al., 2005). 

Although the concept of ex vivo culture expansion of SSCs, prior to their seeding on to a 

scaffold and subsequent application into the spine, offers significant clinical potential, 

the need for a two-stage procedure, the cost, concerns regarding sterility and logistical 

issues have resulted in a lack of clinical acceptance and, to date, few translational studies 

have been conducted using this approach (Mesoblast Ltd., 2015). 
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Study	   Animal	   Type	  of	  
fusion	  

Graft	  material	   Final	  
analysis	  

Observation	  

Yang	  et	  al.	  
2012	  	  
	  

Rabbit	   ALIF	   Porous	  collagen	  
sponge	  

8	  and	  12	  
weeks	  

Fusion	  rate	  with	  manual	  palpation:	  40%	  (cf.	  unseeded	  graft	  -‐	  0%,	  autograft	  -‐	  70%)	  

Abbah	  et	  al.	  
2011	  	  

Pig	   ALIF	   PCL-‐TCP	   9	  	  
months	  

Mean	  radiographic	  fusion	  score	  (out	  of	  3):	  1.7	  (cf.	  unseeded	  graft	  	  -‐	  1.0,	  autograft	  -‐	  1.8)	  
Fusion	  mass	  with	  micoCT:	  35%	  (cf.	  unseeded	  graft	  -‐	  15%,	  autograft	  -‐	  55%)	  
Mechanical	  strength:	  autograft	  >	  PCL-‐TCP-‐BMSCs	  >	  unseeded	  graft	  
	  

Hui	  et	  al.	  
2011	  	  

Rabbit	   PLF	   TCP	   7	  	  
weeks	  

Fusion	  rate	  with	  manual	  palpation:	  14%	  (cf.	  unseeded	  graft	  -‐	  0%,	  TCP-‐BMSCs-‐LIPUS	  -‐	  84%)	  
Fusion	  mass	  with	  CT:	  440mm3	  (cf.	  unseeded	  graft	  -‐	  476mm3,	  TCP-‐BMSC	  s-‐LIPUS	  –	  582mm3)	  
Histology	  (TP	  gap	  distance):	  4.98mm	  (cf.	  unseeded	  graft	  -‐	  2.97mm,	  TCP-‐BMSCs-‐LIPUS	  -‐	  0.97mm)	  
	  

Huang	  et	  al.	  
2011	  	  

Rabbit	   PLF	   HA-‐collagen	  1	   12	  	  
weeks	  

Fusion	  rate	  with	  manual	  palpation,	  plain	  radiographs	  and	  microCT:	  100%	  (cf.	  autograft	  -‐	  100%)	  
	  

Goldschlager	  et	  al.	  
2011	  	  

Sheep	   ACIF	   HA-‐TCP	  (contained	  
within	  a	  PEEK	  cage)	  

3	  
	  months	  

Fusion	  rate	  with	  CT:	  75%	  (cf.	  unseeded	  graft	  -‐	  33%,	  autograft	  –	  17%)	  
Bone	  mineral	  density	  with	  CT:	  HA-‐TCP-‐BMSCs	  >	  unseeded	  graft	  >	  autograft	  
	  

Urrutia	  et	  al.	  
2010	  	  

Rabbit	   PLF	   Autograft	   8	  	  
weeks	  

	  

Fusion	  rate	  with	  plain	  radiographs:	  0%	  (cf.	  autograft	  -‐	  53%)	  

Seo	  et	  al.	  
2009	  	  

Rat	   PLF	   HA	   8	  	  
weeks	  

Fusion	  rate	  with	  manual	  palpation,	  plain	  radiographs	  and	  microCT:	  83%	  (cf.	  unseeded	  graft	  -‐	  60%,	  HA-‐
FGF4-‐BMSCs	  -‐	  50%)	  
	  

Chen	  et	  al.	  
2009	  	  

Rabbit	   PLF	   Coralline	  HA	   12	  	  
weeks	  

Fusion	  rate	  with	  manual	  palpation,	  plain	  radiographs	  and	  microCT:	  100%	  (cf.	  autograft	  -‐	  100%)	  
Mechanical	  strength:	  coralline	  HA-‐BMSCs	  =	  autograft	  
	  

Fu	  et	  al.	  
2009	  	  

Rabbit	   PLF	   Alginate	  
	  

16	  	  
weeks	  

Fusion	  rate	  with	  plain	  radiographs	  and	  microCT:	  73%	  (cf.	  autograft	  -‐	  92%,	  alginate-‐BMP2-‐BMSCs	  -‐	  92%,	  
unseeded	  graft	  -‐	  0%)	  
Fusion	   rate	   with	  manual	   palpation:	   17%	   (cf.	   autograft	   -‐	   100%,	   alginate-‐BMP2-‐BMSCs	   -‐	   83%,	   unseeded	  
graft	  	  -‐	  0%)	  
Mechanical	  strength:	  alginate-‐BMP2-‐BMSCs	  =	  autograft	  >	  alginate-‐BMSCs)	  
	  

Minamide	  et	  al.	  
2007	  	  

Rabbit	   PLF	   HA-‐collagen	  1	  gel	   6	  	  
weeks	  

Fusion	   rate	  with	  manual	  palpation	  and	  plain	   radiographs:	  0%	  (cf.	  autograft	  -‐	  71%,	  HA-‐BMP2-‐BMSCs	  -‐	  
29%,	  HA-‐FGF-‐BMSCs	  -‐	  43%,	  HA-‐BMP2-‐FGF-‐BMSCs	  -‐	  86%)	  
	  

ACIF	  –	  anterior	  cervical	  interbody	  fusion,	  ALIF	  –	  anterior	  lumbar	  interbody	  fusion,	  DBM	  –	  demineralised	  bone	  matrix,	  FGF-‐4	  –	  fibroblast	  growth	  factor-‐4,	  HA	  –	  hydroxyapatite,	  LIPUS	  –	  low	  intensity	  
pulsed	  ultrasound,	  PCL	  –	  polycaprolactone,	  PEEK	  –	  polyether	  ether	  ketone,	  PLF	  –	  posterolateral	   lumbar	   fusion,	  TCP	  –	   tricalcium	  phosphate,	  TLIF	  –	   transforaminal	   lumbar	   interbody	   fusion,	  TP	  –	  
transverse	  process.	  
 
 

Table 8 In vivo animal studies with seeding of culture expanded SSCs onto scaffolds (Evans et al., 2013) 
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Study	   Animal	   Type	  of	  
fusion	  

Graft	  material	   Final	  
analysis	  

Observation	  

Valdes	  et	  al.	  
2007	  	  

Rabbit	   PLF	   DBM-‐rhBMP6	   6	  	  
weeks	  

Fusion	  rate	  with	  manual	  palpation:	  77%	  (cf.	  autograft	  -‐	  55%,	  unseeded	  DBM	  -‐	  20%,	  decortication	  only	  -‐	  
0%)	  
Fusion	  rate	  with	  plain	  radiographs:	  62%	  (cf.	  autograft	  -‐	  55%,	  unseeded	  DBM	  -‐	  40%,	  decortication	  only	  -‐	  
0%)	  
Mechanical	  strength:	  DBM-‐rhBMP6-‐BMSCs	  =	  autograft	  >	  unseeded	  DBM	  =	  decortication	  only	  
	  

Nakajima	  et	  al.	  
2007	  	  

Rabbit	   PLF	   HA-‐collagen	  1	  gel	   6	  	  
weeks	  

Fusion	   rate	  with	  manual	   palpation:	   80%	   in	  osteogenic	  media,	  33%	   in	  basal	  media	   (cf.	   autograft	   -‐	  67%,	  
unseeded	  graft	  -‐	  0%)	  
Fusion	  rate	  with	  plain	  radiographs:	  100%	  in	  osteogenic	  media,	  50%	  in	  basal	  media	  (cf.	  autograft	  -‐	  67%,	  
unseeded	  graft	  -‐	  83%)	  
	  

Wang	  et	  al.	  	  
2005	  	  

Monkey	   ALIF	   Calcium	  phosphate	  
ceramic	  composite	  

3	  	  
months	  

Fusion	  rate	  with	  plain	  radiographs:	  graft-‐BMSCs	  =	  autograft	  >	  unseeded	  grafts	  
Mechanical	  strength:	  graft-‐BMSCs	  =	  autograft	  
	  

Minamide	  et	  al.	  
2005	  	  

Rabbit	   PLF	   HA-‐collagen	  1	  gel	   6	  	  
weeks	  

Fusion	   rate	   with	   manual	   palpation	   and	   plain	   radiographs:	   71%	   at	   high	   conc.,	   0%	   at	   low	   conc.	   (cf.	  
autograft	  -‐	  57%,	  HA-‐BMP	  -‐	  100%)	  
	  

Orii	  et	  al.	  	  
2005	  	  

Monkey	   PLF	   β-‐TCP	   12	  and	  24	  
weeks	  

Fusion	  rate	  with	  manual	  palpation:	  83.3%	  (cf.	  autograft	  -‐	  66.7%,	  unseeded	  graft	  -‐	  0%)	  
Fusion	  mass	  with	  microCT:	  graft-‐BMSCs	  >	  autograft	  
	  

Cinotti	  et	  al.	  	  
2004	  	  

Rabbit	   PLF	   Calcium	  phosphate	  
ceramic	  composite	  

8	  	  
weeks	  

Fusion	  rate	  with	  plain	  radiographs:	  86%	  (cf.	  graft-‐BMA	  -‐	  50%,	  unseeded	  graft	  -‐	  30%,	  autograft	  -‐	  25%)	  
Fusion	  rate	  with	  manual	  palpation:	  57%	  (cf.	  graft-‐BMA	  -‐	  38%,	  unseeded	  graft	  -‐	  10%,	  autograft	  -‐	  25%)	  	  
	  

Kai	  et	  al.	  	  
2003	  	  

Rabbit	   TLIF	   Calcium	  phosphate	  
ceramic	  composite	  

12	  	  
weeks	  

Fusion	  rate	  with	  manual	  palpation	  and	  plain	  radiographs:	  100%	  (cf.	  unseeded	  graft	  -‐	  50%,	  autograft	  -‐	  
66.7%,	  graft-‐BMSCs-‐BMP2	  -‐	  100%)	  
Fusion	  mass	  with	  microCT:	  571mm3	  (cf.	  unseeded	  graft	  -‐	  184mm3,	  autograft	  -‐	  268mm3,	  graft-‐BMSCs-‐BMP2	  
-‐	  647mm3)	  
Mechanical	  strength:	  graft-‐BMSCs-‐BMP2	  >	  graft-‐BMSCs	  >	  autograft	  >	  unseeded	  graft)	  
	  

Cui	  et	  al.	  	  
2001	  	  

Rat	   PLF	   Collagen	  gel	   6	  and	  9	  
weeks	  

Fusion	  rate	  with	  manual	  palpation:	  100%	  with	  cloned	  BMSCs,	  50%	  with	  mixed	  BMSCs	  (cf.	  unseeded	  graft	  -‐	  
0%)	  
Fusion	   rate	   with	   plain	   radiographs	   and	   CT:	   100%	  with	   cloned	   and	  mixed	  marrow	   cells	   (cf.	   unseeded	  
grafts	  -‐	  0%)	  
	  

ACIF	  –	  anterior	  cervical	  interbody	  fusion,	  ALIF	  –	  anterior	  lumbar	  interbody	  fusion,	  DBM	  –	  demineralised	  bone	  matrix,	  FGF-‐4	  –	  fibroblast	  growth	  factor-‐4,	  HA	  –	  hydroxyapatite,	  LIPUS	  –	  low	  intensity	  
pulsed	  ultrasound,	  PCL	  –	  polycaprolactone,	  PEEK	  –	  polyether	  ether	  ketone,	  PLF	  –	  posterolateral	   lumbar	   fusion,	  TCP	  –	   tricalcium	  phosphate,	  TLIF	  –	   transforaminal	   lumbar	   interbody	   fusion,	  TP	  –	  
transverse	  process.	  
 

Table 8 (continued) In vivo animal studies with seeding of culture expanded SSCs onto scaffolds (Evans et al., 2013) 
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1.7.4 Alternative sources of MSCs 

Adult-derived sources: 

Although adult human bone marrow acts as an abundant and reliable reservoir of SSCs, 

bone marrow is not exclusive in providing a source of cells capable of osteogenic 

differentiation. Cells from adipose tissue (Halvorsen et al., 2000; Levi et al., 2011), 

periosteum (Breitbart et al., 1998), peripheral blood (Valenti et al., 2008) and muscle 

(Lee et al., 2001) have all been shown to induce bone formation given the appropriate 

environmental stimuli. Halvorsen et al. demonstrated that adipose tissue-derived stromal 

cells cultured under osteogenic conditions in vitro express osteocalcin and stimulate 

extracellular matrix mineralization (Halvorsen et al., 2000), while Breitbart et al. 

successfully repaired a calvarial bone defect in vivo in rabbits using cultured periosteal 

cells (Breitbart et al., 1998). The potential role of these alternative MSC sources in 

promoting bone regeneration in vivo using spinal fusion models has also been explored 

(Lopez et al., 2009; Vergroesen et al., 2011; Tang et al, 2012). Lopez et al. demonstrated 

accelerated rates of spinal fusion in a rat posterlateral spinal fusion model using culture 

expanded adipose tissue-derived MSCs seeded on to β-TCP-collagen 1 scaffolds (Lopez 

et al., 2009). Furthermore, in a goat anterior interbody spinal fusion model, Vergroesen 

et al. achieved spinal fusion rates only slightly inferior to autograft using adipose tissue-

derived MSCs seeded directly onto a poly(L-lactide-co-caprolactone) scaffold 

(Vergroesen et al., 2011). However, Robey sounds a word of caution when interpreting 

studies using alternative sources of MSCs. The osteogenic differentiation of non-bone 

marrow MSCs is often only achievable in conjunction with supplementary 

osteoinductive agents, while haematopoietic bone marrow formation, thought to be 

essential for bone regeneration, is not supported by some alternative sources of MSCs 

(reviewed in Robey, 2011). 

 

Embryonic stem cells: 

Human embryonic stem cells (hESCs) are isolated from either the inner cell mass of the 

pre-implantation blastocyst or from the morula at the 4, 8 or 16-cell stage (Yabut & 

Bernstein, 2011), and are able to differentiate into any of the three embryonic germ cell 

layers (endoderm, mesoderm or ectoderm) (Figure 12).  
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Figure 12: Generation of pluripotent human embryonic stem cell lines (Yabut & Bernstein, 2011) 

 

The pluripotency of hESCs makes them extremely versatile for research purposes, with 

hundreds of hESC lines already established for research and clinical use. The successful 

formation of bone in mice using hESCs has already been demonstrated (Tremoleda et al., 

2008; Marolt et al., 2012), and although there appears to be no published literature to 

demonstrate the use of hESCs in spinal arthrodesis, the promising findings from current 

research suggest a potential future role for hESCs in regenerative medicine applications. 

However, hESCs are not as readily accessible as adult SSCs and the harvesting of hESCs 

provokes much ethical controversy. Furthermore, a number of barriers to the safe clinical 

translation of hESCs have been identified. These barriers include the need for xeno-free 

culture systems (not derived from non-human species to prevent immunological and 

genetic incompatibility), the risk of tumourgenesis, potential genetic instability, 

transplant rejection and the development of chromosomal abnormalities during 

prolonged culture (Deb and Sarda, 2008).  
 

Foetal stem cells: 

MSCs isolated from the blood (via the umbilical cord), bone marrow or other tissues of 

terminated or post-natal foetuses are termed foetal stem cells. Foetal stem cells are 

multipotent and capable of differentiating along an osteogenic lineage. While lacking the 

pluripotency of hESCs, foetal stem cells are less ethically contentious than hESCs and 

appear to have greater differentiation potential than adult-derived stem cells, making 

them a desirable target for stem cell research (O’Donoghue & Fisk, 2004).  
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Induced pluripotent stem cells: 

Induced pluripotent stem cells (iPSCs) are non-pluripotent adult stem cells that have 

been reprogrammed to differentiate into the three germ cell layers. Following the initial 

reprogramming of dermal fibroblasts in mice (Takahashi & Yamanaka, 2006) (Figure 

13), and the subsequent derivation of iPSCs from human somatic cells (Takahashi et al., 

2007; Yu et al., 2007), human iPSCs have recently been shown to differentiate into 

committed skeletal progenitors in vivo (Phillips et al., 2014). Concerns have been 

highlighted regarding the oncogenic potential of viral vectors used to introduce 

transcription factors into the somatic cells, the difficulty in initiating the reprogramming 

event with non-viral vectors and the variability among different iPSC cell lines (Yee, 

2010). However, while research is still in its infancy, the discovery of iPSCs undeniably 

heralds a new dawn in the future development of tissue engineering strategies, and offers 

exciting potential to create “bespoke” stem cells for therapeutic purposes while 

circumventing the ethical and clinical concerns surrounding the use of hESCs and foetal 

stem cells. 

 

       
 

Figure 13: The generation of induced pluripotent stem cells in mice (Rossant, 2007) 
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1.7.5 Gene therapy (review article, Evans et al., 2013) 

The role of localised gene therapy as a potential treatment modality for spinal fusion has 

been extensively reviewed in recent years (Cha & Boden, 2003; Gottfried & Dailey, 

2008; Miyazaki et al., 2009; Aslan et al., 2009; Rubery, 2010; Pneumaticos et al., 2011). 

In an attempt to overcome the complications associated with the local delivery of 

rhBMPs, MSCs have been genetically modified such that they are capable of self-

regulating the expression and secretion of osteoinductive factors. Gene delivery is 

achieved by using a vector (viral or non-viral) through either an in vivo approach, 

involving the direct introduction of the target gene-containing vector to the fusion site, or 

an ex vivo approach, involving the harvesting and optional culture expansion of MSCs 

prior to gene transduction (reviewed by Evans, 2010). The transduction of BMSCs with 

genes encoding BMP-2 (Peterson et al., 2005; Sheyn et al., 2010), BMP-6 (Laurent et al., 

2004), BMP-7 (Hidaka et al., 2003), BMP-9 (Helm et al, 2000), LIM mineralisation 

protein (Viggeswarapu et al., 2001) and the osteoinductive factor Nell-1 (Lu et al., 2007) 

have all successfully been shown to induce spinal fusion in posterolateral lumbar spine or 

percutaneous paraspinal small animal models, while Riew et al. achieved 100% fusion 

rates by transfecting BMSCs with BMP-2 in an ex vivo porcine anterior thoracic 

interbody fusion model (Riew et al., 2003). In addition, the transduction of adipose 

tissue-derived MSCs with BMP-expressing genes has also been shown to promote bone 

formation in both small and large animal spinal models (Sheyn et al., 2008, Sheyn et al., 

2011) with spinal fusion rates comparable to those achieved with genetically modified 

BMSCs (Miyazaki et al., 2008). Zhu et al were also able to demonstrate that the 

synergistic effect of BMP-2 and BMP-7 resulted in a mechanically more stable fusion 

construct than single BMP gene transfer (Zhu et al., 2004).  

 

Gene therapy applications for spinal arthrodesis have provided encouraging pre-clinical 

results, although concerns regarding the safety of the technology present a significant 

challenge to clinical translation. The potential for host immunogenicity, toxicity, viral 

infection and malignant transformation secondary to insertional mutagenesis currently 

limit clinical translation. In addition, the ability to effectively and efficiently deliver the 

target gene to a particular cell, in conjunction with the spatiotemporal delivery, are also 

important factors to consider and explain why ex vivo strategies, in preference to in vivo 

strategies, remain the current approach. Furthermore, ex vivo strategies are considered 

safer as the host is not directly exposed to viral or naked DNA components (Cha & 
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Boden, 2003). However, in the clinical setting, in vivo strategies are preferable so as to 

negate the temporal and financial problems associated with a two stage ex vivo 

procedure.  Gene therapy undoubtedly offers considerable potential for future clinical 

practice but such potential will not be reached until these issues are resolved. 
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1.8 Novel tissue engineering strategies 

1.8.1 Nanotopography 

In surgical practice, the implant surface is known to play a pivotal role in facilitating the 

osseointegration of bone to the implant. Successful osseointegration relies on biological 

fixation through either bone in-growth (bone growth into a porous surface) or bone on-

growth (bone growth onto a biologically active surface). Failure to achieve adequate 

fixation can result in fibrous tissue formation in preference to osteoid formation at the 

bone/implant interface and subsequent aseptic loosening and implant failure (Wazen et 

al., 2013). Harnessing surface topography to optimise implant fixation has been one of 

the challenges over the last few decades and has come to the fore within the tissue-

engineering arena in recent years. 

 

The ability of cells to respond to topographical cues through contact guidance was first 

observed by both Carrel and Harrison in 1911 (Carrel & Burrows, 1911; Harrison, 1911). 

Since these early studies, the effect of microtopography on cell behaviour has been 

extensively studied, with changes in cell adhesion, contact guidance, cytoskeletal 

architecture and gene expression having been reported (Clark et al., 1987; Clark et al., 

1990; Wojciaack-Stothard et al., 1995; Chen et al., 1997; Dalby et al., 2003; Berry et al., 

2004). In vivo, cell adhesion, proliferation and differentiation are influenced by the 

cellular interaction with various structural and biochemical cues within the ECM that are 

not only on the macro or microscale but also on the nanoscale, several orders of 

magnitude below that of the cell as a whole (Figure 14). These nanoscale cues include 

cell organelles, cell-surface transmembrane receptors (integrins) and ECM proteins such 

as collagen, elastin, laminin and glycoproteins (Curtis, 2004). Integrins in particular play 

an integral role in cell adhesion by forming communication channels with adjacent 

surfaces. Extracellular communication occurs via transmembrane integrin-ligand 

interactions, while intracellular communication involves the cell’s signalling pathways 

and cytoskeleton. Integrin-ligand binding causes contraction of the cytoskeleton, 

resulting in integrin clustering and the formation of larger focal cell adhesions. 

Specifically, cell adhesion to nanotopographical surfaces is thought to occur via 

adhesion-related transmembrane particles that aggregate at sites of focal adhesions. It is 

these adhesion-related particles, linking individual actin fibres to the main contractile 

stress fibres, which cause contraction of the cytoskeleton. It is thought that a minimum 

number of integrins are required in the cluster to allow cell adhesion and migration. 
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Furthermore, surface rigidity is known to influence cell adhesion, with stiff surfaces 

responsible for larger cell adhesions (reviewed in Dalby et al., 2014). 

 

 

Figure 14: Schematic representation of the topographical effect on cell behaviour (Park & Im, 2014) 
 

 

The effects of nanotopography on cell behaviour were not recognized until 1964 

following the seminal work of Curtis and Varde (Curtis & Varde, 1964). More recently, 

using technology developed within the semiconductor industry, there has been growing 

interest in the use of nanofabricated materials that can mimic the cellular environmental 

niche and modulate cell behaviour. Fabrication techniques such as photolithography, 

electron beam lithography (EBL) and injection moulding have enabled materials to be 

engineered with precise and reproducible nanoscale geometry and topographical features 

incorporating nanopits, nanoposts (nanopillars) and nanogratings (nanogrooves) 

(Bettinger et al., 2009; Oh et al., 2009) (Figure 15). Determining whether a feature is 

within the nanoscale dimensional spectrum has not been precisely defined, but it has 

been suggested that at least one dimension should be less than 100nm (Ward & Webster, 

2006). Nanogrooved surface patterns were some of the earliest to be studied using 

neuronal cells, with the findings from these studies demonstrating a tendency for cells to 

align and elongate along the direction of the grooves (Clark et al., 1991; Rajnicek et al., 



  CHAPTER 1 
	  

	   51	  

1997). Subsequent studies, using alternative cell types, have demonstrated changes in 

cell adhesion, spreading, proliferation, morphology, protein composition and gene 

expression in response to nanotopographical cues (Dalby et al., 2002; Dalby et al., 2002; 

Andersson et al., 2003; Berry et al., 2004; Kantawong et al., 2009; Abdul Kafi et al., 

2012; Lamers et al., 2012; Park et al, 2012), with cell behaviour known to be influenced 

by topographical cues as small as 8nm (McNamara et al., 2014).  

 

           
 

Figure 15: Schematic representation of a selection of nanotopographical geometries used to 
modulate cell behaviour a) nanogratings b) nanoposts and c) nanopits (Bettinger et al., 
2009) 

 

The effects of nanotopography on osteogenic differentiation have only fully been 

explored since the turn of the century. Elias et al. conducted one of the earlier 

experiments using osteoblasts and demonstrated improved osteoblastic function on 

carbon fibre surfaces <100nm in diameter (Elias et al., 2002). Lately, MSCs have 

become the preferred cell type for use in nanotopographical studies (Park and Im, 2014), 

as the effects of nanotopography on osteogenic differentiation can be more accurately 

defined. Dalby et al. have previously shown that adult SSCs respond to defined 

nanotopographies (nanopits and nanogrooves) and have demonstrated changes in 

filopodial sensing, cell adhesion and spreading, cytoskeletal architecture and SSC 

proliferation and osteoblastic differentiation (Dalby et al., 2006). Furthermore, the group 

has demonstrated that, in the absence of chemical stimulation, the spatial configuration 

of nanopits on polymeric substrate surfaces can dictate MSC differentiation, with 

controlled disordered symmetries (not completely random) promoting osteogenic 

differentiation (Dalby et al., 2007) and highly ordered symmetries maintaining MSC 

phenotype (McMurray et al., 2011). Specifically, the fate of SSCs can be influenced by 

the topographical arrangement of nanopits, with a NSQ arrangement of nanopits (120nm 

pits with centre-centre spacing of 300nm with pits offset ±50nm to the SQ arrangement 

in the x and y-axis) stimulating differentiation towards an osteoblastic phenotype and a 
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SQ arrangement of nanopits (120nm pits with centre-centre spacing of 300nm) 

promoting maintenance of the stem cell phenotype (Dalby et al., 2007; McMurray et al., 

2011).  

 

To date, much of the research exploring the effects of nanotopography on cell behaviour 

has been conducted on polymeric substrates, specifically PMMA and polycaprolactone 

(PCL), owing to the affordability, availability and reproducibility of nanopatterned 

polymeric materials. Although polymers are used for certain orthopaedic applications, 

the majority of biomaterials used within the orthopaedic and dental fields are metallic. 

Titanium and titanium alloys (and to a lesser extent tantalum) are increasingly being 

favoured over other metal alloys (stainless steel and cobalt chrome) because of titanium’s 

biocompatibility, resistance to fatigue and corrosion, and its lower modulus of elasticity 

that is closer to cortical bone (Callister Jr, 2003). Yet the number of studies using 

nanopatterned titanium is comparatively low. The in vitro and in vivo use of 

nanopatterned titanium has recently been reviewed, but the majority of studies have used 

a nanotextured titanium surface with no attempt at quantifying the topographical 

dimensions or structure (Variola et al., 2011). A handful of studies have attempted to 

quantify the dimensional parameters and have shown that the nanotopographical size and 

geometry of titanium substrates influences the osteogenic response of MSCs. Sjostrom et 

al. demonstrated that nanopillars measuring 15nm in height enhanced the osteogenic 

response compared to nanopillars measuring 100nm in height (Sjostrom et al., 2009). 

Conversely, Oh et al. demonstrated that titanium nanotubes of 100nm diameter 

encouraged osteogenic differentiation of MSCs whereas nanotubes of only 30nm 

promoted cellular adhesion but not differentiation (Oh et al., 2009).  

 

Defining and standardising the nanopattern design, to enable reliable and accurate 

reproduction, is a significant challenge in the fabrication of nanopatterned titanium (Ti) 

substrates. The substrates used in this thesis were fabricated at the James Watt 

Nanofabrication Centre in Glasgow. Nanopatterned polycarbonate substrates were 

produced using the processes of electron beam lithography and hot embossing, and the 

titanium layer subsequently applied by the process of electron beam evaporation. 

Electron beam evaporation allows a thin coating to be applied uniformly to the polymer 

surface while retaining surface topography (Yang et al., 2009), and is now a well 

recognised and accepted technique within the engineering field. 
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Despite an improved understanding of surface nanotopography with the emergence of 

nanotechnology, no clinical studies appear to have been conducted incorporating the 

implantation of nanopatterned biomaterials (Gerberich & Bhatia, 2013). From a surgical 

perspective, for a nanotopographical surface to be successful in providing an 

osteoinductive cue to enhance fixation at the bone/implant interface, the surface 

topography must not only promote osteogenic differentiation, but also support the 

adhesion and proliferation of osteogenic cells. The work in this thesis builds on the 

published nanotopographical work from the Dalby collaborative group, involving the 

control of human SSC differentiation using nanoscale symmetry and disorder (Dalby et 

al.; 2007 McMurray et al., 2011). This thesis analyses the in vitro growth and 

differentiation of STRO-1 selected SSCs seeded on to 2-D nanotopographical 

polycarbonate substrates that have been spray-coated with titanium (as opposed to 

PMMA or PCL substrates used in previous nanotopographical experiments) and explores 

the ability of nanopatterned titanium surfaces to direct osteogenesis with the hope that it 

may herald a new direction for implant surface design. 

 

1.8.2 3-D printed scaffolds 

A scaffold plays an integral role in bone tissue regeneration by acting as a delivery 

vehicle for the transport of osteoinductive agents to the site of bone repair, by providing 

an osteoconductive framework for the adhesion and migration of cells and by resisting 

deforming forces during bone formation thus contributing to the mechanical stability of 

the construct. Pore size (the absolute void size of individual pores), porosity (the 

percentage of void space within a structure), pore shape and the size of pore 

interconnections affect a scaffold’s osteoconductive potential i) by influencing the 

adherence, migration, proliferation and differentiation of osteoprogenitor cells within the 

scaffold, ii) by contributing to neovascularisation and iii) by indirectly affecting the 

scaffold’s mechanical properties (Bolland et al., 2008; Feng et al., 2011), and are critical 

parameters governing the successful inducement of bone ingrowth within a scaffold. But 

despite considerable research there is no consensus on what the optimum measurements 

for these parameters should be. Some studies have suggested that smaller pore sizes (96-

150µm) are optimal to promote initial cell adhesion to the scaffold, but limit cell 

migration into the scaffold and the diffusion of nutrients, while larger pore sizes (300-

800µm) are necessary to facilitate bone ingrowth and vascular invasion (reviewed in 

Murphy and O’Brien, 2010). Other studies have demonstrated that pore interconnection 



  CHAPTER 1 
	  

	   54	  

sizes of between 50µm and 100µm are beneficial for bone ingrowth (reviewed in Jones et 

al., 2009). While research into scaffold porosity has suggested that the optimal porosity 

for bone formation is approximately 70% (reviewed in Karageorgiou and Kaplan, 2005) 

without compromising the construct’s mechanical strength (Tan et al., 2009). The 

literature is divided with regards to the optimum pore size for bone regeneration, but it 

would appear that differing pore sizes are required for the differing stages of bone 

formation (reviewed in Murphy and O’Brien, 2010).  

However, the difficulty in accurately controlling the individual parameters of a porous 

structure, not only during a scaffold’s fabrication, but also in the design of in vitro and in 

vivo studies, has contributed to the variance in findings in the research to date (Feng et 

al., 2011). 

 

Additive manufacturing (AM), a term often used synonymously with 3-D printing, 

describes the computer-directed layer-by-layer fabrication of a 3-D construct using rapid 

prototyping and solid freeforming techniques. AM already has broad industrial 

applications, with 3-D printing technology having been around for several decades, but 

recently there has been growing interest in the potential use of AM technology for 

skeletal repair (reviewed in Gibbs et al., 2014). A medical-grade PCL-TCP scaffold, 

fabricated using a fused deposition modelling technique, has shown promising results 

with regards to bone regeneration in both an ovine long bone defect model (Reichert et 

al., 2012) and a porcine interbody spinal fusion model (Abbah et al., 2009). Within the 

craniomaxillofacial field, AM has been used clinically to create 3-D models that act as 

templates for mandibular reconstruction (Lethaus et al., 2012). Within the orthopaedic 

field, the emergence of 3-D printing is generating considerable excitement, particularly 

for situations where significant bone loss has created large defects for which standard 

implants are deemed unsuitable. In 2014, 3-D printing technology was used for the first 

time in the United Kingdom (Mr D. Dunlop, Southampton University Hospitals NHS 

Trust) in a patient requiring complex acetabular reconstruction for a revision hip 

arthroplasty procedure. The 3-D printing technology was used to create a template of the 

patient’s pelvis prior to the fabrication of a titanium scaffold to replicate the anatomical 

defect. During the surgical procedure, SSCs from bone marrow aspirate were harvested 

and incorporated with the construct prior to implantation, in effect creating a 3-D printed 

tissue engineered scaffold for bone tissue regeneration. 
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Solvent-based paste extrusion solid freeforming is one example of a rapid prototyping 

technique that has been used to fabricate scaffolds with defined characteristics (Yang et 

al., 2006) (Figure 16). The process incorporates a novel extrusion nozzle design and 

involves the sequential layering of the construct to create a fine multilayer 3-D lattice 

structure, where the void size, filament diameter and void interconnection distances can 

be precisely controlled (Yang et al., 2008). 

 

 
 
Figure 16: The process of extrusion freeforming used to create fine 3-D lattice structures (courtesy 

of M. Vaezi, Department of Engineering and Environment, University of Southampton)  
 
 
 

The extrusion freeforming technique allows the creation of 3-D lattice structures of any 

shape or size, with the ability to control hierarchical microstructure, and can incorporate 

an array of materials (including ceramics and polymers) used either in isolation or as a 

composite (Evans and Yang, 2009) (Figure 17).  
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Figure 17: Control of pore size and filament diameter by novel extrusion nozzle design (Evans & 

Yang, 2009, also courtesy of M. Vaezi, Department of Engineering and Environment, 
University of Southampton) 

 

 

Porous HA is widely used as a bone graft substitute for its osteoconductive properties 

(Sopyan et al., 2007) but currently has a limited role in load-bearing applications due 

firstly to the inherent brittleness of HA and secondly to the difficulty in controlling the 

porous architecture of HA scaffolds. Recent advancements in 3-D printing techniques 

have enabled engineers to fabricate scaffolds with precisely defined and reproducible 

micro- and macro-scale architecture using a variety of materials (including HA) (Yang et 

al., 2008). The ability to control pore size and filament diameter has been shown to 

enhance the mechanical properties of 3-D printed HA scaffolds (Yang et al., 2010). 

 

The work in this thesis uses a 3-D printed ceramic scaffold made from 100% sintered HA 

with defined pore and filament dimensions that have been kept uniform throughout the 

construct. The work explores in vitro the effect of two different pore sizes on the 

viability of SSCs seeded onto the scaffolds and on the scaffold’s osteoconductive 

potential. Based on published literature suggesting that pore size between 100-135µm is 

optimal for initial cell adhesion and pore size greater than approximately 300µm is 

essential for scaffold vascularisation (reviewed in Murphy & O’Brien, 2010), scaffolds 

with pore diameters of 125µm and 250µm were compared. 
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1.9 Modelling systems and the challenges to clinical translation 

1.9.1 Ex vivo modelling 

The developing chick embryo has been a source of considerable scientific interest since 

ancient Egyptian times with the earliest morphological studies dating back to Aristotle in 

300BC (Stern, 2004). Over subsequent millennia, the chick embryo has become an 

established ex vivo model system for developmental biological purposes.  

 

1.9.1.1 Chick limb organotypic culture system 

The chick limb organotypic culture system (Figure 18), whereby chick limb buds and 

femora are harvested from the developing embryo and cultured ex vivo, was pioneered by 

Dame Honor Fell (Fell and Robison, 1929). The evolution and refinement of this early 

model over the last 80 years has provided an understanding of the functional role played 

by bone cells and exogenous factors in skeletal development and enabled characterisation 

of the various stages of skeletal and cartilage growth, resorption, mineralisation and 

deterioration (Fell and Dingle, 1969; Roach, 1990; Roach et al., 1995; Roach, 1997). 
 

 
Figure 18: Set up of the “present-day” organotypic chick femur culture system demonstrating        

A) insertion of the semi-porous membrane into media and B,C) culture of embryonic 
chick femora on the membrane   (Smith et al., 2013) 

 

The harvesting of embryonic day 10 or 11 (E10 or E11) chick femora, as opposed to 

older femora used in some of the earlier experiments, is currently preferred for 

experimental purposes. At the E10/E11 time point, the chick femora are predominantly 

cartilaginous and contain a high proportion of undifferentiated progenitor cells. The 

relative immaturity of the chick femora at this time confers a greater potential for 

experimental manipulation with regards to skeletal tissue formation. Indeed, techniques 

that include micro-injection and the creation of wedge defects, segmental critical-size 

defects and drill defects have all been employed to analyse the effect of exogenous 
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stimuli and scaffolds on tissue growth as detailed in a review by Smith et al. (Smith et 

al., 2013). In culture, limb growth is impaired during the first 2 days, as the chick femora 

recover from the trauma of the harvesting process and “adapt” to the new environment. 

Cellular proliferation and growth of cartilaginous and skeletal tissue is known to be 

optimal between days 3 and 9 following isolation and culture, with a period of “steady 

growth” observed during this time. Although chick femora can be cultured ex vivo for up 

to 18 days, cell deterioration and ultimately cell necrosis and tissue destruction occurs 

from about day 10 onwards (Roach, 1990).  

 

1.9.1.2 Chorioallantoic membrane culture system 

The chick chorioallantoic membrane (CAM) is a simple yet highly specialised, extra-

embryonic, three-layer membrane derived from distinct embryonic tissues (Figure 19): 

the ectodermal chorionic epithelium that is in direct contact with the inner shell 

membrane, the intermediate mesoderm enriched in blood vessels and stromal 

components, and the endodermal allantoic epithelium that lines the allantoic cavity 

(Gabrielli and Accili, 2010). The CAM is formed by the partial fusion of the chorion and 

allantois between days 5 and 6 of embryonic development (Romanoff, 1960). By day 10 

of incubation, an extensive extra-chorionic capillary network has developed. By day 11 

or 12 of embryonic development, the CAM surrounds the entire embryo and contents of 

the egg (Freeman and Vince, 1974). 
 

                      
 
Figure 19: Schematic representation of the CAM demonstrating the three distinct tissue layers – in 

this example cultured bones have been placed on to the CAM through a window in the 
shell (Melton et al., 2006) 
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The pronounced vascularity of the CAM (through its dense capillary network) is integral 

to embryonic development and contributes to the CAM’s multifunctionality; facilitating 

calcium transport from the eggshell and electrolyte and water reabsorption from the 

allantoic fluid, regulating embryonic acid-base balance and acting as the site of nutrient 

and respiratory gas exchange (Gabrielli and Accili, 2010). The affordability of chick 

embryos, the immunological immaturity of the developing chick embryo and the 

relatively short developmental (and therefore experimental) time frame, in conjunction 

with the CAM’s vascularity and accessibility, provide an attractive ex vivo environment 

to examine tissue development.  

 

For half a century, researchers have taken advantage of the CAM’s unique features, 

initially to study the angiogenesis, invasion and metastasis of various tumours, and 

subsequently to analyse the effects of anti-cancerous therapy on angio- and 

tumourgenesis (reviewed in Tufan & Satiroglu-Tufan, 2005; Deryugina and Quigley, 

2008; Ribatti, 2008). Within the skeletal tissue-engineering field, the CAM culture 

system has been used to explore the angiogenic and osteoconductive properties of 

various biomaterials implanted on to the CAM and cultured in ovo, as detailed in a 

review by Baiguera et al. (Baiguera et al., 2012). More recently, the CAM culture model 

has been coupled with the ex vivo chick femur model system (Salem et al., 2003; Smith 

et al., 2013). 
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1.9.2 In vivo modelling 

In vivo modelling is the final step required to bridge the gap from laboratory based in 

vitro and ex vivo studies to clinical translation. However, the choice of animal and the 

type of model used are dependent on a multitude of factors that include cost, time, 

available facilities, researcher expertise and, most importantly, the material being 

analysed.  

 

1.9.2.1 Non-spinal in vivo models 

The relative affordability and ease of maintenance of the mouse make it the most 

commonly used animal for basic science research (Szpalski et al., 2010). The 

subcutaneous implant model is generally regarded as the simplest in vivo model to use 

(Tare et al., 2010) and has proved useful for the analysis of neovascularization and bone 

tissue formation of implanted constructs in a non-osseous environment (Bolland et al., 

2008).  

 

Fresh critical-size bone defect models are employed to represent skeletal non-union 

(Mills and Simpson, 2012) and are more reflective of the physiological environment than 

subcutaneous models. A critical-size defect is defined as the smallest intra-osseous 

wound characterized by an absence of spontaneous healing, which would not heal by 

bone formation during the lifetime of the animal (Schmitz and Hollinger, 1986). The 

mouse calvarial defect model is a well-established model that allows analysis of the bone 

healing response to tissue-engineered materials (Krebsbach et al., 1998; Lee et al., 2001). 

A 5mm defect has traditionally been regarded as the critical size required to prevent 

spontaneous healing of the mouse calvarium during the lifetime of the animal (Schmitz 

and Hollinger, 1986), although recent studies have suggested that the critical-size defect 

may only be 4mm (Levi et al., 2011; Ye et al., 2011). The calvarial defect model has the 

advantage of not requiring skeletal fixation as it relies upon the support provided by the 

underlying dura mater and overlying skin. However, there are deficiencies to the 

calvarial defect model. Firstly, the calvarium heals by intramembranous as opposed to 

enchondral ossification (Tare et al., 2010). Furthermore, the calvarium is a non-weight 

bearing bone.  

 

Long bone models, incorporating wedge or segmental defects, are generally favoured 

over other models as long bone models are more representative, both mechanically and 
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physiologically, of the bone healing conditions within the clinical environment (Mills 

and Simpson, 2012). The rabbit ulna, being larger than the radius, offers researchers a 

useful in vivo environment as a small animal long bone defect model, and has been used 

extensively to explore the bone healing response to various tissue-engineered scaffolds 

(Hopp et al., 1989; Cook et al., 1994; Bostrom et al., 1996, Ozdemir and Kir, 2011). A 

15mm defect in the diaphysis of the rabbit ulna is considered the critical size needed to 

prevent spontaneous bone healing (Szpalski et al., 2010). The rabbit segmental ulna 

defect model has also been shown not to require skeletal fixation and can be performed 

bilaterally without causing additional co-morbidity to the rabbit (Wan et al., 2006).	  

 

1.9.2.2 Spinal in vivo models (review article, Evans et al., 2013): 

The clinical translational process can be facilitated by the use of in vivo models that 

mimic the clinical environment of humans. For anatomical reasons, cadaveric human 

specimens would be ideal for use in spinal fusion studies, but such specimens are 

difficult to acquire, lack the geometrical and biomechanical uniformity needed to 

standardise experiments, and do not provide a physiological environment conducive to 

tissue-engineering studies where cell survival is paramount. Consequently, in vivo animal 

models that attempt to replicate the human clinical environment have been developed, 

but the phenotypic, physiological and biomechanical diversity of the spinal environment 

between animals and humans makes this difficult to achieve. Furthermore, there is 

considerable variation in human vertebral morphology in the cranio-caudal direction, 

reflecting the evolutionary transition from quadrupedal to bipedal gait. Nonhuman 

primates, being the only species to share the upright posture of Homo sapiens, would be 

well suited for use as an animal model in spinal fusion studies (Orii et al., 2005; Wang et 

al., 2005), but significant moral and ethical opposition, in conjunction with financial 

constraints, have limited the role of nonhuman primates in clinical research.  

 

Spinal fusion models have therefore been developed using both large and small animals 

that have greater social acceptability for clinical research. The use of quadruped models 

has historically been criticised for not reflecting the erect posture of the human spine in 

the belief that spinal loading differs considerably between quadrupeds and bipeds. 

Biomechanical analysis of the human spine demonstrates that body weight is 

predominantly transmitted as a compressive load through the anterior and middle 

columns of the spine, with only 20% transmitted through the posterior column which acts 
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more as a tensile band (Aruna et al., 2003). However, animal studies have confirmed that 

the mechanical properties of quadruped spines are comparable to human spines (Wilke et 

al., 1996; Wilke et al., 1997), with loading by axial compression (Smit, 2002) and 

similarity in the stress distribution across spinal motion segments (Lim et al., 1994).  

 

A number of factors dictate the choice of fusion in clinical practice, including the clinical 

indication for surgery, the surgeon’s technical expertise and patient comorbidities. 

Although spinal arthrodesis can be performed at any spinal level, over any number of 

levels and for a variety of conditions, the lumbar and thoracolumbar regions, being the 

sites of greatest dynamic load, are the predominant sites of spinal nonunion and 

consequently are favoured for the in vivo modelling of spinal fusion procedures in 

animals. Furthermore, despite widespread techniques and strategies for achieving a spinal 

fusion, posterolateral fusion (involving the insertion of graft material between adjacent 

transverse processes through a posterolateral approach) and interbody fusion (involving 

the insertion of graft material between adjacent vertebral bodies through either an 

anterior, transforaminal or posterolateral approach) are the commonest spinal fusion 

procedures performed in clinical practice. However, the variety of operative techniques 

and complexity of spinal surgical pathology cannot be accurately represented solely in 

one animal model and therefore necessitates the development of different models to 

reflect this myriad of clinical scenarios. Each anatomical location presents a unique 

surgical environment that needs to be reflected when considering which animal model to 

use. The strengths and deficiencies of these animal models are considered in more detail.   

 

Small animal models (murine, rodent and lapine) are an attractive choice for in vivo 

spinal fusion studies. The affordability of small animals means that greater numbers can 

be used for experimental purposes to improve the power of a study. The most widely 

used fusion model in spinal research is the well-established posterolateral spinal fusion 

model in the New Zealand white rabbit (Boden et al., 1995; Palumbo et al., 2004; Valdes 

et al., 2004). The graft-healing environment in the New Zealand white rabbit is thought 

to accurately reflect the biological environment found in humans, with studies showing 

comparability in nonunion rates using autograft (Schimandle et al., 1995; Morone & 

Boden, 1998). Furthermore, the lumbar spine of the New Zealand white rabbit exhibits 

similar kinematic characteristics to the human spine (Grauer et al., 2000; Erulkar et al., 

2001). However, the spinal fusion model of the New Zealand white rabbit does have its 
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limitations. Firstly, small animals are unsuitable for modeling interbody spinal fusion, 

due to their size and the associated technical difficulty. Secondly, studies involving 

ipsilateral fusion and fusion between adjacent motion segments can be misleading due to 

the effect on segmental mobility. An intact motion segment is needed between fused 

levels to prevent alteration of the mechanical environment that would makes data 

extrapolation unreliable (Kruyt et al., 2004). Finally, posterior instrumentation is often 

used in clinical practice to augment posterolateral fusions. This provides stability 

between motion segments and a mechanically favourable environment for the bone 

healing response. However, instrumentation is rarely used in small animal models, and 

this creates a different mechanical environment to that seen in clinical practice. 

 

The anatomical similarity between the spines of large animals and humans, as reported in 

several studies (Wilke et al., 1997; Kumar et al., 2000; Kandziora et al., 2001; Drespe et 

al., 2005), has resulted in the use of large animal models (feline, canine, ovine, porcine, 

bovine, caprine and deer) for both posterolateral and interbody spinal fusion studies. 

However, the assertion that the anatomy of large animals and humans is comparable is 

not supported by all the literature, with one systematic review reporting considerable 

differences in at least one anatomical parameter (Sheng et al., 2010). Furthermore, the 

maintenance costs, handling, anaesthetic requirements and social acceptability of some 

large animal species has placed constraints on the use of large animal models for clinical 

research and, as such, large animal models are less well characterised compared to 

smaller animal models. 

 

Factors such as smoking, osteoporosis, radiation therapy, nonsteroidal anti-inflammatory 

drugs and vitamin D deficiency are known to inhibit bone formation and have an adverse 

effect on spinal fusion through a combination of reduced vascularity, cytotoxicity and 

poor mechanical stability. Physiological variables such as these can have a considerable 

affect on SSCs in humans but are often unaccounted for in animal models. Studies have 

also demonstrated the effect of patient age and the menopause on bone marrow quality, 

with reduced cellularity and diminished osteogenic differentiation potential observed 

with increasing age (Kretlow et al., 2008) and in postmenopausal women (Rodriguez et 

al., 1999). The number of osteoprogenitor cells available in human bone marrow is 

subject to considerable patient variability (Muschler et al., 1997), with fewer cells 

obtained from sites of established nonunion (Hernigou & Beaujean, 1997). The increased 
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vascularity of the interbody space compared to the posterolateral fusion environment 

may also enhance bone formation in the former. Furthermore, it is generally accepted 

that bone healing occurs more readily in small animals than in larger animals and humans  

(Boden, 2002; Drespe et al., 2005). These findings highlight the fact that certain 

physiological parameters can influence the availability, fate and osteogenic potential of 

SSCs and illustrate the importance of testing tissue-engineered constructs in specific 

environments under appropriate physiological conditions that are anticipated to predict 

efficacy. 

 

The ability to accurately interpret study findings is dependent on the objective 

assessment of predetermined outcome measures. But in the spinal surgical field there is a 

general lack of consensus as to what constitutes a successful spinal fusion and this 

disagreement presents a significant challenge when developing clinical translational 

models. The appearance of a solid spinal fusion on radiological assessment does not 

necessarily correlate to a satisfactory clinical outcome. Conversely, good clinical results 

can be achieved in the radiological absence of a solid fusion. The temporal differences 

and varying modalities used to assess spinal fusion in in vivo studies further compound 

the problem and make the direct comparison of results between different studies subject 

to assessment bias. Furthermore, each modality used to assess spinal fusion has its own 

limitations. The ability of plain radiographs to detect spinal fusion is poor, with a 

sensitivity and specificity no greater than 70% (Brodsky et al., 1991). The metal artifact 

created on CT from metallic vertebral interbody devices makes quantification of the 

degree of spinal fusion unreliable. While modalities such as manual palpation, 

histochemical analysis and mechanical testing, useful for the ex vivo assessment of spinal 

fusion, are redundant in clinical practice due to the impracticalities of using such tests in 

living patients. 
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1.10 Aims and objectives of thesis 

The aim of this thesis was to explore two novel tissue-engineering strategies for their 

potential role in improving osseointegration during bone regeneration, with particular 

emphasis placed on developing strategies to promote spinal arthrodesis. Firstly, the thesis 

explores the effects of nanopatterned titanium surfaces on SSCs in vitro, ex vivo and in 

vivo, and aims to determine whether surface nanotopography influences SSC 

osteoinduction in the absence of chemical stimulation. Secondly, using an in vitro 

approach, the thesis evaluates the osteoconductive efficacy of 3-D printed HA scaffolds 

and aims to determine whether pore size influences cell behaviour. 

 

Nanotopographical work: 

The osteoinductive potential of SQ and NSQ nanopatterned titanium surfaces was 

initially explored using a series of in vitro experiments. However, to more accurately 

reflect the physiological clinical environment, further analysis was conducted using ex 

vivo and in vivo model systems run in parallel to each other. In this thesis, ex vivo 

modelling was conducted using the CAM culture model in conjunction with the 

embryonic chick femur model. By analysing the growth and differentiation of cells in the 

cortex of the embryonic chick femur, cultured in ovo using the CAM model, the effect of 

the nanopatterned surface could hopefully be determined.  

 

The original intention of the in vivo work was to analyse the osteoinductive potential of 

the nanotopographical substrates in the New Zealand white rabbit posterolateral spinal 

fusion model. However, it soon became apparent that not only were the substrates 

unsuitable in their current fabrication state for analysis using an in vivo spinal model, but 

that obtaining Home Office approval for using such an in vivo model was not achievable 

within the given time frame of the research. A mouse critical-size calvarial defect model 

was subsequently chosen to analyse the osteoinductive potential of the 

nanotopographical substrates (this being a model that already had Home Office approval 

for use within the Bone and Joint Group, University of Southampton). Substrates pre-

seeded with SSCs were to be inserted into the defect, with the nanotopographical surface 

orientated downwards, as the dura is thought to play an integral role in the calvarial bone 

healing response (Hobar et al., 1993; Cooper et al., 2010). However, due to unforeseen 

experimental difficulties, use of the mouse calvarial defect model was aborted and a 

mouse subcutaneous model was resorted to instead. Concomitantly, time was spent 
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developing the New Zealand white rabbit ulna defect model for in vivo experimentation, 

to allow analysis of the nanotopographical substrates in an osseous environment, more 

representative of the clinical environment. At the time, the Home Office licence for the 

rabbit ulna defect model (that had previously been granted to the Bone and Joint Group, 

University of Southampton) stipulated the creation of a single 2cm ulna segmental defect 

in one limb of a New Zealand white rabbit. However, this model presented a number of 

perceived problems for the analysis of the nanotopographical substrates used in this 

thesis. Firstly, the 3mm substrates would not be contained by a 2cm segmental defect. 

Secondly, the segmental defect model is optimised for analysing homogenous 3-D 

scaffolds inserted into the defect and not for analysing the 2-D nanopatterned surfaces 

used in this thesis. Thirdly, the creation of a single defect in a single rabbit forelimb 

would limit the number of substrates that could be analysed at any one time, reducing the 

ability to standardise the experiment (if using multiple substrates) and resulting in an 

increase in the number of rabbits required for each experiment. Consequently, the licence 

was deemed inappropriate in its current format and efforts were made to develop a 

modified rabbit ulna model.  

 

The specific objectives for analysis of the nanotopographical substrates in this thesis 

were as follows: 

 

• To examine in vitro the effect of two-dimensional nanosurface topogography on SSC 

growth and differentiation. 
 

• To determine if Ti-spray coated nanpatterned surfaces maintain SSC viability and 

growth. 
 

• To examine ex vivo, using a chorioallantoic membrane (CAM) model, the 2-D 

nanotopographical effects of Ti-spray coated surfaces on SSC growth and 

differentiation. 
 

• To develop an in vivo model to assess the 2-D nanotopographical effects of Ti-spray 

coated surfaces on SSC growth and differentiation. 
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3-D printed scaffold work: 

The collaboration with the Engineering Department at the University of Southampton 

(that fabricated the 3-D printed HA scaffolds) was formed late during my research 

period. Consequently, the osteoconductive potential of the 3-D printed HA scaffolds was 

explored using a single in vitro experiment, with the hope that it would act as a platform 

from which further studies could be conducted.  

 

The specific objectives for analysis of the 3-D printed HA scaffolds in this thesis were as 

follows: 
 

• To determine whether a novel 3-D printed HA scaffold supports the growth and 

proliferation of SSCs and has any osteoconductive potential. 
 

• To analyse in vitro the effect of pore size of a 3-D printed HA scaffold on SSC 

growth and proliferation. 
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1.11 Null hypotheses 

• The Ti-spray coated surface does not support the in vitro growth and differentiation 

of adult SSCs.  
 

• The in vitro growth and differentiation of adult SSCs seeded on to SQ and NSQ Ti-

spray coated nanotopographies is not affected by the arrangement of nanopits on the 

substrate surface.  
 

• The nanopatterned surface of Ti-spray coated polycarbonate substrates does not have 

an osteoinductive role in the development of embryonic chick femora. 
 

• The nanopatterned surface of Ti-spray coated polycarbonate substrates does not have 

an osteoinductive role in vivo. 
 

• Pore size has no effect on the viability of SSCs seeded onto 3-D printed HA scaffolds 

or on the osteoconductive potential of the scaffold. 
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2.1 Reagents, hardware and software 

A summary of the reagents, hardware and software used during the research, including 

supplier details and concentrations used (where applicable), are detailed (Tables 9 and 

10). 
  
2.1.1 Reagents 

REAGENT SUPPLIER CONCENTRATION 

CELL CULTURE   

Alpha-Modified Eagles Medium (α-MEM) 
Sigma-Aldrich Ltd.  
Gillingham, UK 

10g/L media 

Fetal calf serum (FCS)a 
Invitrogen Ltd. 
Paisley, UK 

5% and 10% (see experimental 
details) 

Phosphate buffered saline (PBS) 
PAA Laboratories 
Yeovil, UK 

Use as supplied 

Penicillin/streptomycina 
Sigma-Aldrich Ltd.  
Gillingham, UK 

10ml//L media 

Dexamethasone 
Sigma-Aldrich Ltd.  
Gillingham, UK 

10nM 

Ascorbic acid 2-phosphate 
Sigma-Aldrich Ltd.  
Gillingham, UK 

100µM 

Lymphoprep 
Alere Ltd. 
Stockport, UK 

20ml/25ml cell suspension 

STRO-1 hybridoma 
University of Southampton 
UK 

Use as supplied 

Microbeads (rat anti-mouse IgM) 
Miltenyl Biotec Ltd.  
Bisley, UK 

200µl/800µl MACS buffer 

Trypsin-EDTA 
Lonza Ltd. 
Wokingham, UK 

Trypsin 0.5g/L 
EDTA 0.2g/L 

Antibiotic-antimycotic (ABAM) solution 
Sigma-Aldrich Ltd.  
Gillingham, UK 

10ml/L PBS 

MACS 
buffer 

 

EDTA-disodium salt 
 
 

Bovine serum antigen (BSA) 
 

 

Lonza Ltd. 
Wokingham, UK 
 

PAA Laboratories 
Yeovil, UK 
 

 

745mg/L PBS 
 
 

5g/L PBS 

Blocking 
buffer 

 

Hanks buffered saline (HBSS) 
 
 

Human antibody serum 
 
 

FCS 
 
 

BSA 
 

 

Lonza Ltd. 
Wokingham, UK 
 

Sigma-Aldrich Ltd. 
Gillingham, UK 
 

Invitrogen Ltd. 
Paisley, UK 
 

Sigma-Aldrich Ltd. 
Gillingham, UK 
 

 

2.38g HEPES/L HBSS (10mM) 
 
 

2ml/17ml HBSS 
 
 

1ml/17ml HBSS 
 
 

200mg/17ml HBSS 

a Penicillin/streptomycin solution and FCS were added to α-MEM as standard for all experiments unless otherwise stated 
 

Table 9:  List of reagents used during research 
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REAGENT COMPANY CONCENTRATION 

BIOCHEMISTRY   

Triton X-100 
BDH Chemical Ltd.  
Poole, UK 

50µl/100ml 

DNA 
Invitrogen Ltd. 
Paisley, UK 

2µg/ml 

Tris-EDTA buffer 
Sigma-Aldrich Ltd.  
Gillingham, UK 

10mM Tris-HCL and 1mM 
EDTA 

PicoGreen® 
Invitrogen Ltd. 
Paisley, UK 

15µl/3ml Tris-EDTA buffer 

2-amino-2-methyl-1-propanol (AMP) alkaline 
buffer solution 

Sigma-Aldrich Ltd. 
Gillingham, UK 

0.5M 

p-nitrophenyl phosphate (pNPP) 
Sigma-Aldrich Ltd. 
Gillingham, UK 

10mM 

Sodium hydroxide 
Fisher Scientific UK 
Loughborough, UK 

1M 

CellTrackerTM Green 
Invitrogen Ltd. 
Paisley, UK 

10µg/ml media 

Ethidium Homodimer-1 
Invitrogen Ltd. 
Paisley, UK 

5µg/ml media 

Dimethyl sulfoxide (DMSO) 
Sigma-Aldrich Ltd. 
Gillingham, UK 

Use as supplied 

MTT solution 
Sigma-Aldrich Ltd. 
Gillingham, UK 

5mg/ml 

HISTOLOGY   

Histoclear 
Fisher Scientific UK 
Loughborough, UK 

Use as supplied 

Methanol (analytical grade) 
Fisher Scientific UK 
Loughborough, UK 

Diluted to required 
concentration with H2O 

Distyrene Plasticizer Xylene (DPX) 
TCS Biosciences Ltd. 
Buckingham, UK 

Use as supplied 

Hydrochloric acid (HCl) 
VWR International Ltd. 
Lutterworth, UK 

Use as supplied 

Molybdophosphoric acid 
VWR International Ltd. 
Lutterworth, UK 

3g/300mls dH20 

Weigerts haematoxylin A 
Fisher Scientific UK 
Loughborough, UK 

10g haematoxylin/1L 100% 
methanol (left to ripen for 4 
weeks) 

Weigerts haematoxylin B 
VWR International Ltd. 
Lutterworth, UK 

6g ferric chloride/500mls 
dH20 and 5mls conc. HCl 

Alcian blue  
VWR International Ltd. 
Lutterworth, UK 

1.5g Alcian blue 8GX/300mls 
dH20 and 3mls acetic acid 

Sirius red  
VWR International Ltd. 
Lutterworth, UK 

0.3g Sirius red F3B/200mls 
dH20 and 100mls picric acid 

 
Table 9 (continued):  List of reagents used during research 
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REAGENT COMPANY CONCENTRATION 

IMMUNOFLUORESCENCE   

Paraformaldehyde 
Fisher Scientific UK 
Loughborough, UK 

40mg/L  

Tween-20 
Fisher Scientific UK 
Loughborough, UK 

5ml/L PBS 

FluoromountTM 
Sigma-Aldrich Ltd.  
Gillingham, UK 

Use as supplied 

Blocking 
buffer 

 
PBS 
 
 
Triton X-100 
 
 
Goat serum 
 
 

 
Fisher Scientific UK 
Loughborough, UK 
 
BDH Chemical Limited 
Poole, UK 
 
Sigma-Aldrich Ltd.  
Gillingham, UK 
 

 
1 tablet/100ml dH2O 
 
 
300µl/100ml  
 
 
5ml/100ml  

Antibody 
dilution 
buffer 

 
PBS 
 
 
Triton X-100 
 
 
BSA 
 

 
Fisher Scientific UK 
Loughborough, UK 
 
BDH Chemical Limited 
Poole, UK 
 
Sigma-Aldrich Ltd. 
Gillingham, UK 
 

 
1 tablet/100ml dH2O 
 
 
300µl/100ml  
 
 
5g/L PBS 

Primary 
antibody 

 
Bone sialoprotein  
 
 
Osteopontin  
 
 
Anti-type 1 collagen (LF68, 
rabbit polyclonal) 

 
abcam®, Cambridge, UK 
 
 
abcam®, Cambridge, UK 
 
 
Gift from Dr Larry Fisher 
NIH, Maryland, USA 
 

 
1:50 dilution 
 
 
1:50 dilution 
 
 
1:1000 dilution 

Secondary 
antibody 

 
Alexa Fluor 488 goat anti-
rabbit IgG (green) 
 
Alexa Fluor 594 goat anti-
rabbit (red) 
 
DAPI 

 
Invitrogen Ltd. 
Paisley, UK 
 
Invitrogen Ltd. 
Paisley, UK 
 
Invitrogen Ltd. 
Paisley, UK 
 

 
1:100 dilution 
 
 
1:100 dilution 
 
 
1:200 dilution 
 

 
Table 9 (continued):  List of reagents used during research 

 

 

Unless otherwise stated, reagents were allowed to warm to room temperature prior to 

use. 
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2.1.2 Hardware and software 

PRODUCT COMPANY 

IMAGING  

Axiovert 200 Inverted Light Microscope Carl Zeiss Ltd., Cambridge, UK 

AxioCam MRm Monochrome Camera Carl Zeiss Ltd., Cambridge, UK 

X-Cite® 200 Fluorescence Microscope Light Source Lumen Dynamics, Canada 

SkyScan 1176 in vivo Micro-CT Bruker, Coventry, UK 

HARDWARE  

QuadroMACSTM Separator Miltenyi Biotec Ltd., Bisley, UK 

Heraeus Megafuge 1.0R Fisher Scientific UK Ltd., Loughborough, UK 

MiniSpin® Centrifuge Eppendorf UK Ltd., Stevenage, UK 

Centrifuge 5424R Eppendorf UK Ltd., Stevenage, UK 

Veriti® 96-well Thermal Cycler Applied Biosystems, Paisley, UK 

Vortex Mixer FB15013 Fisher Scientific UK Ltd., Loughborough, UK 

Nanodrop 1000 Spectrophotometer Thermo Scientific, USA 

7500 qRT-PCR System Applied Biosystems, Paisley, UK 

FLx800 Microplate Fluorescence Reader BioTek Instruments, Potton, UK 

ELx800 Microplate Reader BioTek Instruments, Potton, UK 

Shandon Citadel 2000 Tissue Processor Thermo Scientific, USA 

Hatchmaster Brinsea Products Ltd., Somerset, UK 

Cell culture incubator NuAire Inc., USA 

SOFTWARE  

KC4 Software BioTek Instruments, Potton, UK 

Axiovision Software V4.0 Carl Zeiss Ltd., Cambridge, UK 

 
Table 10: List of hardware and software used during research 
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2.2 Nanotopographical substrates 

Polycarbonate substrates were nanofabricated using the processes of electron beam 

lithography and hot embossing by Dr N. Gadegaard at the James Watt Nanofabrication 

Centre in the University of Glasgow, UK. Each substrate measured 2 x 2cm with the 2-D 

nanopattern embossed onto one surface only. Individual nanopits measured 120nm in 

diameter and 100nm in depth (Figure 20).  

 

   
 

Figure 20: Illustration of individual nanopit dimensions on a SQ nanopatterned surface A) under 
SEM imaging (viewed from above) B) Schematic representation (viewed from the side) 

 

The nanopatterns used included a square (SQ) arrangement of pits, with centre-centre 

spacing of 300nm between each pit, and a near-square (NSQ) arrangement, with ±50nm 

offset in pit placement in the x and y-axes from the square arrangement (Figure 21). The 

titanium-spray coated layer (applied using an electron beam evaporation process) had a 

uniform depth of 20nm. Planar (PL) surfaces with no nanopatterning acted as substrate 

controls.  

 

   
 
Figure 21: SEM imaging of A) SQ nanopit arrangement B) NSQ nanopit arrangement (scale bar 

represents 1µm) (from Dalby et al., 2007). 
 
 
 

	  

100nm 

120nm 

A B 

A B 
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2.3 3-D printed hydroxyapatite scaffolds 

100% sintered HA scaffolds were fabricated using an extrusion freeforming technique by 

Dr Shoufeng Yang in the Engineering Department at the University of Southampton, 

UK. Each scaffold measured 10 x 10 x 4mm (Figure 22), with pore sizes measuring 

either 125µm or 250µm. The pore sizes in each individual scaffold were uniform 

throughout. The filament diameter was 200µm throughout each scaffold. 

 

 
 

Figure 22: 100% sintered HA scaffold used for in vitro analysis 
 

 

2.4 Isolation and expansion of the STRO-1 fraction of skeletal stem cells 

Human bone marrow samples were retrieved from fully consented and haematologically 

normal adult patients undergoing hip surgery at Southampton University Hospitals NHS 

Foundation Trust, in accordance with the Southampton and South West Hampshire Local 

Research Ethics Committee guidelines (LREC194/99). Samples were stored at 4°C and 

used within 24 hours of harvesting. Individual samples were repeatedly washed with 

filter sterilized media (α-MEM) and the resultant cell suspension centrifuged at 1100rpm 

and 4°C for 4 minutes. The supernatant was decanted and the residual pellet re-

suspended in media. The centrifugation and re-suspension process were repeated a 

further two times and the cell suspension passed through a 70µm cell strainer, before 

being slowly pipetted into a tube containing Lymphoprep (20ml Lymphoprep/25ml cell 

suspension) and centrifuged at 2200rpm and 18ºC for 40 minutes. The mononuclear 

buffy-coat layer and media layer were carefully removed and centrifuged at 1100rpm and 

4°C for 4 minutes and the pellet re-suspended in media. The cell suspension was re-

centrifuged at 1100rpm and 4°C for a further 4 minutes, the pellet re-suspended in 2ml of 

	  

10	  mm 

10	  mm 
4	  mm 
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blocking buffer and the cell suspension maintained at 4°C for 30 minutes. The cell 

suspension was washed with a magnetically activated cell sorting (MACS) buffer, 

centrifuged at 1100rpm and 4°C for 4 minutes and the pellet re-suspended in 1µl STRO-

1 hybridoma supernatant and maintained at 4°C for 30 minutes. The cell suspension was 

washed and centrifuged with MACS buffer a further two times, the pellet re-suspended 

in 800µl MACS buffer and 200µl Microbeads (rat anti-mouse IgM) and maintained at 

4°C for a further 30 minutes. The cell suspension was re-washed and centrifuged with 

MACS buffer a further two times and the pellet re-suspended in 3mls MACS buffer. The 

STRO-1 positive and negative cell fractions were separated using the MACS apparatus 

(Figure 23). The STRO-1 positive fraction was re-suspended and centrifuged twice in 

FCS-free media at 1100rpm and 4°C for 4 minutes. A cell count was performed using a 

haemocytometer prior to plating of the cell suspension onto a T75 flask. The cells were 

cultured in a media solution containing FCS (10% FCS for the first experiment but 5% 

for all subsequent experiments), then incubated at 37ºC with 5% CO2. A media change 

was performed every third or fourth day.  

 

 

 

Figure 23: Isolation of cells expressing STRO-1 antigen using MACS (courtesy of Dr R. Tare and 
Mr S. Tilley, Bone and Joint Research Group, University of Southampton)  
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Marrow Cell Marrow Cell 
PreparationPreparation
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STROSTRO--veve fractionfraction STRO+veSTRO+ve fractionfraction



  CHAPTER 2 
	  

	   77	  

2.5 Seeding of skeletal stem cells 

When 70-80% confluent, STRO-1 isolated SSCs and unselected SSCs (in different 

flasks) were washed with PBS, to remove the serum, and split using trypsin-EDTA 

(ethylenediaminetetraacetic acid). FCS-‐free	   media was added to the cell suspension 

which was centrifuged at 1100rpm and 4°C for 4 minutes. The pellet was re-suspended in 

media	  containing	  10%	  FCS and a cell count performed using a haemocytometer.  

 

2.5.1 Seeding of SSCs onto nanotopographical substrates 

The nanosubstrates, soaked overnight in PBS solution containing antibiotic/antimycotic 

(ABAM) agent, were repeatedly washed with PBS and, without touching the 

nanopatterned surface, placed into individual wells of non-TCP 6-well plates. STRO-1 

isolated SSCs were seeded onto the nanosubstrates at a seeding density of 220 cells/cm2 

(this density having been used previously within the Bone and Joint research group to 

achieve confluency by day 21). 4mls of media containing 10% FCS was added to each 

well, ensuring complete coverage of the substrates, and the plates incubated at 37ºC with 

5% CO2. TCP plates were used as the non-substrate control and PL substrates as the 

nanotopographical surface control. Media changes were performed every third or fourth 

day. 

 

2.5.2 Seeding of SSCs onto HA scaffolds 

Scaffolds were sterilized by autoclaving and transferred to individual wells of a non-TCP 

24-well plate in the culture hood. Unselected SSCs were seeded onto the scaffolds at a 

seeding density of 2.5x104 cells/scaffold (a similar density having been used previously 

within the Bone and Joint research group for other scaffold-related research) and the 24-

well plate transferred to the incubator for 30 minutes. 500µl of media containing 10% 

FCS was added to each well, ensuring complete coverage of the scaffolds, prior to 

further incubation at 37ºC with 5% CO2. Media changes were performed every third or 

fourth day. 

 

 

 

 

 



  CHAPTER 2 
	  

	   78	  

2.6 Biochemical analysis of skeletal stem cell viability and penetration 

A 3-[4.5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay measures 

cell membrane bound peroxidase enzyme and is a reflection of cell viability. Alkaline 

phosphatase (ALP) and deoxyribonucleic acid (DNA) assays were performed, as 

measures of osteogenic differentiation and cell growth respectively, from which the ALP 

specific activity was calculated. For the ALP and DNA assays, cells were lysed using 

0.05% Triton X-100 (100µl applied to the surface of each nanosubstrate) and transferred 

to fresh 6-well TCP plates using a cell scraper, prior to repeated freeze thawing and 

storage at -20°C. 

 

2.6.1 MTT assay 

A MTT colorimetric assay was used to assess cell viability on the surface and cell 

penetration within the 3-D printed HA scaffolds. The incubation media was discarded 

and the scaffolds washed in PBS. 90µl of α-MEM was added to each well of the 24-well 

plate containing a scaffold. 100µl of PBS was added to each empty well. Further work 

was conducted in a dark environment, as the MTT reagent is sensitive to light. 10µl of 

MTT solution (5mg/ml) was added to each well containing a scaffold. The plate was 

wrapped in tin foil (to prevent light exposure) and incubated at 37ºC with 5% CO2 for 

between 2-4 hours until a blue/purple precipitate (if good cell viability) was visible (a 

yellow/orange precipitate was detected if poor cell viability). 100µl of MTT solvent 

(100% DMSO) was added to each well and the plate incubated for a further 15 minutes at 

37ºC with 5% CO2. Enzyme activity was measured using a BioTek ELx800 microplate 

reader at 560nm absorbance and at 650nm absorbance (reference reading). The reference 

reading was subtracted from the 560nm absorbance reading to get the true absorbance 

value (a high value indicating good cell viability, a low value indicating poor cell 

viability, blank wells should read zero). 

 

2.6.2 Live/dead staining 

CellTrackerTM Green (CTG, 5-chloromethylfluorescein diacetate (CMFDA)) and 

Ethidium Homodimer-1 (EH-1) were used to label viable and necrotic cells respectively. 

10µg/ml CTG was dissolved in 10µl dimethyl sulfoxide (DMSO) and, in combination 

with 5µg/ml EH-1, was added to α-MEM. In a darkened tissue culture hood, CTG/EH-1 

solution was applied to the nanopatterned surfaces of each substrate (by inverting the 

substrate in each well), and the plates incubated at 37°C for 60 minutes. The CTG/EH-1 
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solution was replaced with fresh α-MEM and incubated for a further 45 minutes at 37°C. 

The substrates were washed in PBS, which was removed prior to the application of 95% 

ethanol. After 5 minutes, the ethanol was removed and the substrates washed twice in 

PBS. Samples were wrapped in tin foil and stored at 4°C until imaged using a Zeiss 

Axiovert 200 Inverted Light Microscope (Carl Zeiss, Cambridge, UK) with a standard 

fluorescein isothiocyanate (FITC) filter.  

 

2.6.3 DNA quantification assay 

A DNA PicoGreen® assay was used to determine cell number. 10µl of cell lysate from 

each sample was transferred to a black 96-well plate. Each sample was run in triplicate. 

90µl of Tris-EDTA buffer (Tris-HCL ethylenediamine tetra-acetic acid) and 100µl of 

PicoGreen® in Tris-EDTA buffer (1:200 dilution) were added to the cell lysate samples. 

Calibrated DNA standards containing DNA in Tris-EDTA of varying concentrations (0, 

50, 100, 250, 500, 750 and 1000nmol/ml) acted as controls. Fluorescence was measured 

using a BioTek FLx800 microplate fluorescence reader at 485nm excitation and 530nm 

emission. Data was analysed with the KC4 software programme and DNA content 

expressed as ng/ml of cell lysate. 

 

2.6.4 Alkaline phosphatase assay 

An ALP assay was used to measure ALP activity. 10µl of cell lysate from each sample 

was transferred to a clear 96-well plate. Each sample was run in triplicate. 90µl of 0.5M 

2-amino-2-methyl-1-propanol (AMP) alkaline buffer containing 10mM p-nitrophenyl 

phosphate (pNPP) (1.3mg/ml of buffer) were added to the cell lysate samples. Calibrated 

ALP standards containing 10mM p-nitrophenyl phosphate (pNPP) in assay buffer of 

varying concentrations (0, 10, 50, 100, 200 and 400nmol/ml) acted as controls. The plate 

was incubated in the dark at 37°C. The reaction was timed, until a colour change was 

noted, and stopped using 100µl of 1M sodium hydroxide. The turnover of pNPP, used to 

quantify ALP activity, was measured using a BioTek ELx800 microplate reader at 

410nm absorbance. Data was analysed with the KC4 software programme and ALP 

activity expressed as nmol pNPP/ml/hr. ALP specific activity was expressed in nmol 

pNPP/ng DNA/hr. 
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2.7 Molecular analysis 

Stage 1 – cell harvest: 

Six substrates were used for each experimental condition to ensure sufficient RNA was 

obtained (confirmed in following RNA purification using a spectrophotometer – stage 2). 

The media was removed from the wells and the cells washed with PBS. Excess PBS was 

removed by tapping the edge of the substrates on tissue paper. 100µl of RLT buffer was 

applied to the surface of each substrate and filter tipped pipettes used to remove the cells. 

The cell suspension was transferred to RNase-free cryovials and kept in an ice bath prior 

to storage (for up to one month) at -80°C.   

 

Stage 2 – RNA purification: 

After thawing in an ice bath, the cell suspension lysate was mixed with an equal volume 

of 70% ethanol, transferred to an RNeasy spin column (RNeasy Mini Kit, Qiagen) and 

centrifuged at 10000rpm for 15 seconds. 700µl of RW1 buffer was added to the spin 

column and centrifuged at 10000rpm for 15 seconds. 500µl of RPE buffer was added to 

the spin column and centrifuged at 10000rpm for 15 seconds. A further 500µl of RPE 

buffer was added to the spin column and centrifuged at 10000rpm for 2 minutes. 30µl of 

RNase-free water was added to the spin column and centrifuged at 10000rpm for 1 

minute (to elute the RNA). The elute was returned to the spin column and centrifuged at 

10000rpm for a further 1 minute (to achieve a higher concentrate of total RNA). 

Extracted RNA samples were kept in an ice bath (to reduce RNA degradation), prior to 

the measurement of RNA concentration and purity using a spectrophotometer 

(Nanodrop-1000), and stored at -80°C.   

 

Stage 3 – cDNA synthesis: 

RNA samples were allowed to thaw in an ice bath. The weight-based volume of RNA 

was calculated based on the sample with the lowest RNA content (the same weight being 

used for all samples in the same experiment) and made up to 7µl with ultra pure water 

(Table 11). 2µl of VILO reaction mix and 1µl of VILO Superscript (SuperScript® VILO 

cDNA Synthesis Kit, Invitrogen) were added to the RNA solution to give a total of 10 µl. 

The RNA solution was then spun briefly (Minispin) and placed in the thermocycler on a 

designated timed programme (25°C for 10 minutes, 42°C for 120 minutes, 85°C for 5 

minutes, then held at 4°C until required). The resulting cDNA sample was diluted with 

40µl of ultra pure water (1:5 dilution) and stored at -20°C. 
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Sample 
RNA 

concentration 
(µg/µl) 

RNA 
volume for 

1 µg 
(µl) 

upH2O 
volume 

(µl) 

VILO reaction 
mix volume 

(µl) 

VILO superscript 
volume 

(µl) 

A 0.37 2.69 4.31 2 1 

B 0.59 1.70 5.30 2 1 

C 0.91 1.10 5.90 2 1 

 
Table 11: Example calculation of the required volumes of RNA and reverse transcription reagents 

used for cDNA synthesis 
 

Stage 4 – qRT-PCR analysis: 

A quantitative real-time polymerase chain reaction (qRT-PCR) instrument combines the 

functions of a thermocycler and fluorometer to amplify and detect DNA. Following 

cDNA synthesis, each cDNA sample underwent qRT-PCR against a selection of 

osteogenic and SCC gene primers (Table 12).  
 

Primer Sequence 

 
Beta actin 
 

β-actin 
F: 5’-GGCATCCTCACCCTGAAGTA-3’ 
R: 5’-AGGTGTGGTGCCAGATTTTC-3’ 

 
Collagen type 1 alpha 1 
 

COL1A1 
F: 5’-GAGTGCTGTCCCGTCTGC-3’  
R: 5’-TTTCTTGTTCGGTGGGTG-3’ 

 
Alkaline phosphatase 
 

ALP 
F: 5’-GGAACTCCTGACCCTTGACC -3’ 
R: 5’-TCCTGTTCAGCTCGTACTGC-3’ 

 
Osteocalcin 
 

OC 
F: 5’-GGCAGCGAGGTAGTGAAGAG-3’ 
R: 5’-CTCACACACCTCCCTCCTG-3’ 

 
Osteopontin 
 

OPN 
F: 5’-GTTTCGCAGACCTGACATCC-3’ 
R: 5’-CATTCAACTCCTCGCTTTCC-3’ 

 
Activated leucocyte cell 
adhesion molecule 
 

ALCAM 
F: 5’-ACGATGAGGCAGACGAGATAAGT-3’ 
R: 5’-CAGCAAGGAGGAGACCAACAAC-3’ 

 
Tetraspanin 
 

CD63 
F: 5’-GCCCTTGGAATTGCTTTTGTCG-3’ 
R: 5’-CATCACCTCGTAGCCACTTCTG-3’ 

F – forward primer, R – reverse primer 
 
Table 12: Human osteogenic and SCC gene primer sequences used for qRT-PCR (courtesy of Dr 

R. Tare, Bone and Joint Research Group, University of Southampton) 
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1µl of cDNA, 6.5µl of ultra pure water, 12.5µl of Syber Green, 2.5µl of the forward 

primer and 2.5µl of the reverse primer (giving a total reaction volume of 25µl) were 

added to the required number of wells of a labeled 96-well qRT-PCR optical reaction 

plate. Each sample was run in duplicate. β-actin was the designated “house keeping” 

gene in all experiments. The plate was covered with a thermoplastic film, centrifuged for 

10 seconds and placed in the 7500 Real-Time PCR system (Applied Biosystems, Paisley, 

UK) for analysis. Values were calculated using the comparative threshold (cT) cycle 

method, normalized to β-actin expression, and expressed as the mean ± SD.  

 

 

2.8 Fluorescent immunostaining 

Stage 1 – Fixing cells: 

Cells were fixed in 4% paraformaldehyde (PFA), ensuring complete coverage of the 

nanosubstrates in each well, and stored overnight at 4°C.  

 

Stage 2 – Primary antibody staining: 

The PFA was removed and the cells washed three times with PBS. A blocking buffer 

containing serum from the same species as the secondary antibody was added to each 

well, the plates put on a rocker for 60 minutes and the blocking buffer removed. The 

primary antibody (anti-type 1 collagen, anti-bone sialoprotein or anti-osteopontin) was 

diluted in antibody dilution buffer. Each nanopatterned surface was gently lowered on to 

a 100µl drop of primary antibody solution placed on a parafilm strip on a staining tray 

(for TCP cell staining, the primary antibody solution was added directly to each well and 

the plates put on a rocker). Samples were stored overnight at 4°C.  

 

Stage 3 – Secondary antibody staining: 

Lighting was kept to a minimum while working with the fluorescent secondary antibody. 

The nanosubstrates were returned to 6-well plates and washed for 5 minutes in PBS 

Tween (repeated three times) to remove any residual primary antibody. The secondary 

antibody (Alexa Fluor 488 or Alexa Fluor 594 goat anti-rabbit) was diluted in antibody 

dilution buffer, 100µl drops placed on parafilm and the nanopatterned surface lowered on 

(as above). Samples were left in the dark at room temperature (TCP samples on the 

rocker wrapped in tin foil) for one hour. The substrates were re-washed three times with 

PBS Tween to remove residual secondary antibody and a DAPI nuclear counterstain 
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applied using the same process above. Samples were left for ten minutes in the dark at 

room temperature then re-washed three times in PBS Tween. Substrates were mounted 

on to coverslips using FluoromountTM and stored in the dark at 4°C until imaged using a 

Zeiss Axiovert 200 Inverted Light Microscope (Carl Zeiss, Cambridge, UK).  Negative 

controls, where by the primary antibody was omitted, were included in all 

immunostaining protocols.      

 

 

2.9 Micro-CT imaging and analysis 

CT images were acquired using the SkyScan 1176 in vivo micro-CT scanner (Bruker, 

Coventry, UK) incorporating a 90kV x-ray source and 11Mp x-ray camera, with 9µm 

spatial resolution. Images were reconstructed using the Studio Max 1.2.1 software 

package (Volume Graphics GmbH, Heidelberg, Germany) and saved in TIFF and BMP 

formats, allowing visualization of specific regions of interest. 

 

 

2.10 Scanning electron microscopy 

The HA scaffolds were prepared for scanning electron microscopy (SEM). Samples were 

fixed whole in a solution of 3% glutaraldehyde and 4% formaldehyde in 0.1M 

piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES) buffer at pH 7.2 for 1 hour and then 

rinsed twice (for 10 minutes each) in 0.1M PIPES buffer. In a fume cupboard, samples 

were soaked in a post-fixative of 1% osmium tetroxide in 0.1M PIPES buffer and placed 

in a rotator for 1 hour prior to further rinsing (for 10 minutes each) in 0.1M PIPES 

buffer. Samples were then soaked in uranyl acetate (2% aqueous solution) for 20 minutes 

and immersed in graded concentrations of ethanol (30% - 10 minutes, 50% - 10 minutes, 

70% - 10 minutes, 95% - 10 minutes, 100% - 20 minutes, fresh 100% - 20 minutes). In a 

fume cupboard, samples were soaked in acetonitrile for 10 minutes then an 

acetonitrile:resin mix (50:50) and placed in a rotator overnight. Samples were then 

soaked in resin for 6 hours prior to embedding in fresh resin and polymerization at 60°C 

for 20-24 hours. The embedded samples were sectioned using a Buehler 15LC diamond 

wafering blade. Following dissolution of the resin with sodium ethoxide and 100% 

ethanol, the cut surface was silver-coated and visualized with a Quanta 200 SEM.  
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2.11 Histological analysis 

Stage 1 – Fixation and embedding: 

Samples were fixed in 4% paraformaldehyde, washed in PBS solution and dehydrated by 

immersing in reverse graded concentrations of ethanol (50% - 60 minutes, 90% - 60 

minutes, 100% - 60 minutes, fresh 100% - 60 minutes). Samples were then immersed in 

Histoclear (100% - 60 minutes, fresh 100% - 60 minutes) and embedded in paraffin wax 

using an automated Shandon Citadel 2000 tissue processor. Paraffin wax embedded 

blocks were stored at 4°C prior to sectioning. 

 

Stage 2 – Slide preparation: 

Excess wax was removed from the paraffin wax embedded samples. 6µm sections were 

cut using a microtome and gently placed on the surface of a 37°C waterbath to allow 

them to spread out. Sections were transferred to glass slides (pre-heated to 37°C on a hot 

plate) and left for 30 minutes prior to transfer to a drying oven at 37°C for a further 2 

hours. Slide sections were stored at 4°C prior to staining. 

 

Stage 3 – Alcian Blue and Sirius Red (A/S) staining 

Slide sections were brought to room temperature for 30 minutes and placed in a staining 

rack. Excess wax was removed by immersing in Histoclear for 7 minutes (repeated twice 

using fresh Histoclear). Slides were then hydrated by immersing in graded methanol 

concentrations (100% - 2 minutes, 100% - 2 minutes, 90% - 2 minutes, 50% - 2 minutes) 

prior to gentle rinsing in a running waterbath for 5 minutes (to remove residual 

methanol) and transfer to a staining tray. Equal volumes of Weigert’s haematoxylin A 

and B (10mls of each solution is sufficient for 20 slides) were mixed and applied to the 

slides for 10 minutes (nuclear stain) prior to rinsing in a water bath and transfer to a 

staining rack. Slides were briefly immersed in acid/alcohol (20mls HCl in 2L 50% 

methanol) three times and rinsed in a waterbath for 5 minutes prior to sequential staining 

with Alcian Blue (cartilage matrix and proteoglycan stain) for 10 minutes, 1% fresh 

molybdophosphoric acid for 20 minutes and Sirius Red (collagen stain) for 60 minutes. 

Slides were rinsed thoroughly in a waterbath for 1 minute after the application of each 

stain then dehydrated by immersing in reverse graded concentrations of methanol (50% - 

30 seconds, 90% - 30 seconds, 100% - 30 seconds, 100% - 30 seconds) and Histoclear 

(30 seconds – repeated twice). In a fume cupboard, slide sections were mounted in DPX 

under glass coverslips and left to dry overnight.    
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2.12 Statistical analysis 

The GraphPad Prism (v6.0d) software package was used for statistical analysis and 

graphical representation of the data. Data was plotted as the mean with error bars 

representing one standard deviation about the mean. A two-way ANOVA and 

Tukey/Sidak’s post hoc multiple comparisons test was used to compare data sets. A p 

value < 0.05 was taken to be significant.	  
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3.1 Materials and methods 

The in vitro materials and methodology have previously been described (Chapter 2 – 

Materials and methods). The substrate surfaces used for experimental purposes were as 

follows (Table 13): 

 

Substrate surface Abbreviation 

Tissue culture plastic TCP 

Polycarbonate planar PcPL 

Polycarbonate square PcSQ 

Polycarbonate near square PcNSQ 

Titanium-spray coated planar TiPL 

Titanium-spray coated square TiSQ 

Titanium-spray coated near square TiNSQ 

 
Table 13 Summary of substrates used for the nanotopographical work 

 

 

The experiments were conducted in four stages: 

 

Stage 1: PcPL substrates (without Ti-spray coating) were compared with TCP 

substrates. The TCP substrate acted as the experimental control. The aim 

of this study was to ensure that cells on the previously unused PcPL 

surface behaved in a similar manner to cells on TCP. 
 

Stage 2: TiPL substrates were compared with PcPL substrates. The TCP substrates 

acted as the experimental control. The aim of this study was to analyse 

cell behaviour on planar surfaces (without nanopatterning) by comparing 

the effect of a Ti-spray coated polycarbonate surface with an uncoated 

polycarbonate surface. 
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Stage 3: TiSQ and TiNSQ substrates were compared with TiPL substrates. The 

TiPL substrates acted as the nanotopographical surface control. TCP 

substrates acted as the experimental control. The aim of this study was to 

analyse the effect of the nanopatterned Ti-spray coated surface on cell 

behaviour. 
 

Stage 4: TiSQ and TiNSQ substrates were compared with PcSQ and PcNSQ 

substrates. TiPL and PcPL substrates acted as the nanotopographical 

surface control.  TCP substrates acted as the experimental control. The 

aim of this study was to see if cell behaviour on nanopatterned Ti-spray 

coated surfaces was replicated on nanopatterned polycarbonate surfaces 

(without Ti-spray coating). 

 

 

The null hypotheses tested were as follows: 

 

• The Ti-spray coated surface does not support the in vitro growth and differentiation 

of adult SSCs.  

• The in vitro growth and differentiation of adult SSCs seeded on to SQ and NSQ Ti-

spray coated nanotopographies is not affected by the arrangement of nanopits on the 

substrate surface.  
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3.2 Results 

3.2.1 Analysis on polycarbonate planar substrates 

STRO-1 selected adult SSCs were seeded onto PcPL substrates (with TCP controls) 

under basal and osteogenic media conditions. Cell proliferation was demonstrated under 

light microscopy from days 7 to 21 on all surfaces. Confluency was reached by day 14 on 

the PcPL substrates under both basal and osteogenic conditions (Figure 24). 

 

 
 
Figure 24: Light microscopy (x100) demonstrating cell growth and cell morphology at days 7, 14 

and 21 a-c) on PcPL substrates under basal conditions d-f) on PcPL substrates under 
osteogenic conditions g-i) on TCP controls under basal conditions j-l) on TCP controls 
under osteogenic conditions (scale bar represents 200µm) 
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The molecular expression of selected osteogenic genes at day 21 on PcPL and TCP 

substrates were compared in basal and osteogenic conditions (Figure 25). ALP, 

osteocalcin and osteopontin were used as molecular markers of osteoblastic activity.  

 

 
 
Figure 25: Molecular expression of selected genes relative to ß-actin expression following day 21 

qPCR analysis on PcPL substrates (TCP controls). a) ALP expression was significantly 
enhanced under osteogenic conditions on the PcPL surface. A similar trend was seen on 
the TCP control surface with no significant difference. b) OC expression was enhanced 
under osteogenic conditions on PcPL and TCP control surfaces with no significant 
difference. c) OPN expression was significantly reduced under osteogenic conditions on 
PcPL and TCP control surfaces (results = mean ± SD, n = 3 samples (each run in 
duplicate), statistics by 2-way ANOVA and Sidak’s post hoc comparison test, *p < 0.05, 
**p < 0.01).  
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significantly reduced under osteogenic conditions on the PcPL and TCP control surfaces. 

The observed changes on the PcPL substrates were comparable to the TCP controls. 

Immunofluorescent staining of the bone specific extracellular matrix protein bone 

sialoprotein (BSP) was evident on the PcPL substrates and TCP controls (Figure 26). 

Cell density on the PcPL surface, under both basal and osteogenic conditions, was 

markedly reduced compared to the TCP control surface. Under basal conditions, the cells 

exhibited a predominantly fibroblastic appearance, while under osteogenic conditions a 

greater number of polygonal cells, with osteoblastic morphology, were evident. 

 

 
Figure 26: Light micrsoscopy (x50) demonstrating day 21 immunofluorescent staining of bone 

sialoprotein a) on the PcPL surface under basal conditions b) on the PcPL surface under 
osteogenic conditions c) on the TCP control surface under basal conditions d) on the 
TCP control surface under osteogenic conditions (scale bar represents 200µm). 
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3.2.2 Control of cell growth using reduced FCS concentration 

A CTG-EH1 live-dead stain was used to assess the effect of reduced FCS concentration 

on the growth and proliferation of STRO-1 selected adult SSCs seeded onto PcPL 

substrates (Figure 27).  

 

 
 
Figure 27: CTG-EH1 live-dead stain under light microscopy (x100) demonstrating cell morphology 

and proliferation on PcPL substrates at days 7 and 14 a,b) in basal media with 5% FCS 
c,d) in basal media with 10% FCS e,f) in osteogenic media with 5% FCS g,h) in 
osteogenic media with 10% FCS (scale bar represents 100µm). 
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In basal media conditions with 10% FCS, the rate of cell growth and proliferation was 

such that confluency was reached by day 14. The use of 5% FCS in basal media was 

sufficient to reduce cell proliferation and prevent cell confluency by day 14. Osteogenic 

media conditions appeared to inhibit cell proliferation between days 7 and 14, regardless 

of the concentration of FCS used. Under osteogenic conditions, the cells were noted to 

display an osteoblastic morphology, compared to the fibroblastic appearance of cells 

under basal conditions.  

 

The findings from the CTG-EH1 live-dead stain were supported by the temporal analysis 

of the cell DNA content during this period (Figure 28). In basal media conditions, at FCS 

concentrations of 10% and 5%, there was a significant increase in DNA content on PcPL 

substrates between days 7 and 14 (p < 0.0001 and p < 0.001 respectively), with a 

significant reduction in DNA content at day 14 in basal media containing 5% FCS 

compared to 10% FCS (p < 0.0001). In osteogenic media conditions, at FCS 

concentrations of 10% and 5%, there was a decrease in DNA content on PcPL substrates 

between days 7 and 14. At day 14, a similar trend was exhibited in osteogenic conditions 

as in basal conditions, with a reduction in DNA content in media containing 5% FCS 

compared to 10% FCS, although the difference was not significant. 

 

 

Figure 28: PICO Green DNA assay demonstrating a reduction in cell proliferation when using 5% 
FCS compared to 10% FCS under basal and osteogenic conditions (results = mean ± SD, 
n = 3 samples (each run in triplicate), statistics by 2-way ANOVA and Sidak’s post hoc 
comparison test, ***p < 0.001, ****p < 0.0001).  
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3.2.3 Analysis on Ti-spray coated planar substrates 

STRO-1 selected adult SSCs were seeded onto TiPL substrates (with TCP and PcPL 

controls) under basal and osteogenic media conditions (containing 5% FCS). Cell 

viability on TiPL substrates at days 10 and 21 was demonstrated using CTG-EH1 live-

dead stain (Figure 29).  

 

 

Figure 29: CTG-EH1 live-dead stain under light microscopy (x100) demonstrating cell morphology 
and proliferation on TiPL substrates compared to TCP and PcPL controls a-c) in basal 
media at day 10 d-f) in osteogenic media at day 10 g-i) in basal media at day 21 j-l) in 
osteogenic media at day 21 (scale bar represents 100µm). 
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Cell density was comparatively enhanced in basal compared to osteogenic culture 

conditions. Under basal conditions, the cells were predominantly spindle-like in 

appearance at both time points, whereas under osteogenic conditions, a greater number of 

cells exhibited an osteoblastic phenotype. Although cell proliferation and morphology on 

TiPL substrates were comparable to TCP and PcPL controls at days 10 and 21, the Ti-

spray coating reduced the photographic image quality of the fluorescent stain on these 

substrates.  

 

Under basal and osteogenic culture conditions, the cells DNA content, ALP activity and 

ALP specific activity on TiPL substrates at day 21 were compared to PcPL and TCP 

controls (Figures 30-32). In basal media, the DNA content on TiPL substrates was 

greater than on PcPL substrates and significantly greater than on TCP (p < 0.05). In 

osteogenic media, the DNA content was comparable between all surfaces. Osteogenic 

culture conditions inhibited DNA production on all surfaces compared to basal 

conditions, with this difference being significant on PcPL (p < 0.01) and TiPL (p < 

0.001) surfaces (Figure 30).  

 

 

Figure 30: DNA content at day 21 on TiPL substrates (TCP and PcPL controls) demonstrating an 
increase in DNA production on the TiPL surface under basal conditions compared to the 
controls and comparability in DNA production between all surfaces under osteogenic 
conditions (results = mean ± SD, n = 3 samples (each run in triplicate), statistics by 2-
way ANOVA and Tukey/Sidak’s post hoc comparison test, *p < 0.05, **p < 0.01, ***p < 
0.001).  
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Under basal and osteogenic culture conditions, ALP activity on PcPL substrates was 

significantly reduced compared to TCP controls (p < 0.01 and p < 0.05 respectively). 

ALP activity on TiPL substrates was enhanced compared to PcPL substrates and reduced 

compared to TCP, but these differences were not significant. Under osteogenic 

conditions, ALP activity increased slightly on PcPL and TiPL substrates and reduced 

slightly on TCP compared to basal conditions, although these differences were not 

significant (Figure 31). 

 

 
 
Figure 31: ALP activity at day 21 on TiPL substrates (TCP and PcPL controls) demonstrating an 

increase and decrease in activity compared to PcPL and TCP substrates respectively. 
Comparability in ALP activity is seen between basal and osteogenic conditions on all 
respective surfaces (results = mean ± SD, n = 3 samples (each run in triplicate), statistics 
by 2-way ANOVA and Tukey/Sidak’s post hoc comparison test, *p < 0.05, **p < 0.01).  
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significantly reduced compared to TCP controls (p < 0.05). ALP specific activity was 
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Figure 32: ALP specific activity at day 21 on TiPL substrates (TCP and PcPL controls) 
demonstrating an increase and decrease in activity compared to PcPL and TCP substrates 
respectively. Comparability in ALP activity is seen between basal and osteogenic 
conditions on all surfaces (results = mean ± SD, n = 3 samples (each run in triplicate), 
statistics by 2-way ANOVA and Tukey/Sidak’s post hoc comparison test, *p < 0.05, **p < 
0.01).  

 

The molecular expression of ALP and CD63, markers of osteoblastic and MSC activity 

respectively, were analysed at day 21 on TiPL substrates, under basal and osteogenic 

conditions, and compared with PcPL and TCP substrate controls (Figure 33). CD63 

expression significantly decreased on TCP (p < 0.01), PcPL (p < 0.05) and TiPL (p < 

0.05) substrates under osteogenic compared to basal conditions. Compared to PcPL and 

TCP substrate controls, CD63 expression was significantly enhanced on TiPL substrates 

under basal (p < 0.05 and p < 0.001 respectively) and osteogenic (p < 0.01 and p < 0.001 

respectively) conditions. ALP expression under basal conditions was significantly 

reduced on TiPL (p < 0.01) and PcPL (p < 0.05) substrates compared to TCP controls. 

ALP expression significantly increased on PcPL (p < 0.05) and TiPL (p < 0.05) 

substrates under osteogenic compared to basal conditions, but decreased on TCP 

controls.  
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Figure 33: Molecular expression of selected genes relative to ß-actin expression following day 21 
qPCR analysis on TiPL substrates (PcPL and TCP controls). a) CD63 expression was 
significantly enhanced under both basal and osteogenic conditions on the TiPL surface 
compared to PcPL and TCP controls. A significant reduction in CD63 expression was 
demonstrated on the TiPL substrate from basal to osteogenic culture conditions; a finding 
comparable to PcPL and TCP substrate controls. b) ALP expression under basal 
conditions on the PcPL and TiPL surfaces was significantly decreased compared to TCP 
controls. A significant increase in ALP expression was demonstrated on the TiPL 
substrate from basal to osteogenic culture conditions; a finding comparable to PcPL but 
not TCP substrate controls. (results = mean ± SD, n = 3 samples (each run in duplicate), 
statistics by 2-way ANOVA and Tukey/Sidak’s post hoc comparison test, *p < 0.05, **p < 
0.01, ***p < 0.001).  

 

Immunofluorescent staining of the MSC marker STRO-1 at day 21 demonstrated 

decreased expression under osteogenic (compared to basal) conditions on TiPL 

substrates. Similar staining characteristics were seen on TCP and PcPL controls (Figure 

34).  

 
 
Figure 34: Immunofluorescent staining of SSCs under light microscopy (x100) demonstrating 

STRO-1 expression at day 21 in basal and osteogenic media conditions a,d) on TCP b,e) 
on PcPL substrates c,f) on TiPL substrates (scale bar represents 100µm). 
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3.2.4 Analysis on Ti-spray coated SQ and NSQ substrates 

The viability of SSCs on nanopatterned titanium substrates was confirmed with a 

CTG/EH-1 live-dead stain. Cell growth and proliferation on TiSQ and TiNSQ substrates 

were comparable with TiPL and TCP controls under basal media conditions at days 10 

and 21, with cells exhibiting a fibroblastic morphology (Figure 35). 

 

 

Figure 35: CTG-EH1 live-dead stain under light microscopy (x100) demonstrating cell morphology 
and cell proliferation on titanium nanopatterned surfaces under basal conditions at days 
10 and 21 a-b) on TCP control surface c-d) on TiPL control surface e-f) on TiSQ surface 
g-h) on TiNSQ surface (scale bar represents 100µm). 

 

D10 D21 

TCP 

TiPL 

TiSQ 

TiNSQ 

a b 

c d 

e f 

h g 



	   	   CHAPTER	  3	  
 
	  

	   100	  

Under basal conditions, the cells DNA content, ALP activity and ALP specific activity 

on TiSQ and TiNSQ substrates at day 10 and day 21 were compared to TiPL and TCP 

controls (Figures 34-36). At day 10, the DNA content was comparable on all surfaces. 

The DNA content increased significantly on all surfaces between day 10 and day 21, 

although the increase on the TiNSQ surface was significantly less (p<0.01) than the 

increase on the TiSQ surface (p<0.0001). At day 21, the DNA content on the TiSQ 

surface was significantly greater than on the TiPL (p<0.05) and the TiNSQ (p<0.0001) 

surfaces while the DNA content on the TiNSQ surface was significantly reduced 

compared to the TiPL surface (p<0.0001) (Figure 36). 

 

 
Figure 36: Cell DNA content at day 10 and day 21 on TiSQ and TiNSQ substrates (TiPL and TCP 

controls) demonstrating an increase in DNA production on the TiSQ surface compared to 
the TiNSQ surface at day 21 (results = mean ± SD, n = 3 samples (each run in triplicate), 
statistics by 2-way ANOVA and Tukey/Sidak’s post hoc comparison test, *p < 0.05, **p < 
0.01, ****p < 0.0001).  
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difference) between day 10 and day 21. At day 21, ALP activity on the TiSQ surface was 

significantly greater compared to the TiNSQ surface (p<0.0001) and slightly greater (no 

significant difference) compared to the TiPL control surface. ALP activity on the TiNSQ 

surface was significantly reduced compared to the TiPL control surface (p<0.01). ALP 

activity on all titanium surfaces at day 21 was significantly reduced compared to ALP 

activity on the TCP control surface (Figure 37). 

 

 
Figure 37: ALP activity at day 10 and day 21 on TiSQ and TiNSQ substrates (TiPL and TCP 

controls) demonstrating increased ALP activity on the TiSQ surface compared to the 
TiNSQ surface at day 21 (results = mean ± SD, n = 3 samples (each run in triplicate), 
statistics by 2-way ANOVA and Tukey/Sidak’s post hoc comparison test, **p < 0.01, ***p 
< 0.001, ****p < 0.0001).  

 

The ALP specific activity at day 10 was comparable between the TiSQ, TiNSQ and TIPL 

surfaces, but significantly reduced compared to the TCP control surface. A slight 

increase in ALP specific activity was observed between day 10 and day 21 on the TiSQ 

surface and, to a lesser extent, the TiNSQ surface, but these differences were not 

significant. At day 21, the ALP specific activity on the TiSQ surface was greater than the 

ALP specific activity on the TiNSQ surface and comparable to the ALP specific activity 

on the TiPL surface, but these differences were not significant (Figure 38). 
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Figure 38: ALP specific activity at day 10 and day 21 on TiSQ and TiNSQ substrates (TiPL and 

TCP controls) demonstrating increased ALP specific activity on the TiSQ compared to 
the TiNSQ surface at day 21 (results = mean ± SD, n = 3 samples (each run in triplicate), 
statistics by 2-way ANOVA and Tukey/Sidak’s post hoc comparison test, *p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001).  

 

The molecular expression of ALP, osteocalcin, COL1 and CD63 were analysed at days 

10 and 21 on TiSQ and TiNSQ substrates and compared with TiPL and TCP controls 

(Figure 39). Between days 10 and 21, ALP expression was unchanged on the TiSQ 

surface, similar to the findings on the TiPL surface, while ALP expression showed a 

modest enhancement on the TiNSQ surface but with no significant difference. ALP 

expression at day 21 was comparable between the TiSQ and TiNSQ surfaces. CD63 

expression on the TiSQ surface was enhanced between days 10 and 21, comparable to 

the TiPL surface, but expression on the TiNSQ surface was unchanged during the same 

period. CD63 expression at day 21 was comparable between the TiSQ and TiNSQ 

surfaces. COL1 expression was significantly enhanced (p<0.0001) on all surfaces 

between days 10 and 21, with comparable expression at day 21 on the TiSQ and TiNSQ 

surfaces and the TiPL control surface. Between days 10 and 21, osteocalcin expression 

decreased significantly on the nanopatterned titanium surfaces (p<0.01) and the TiPL 

control surface (p<0.001), with comparable expression at day 21 on the nanopatterned 

titanium and planar control surface.  
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Figure 39: Molecular expression of selected genes relative to ß-actin expression following day 10 

and day 21 qPCR analysis on TiSQ and TiNSQ substrates (TiPL and TCP controls) 
demonstrating a) Comparable ALP expression on TiSQ and TiNSQ surfaces at day 21 b) 
Comparable CD63 expression on TiSQ and TiNSQ surfaces at day 21 c) Comparable 
COL1 expression on TiSQ and Ti NSQ surfaces at day 21 d) Comparable OC expression 
on TiSQ and TiNSQ surfaces at day 21 (results = mean ± SD, n = 3 samples (each run in 
duplicate), statistics by 2-way ANOVA and Tukey/Sidak’s post hoc comparison test, *p 
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).  
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Figure 40: DNA content at day 10 and day 21 on titanium-spray coated and polycarbonate 

nanopatterned substrates (TiPL, PcPL and TCP controls) demonstrating a significant 
increase in DNA production on the TiNSQ surface between days 10 and 21, and 
enhanced DNA production at day 21 compared to TiPL and PcNSQ surfaces (results = 
mean ± SD, n = 3 samples (each run in triplicate), statistics by 2-way ANOVA and 
Tukey/Sidak’s post hoc comparison test, *p < 0.05, **p < 0.01).  

 

There was limited ALP activity on all surfaces at day 10. Between days 10 and 21, a 

significant increase in ALP activity was observed on TiSQ (p<0.0001), TiNSQ 

(p<0.0001), TiPL (p<0.001) and PcPL (p<0.001) substrates. At day 21, ALP activity was 

significantly greater on TiNSQ and TiSQ substrates compared to PcNSQ (p<0.001) and 

PcSQ (p<0.0001) substrates respectively (Figure 41). 
 

        
Figure 41: ALP activity at day 10 and day 21 on titanium-spray coated and polycarbonate 

nanopatterned substrates (TiPL, PcPL and TCP controls) demonstrating enhanced ALP 
activity at day 21 on TiNSQ and TiSQ substrates compared to PcNSQ and PcSQ 
substrates respectively (results = mean ± SD, n = 3 samples (each run in triplicate), 
statistics by 2-way ANOVA and Tukey/Sidak’s post hoc comparison test, ***p < 0.001, 
****p < 0.0001).  
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There was a significant increase in ALP specific activity between days 10 and 21 on all 

substrates except the PcSQ substrate. At day 21, the ALP specific activity was 

significantly reduced on PcSQ substrates compared to TiSQ (p<0.0001) and PcPL 

(p<0.01) substrates (Figure 42). 

 

        
 
Figure 42: ALP specific activity at day 10 and day 21 on titanium-spray coated and polycarbonate 

nanopatterned substrates (TiPL, PcPL and TCP controls) demonstrating reducing ALP 
specific activity at day 21 on PcSQ substrates compared to TiSQ and PcPL substrates 
(results = mean ± SD, n = 3 samples (each run in triplicate), statistics by 2-way ANOVA 
and Tukey/Sidak’s post hoc comparison test, **p < 0.01, ****p < 0.0001).  
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expression was significantly greater than on TiSQ (p<0.0001) and PcPL (p<0.0001) 

surfaces. Osteopontin expression on TiPL substrates was significantly diminished 

compared to PcPL substrates at day 10 (p<0.01) and day 21 (p<0.01). Between days 10 

and 21, significantly enhanced expression of osteopontin was observed on PcNSQ 

substrates (p<0.0001) while significantly diminished expression of osteopontin was 

observed on PcSQ substrates (p<0.001). The day 21 expression of osteopontin on PcNSQ 

substrates was significantly greater than TiNSQ (p<0.0001) and PcSQ (p<0.0001) 

substrates. 

 
 
 
Figure 43: Molecular expression of selected genes relative to ß-actin expression following day 10 

and day 21 qPCR analysis on titanium-spray coated and polycarbonate nanopatterned 
substrates (TiPL, PcPL and TCP controls) demonstrating a) Enhanced ALCAM 
expression at day 10 on PcNSQ compared to PcSQ surfaces b) Diminished ALP 
expression at day 21 on PcSQ and PcNSQ surfaces compared to the PcPL control surface 
c) Enhanced OC expression at day 21 on PcNSQ and PcSQ surfaces compared to the 
PcPL control and respective nanopatterned titanium surfaces d) Enhanced OPN 
expression at day 21 on PcNSQ compared to PcSQ surfaces (results = mean ± SD, n = 3 
samples (each run in duplicate), statistics by 2-way ANOVA and Tukey/Sidak’s post hoc 
comparison test, **p < 0.01, ***p < 0.001, ****p < 0.0001).  
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3.3 Discussion 

The nanotopographical control of stem cell fate in the absence of chemical stimulation 

can be influenced by the arrangement of nanopits on the substrate surface. A disordered 

nanotopography with a near square arrangement of nanopits has previously been shown 

to provide an osteoinductive stimulus for the differentiation of osteoprogenitor cells 

towards an osteoblastic phenotype on PMMA substrate surfaces (Dalby et al., 2007). 

Furthermore, a regular square arrangement of nanopits has been shown to inhibit the 

osteoblastic differentiation of osteoprogenitor cells on PCL substrate surfaces, with 

evidence that the stem cell phenotype can be maintained (McMurray et al, 2011). 

However, although polymeric materials are used within the spinal and other surgical 

fields, the majority of implants are metallic, with titanium increasingly being used for its 

material properties. Yet few studies have been conducted analysing the 

nanotopographical effect of titanium surfaces on stem cell behaviour and there appears to 

be no published literature that explores the effect of nanopit arrangement on titanium 

surfaces on stem cell behaviour or fate. For this thesis, a series of in vitro experiments 

were designed to analyse the behaviour of STRO-1 selected adult SSCs on Ti-spray 

coated polycarbonate substrates with SQ and NSQ nanopit topography.  

 

Cell behaviour was first analysed on PcPL substrates without a Ti-spray coating, and 

compared to a TCP control surface on which the osteoblastic differentiation of adult 

SSCs under osteogenic conditions has been well characterised, to establish whether the 

polycarbonate surface supported cell growth and differentiation. Cell growth and 

proliferation on PcPL substrates was demonstrated up until day 21 under basal and 

osteogenic conditions, with cells seen to align with each other and exhibit a spindle 

shaped morphology under light microscopy. Although fibroblastic in appearance, 

molecular analysis at day 21 demonstrated an increase in ALP expression, and to a lesser 

extent osteocalcin expression, on PcPL surfaces under osteogenic conditions, suggesting 

osteoblastic cellular activity on the substrate surface at this time point. Although the 

decreased molecular expression of osteopontin at day 21 under osteogenic conditions 

appears to contradict the ALP and osteocalcin findings, osteopontin is known to be a late 

marker of osteoblastic activity that appears during the mineralisation phase of bone 

formation, and so it is conceivable that osteoblastic differentiation had not progressed far 

enough for osteopontin expression. The apparent differentiation along an osteoblastic 

lineage of SSCs cultured under osteogenic conditions on PcPL substrates was further 
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supported by the polygonal appearance of these cells on live-dead staining at day 14 and 

by the increased expression of BSP on immunofluorescent staining at day 21. While cell 

behaviour on the PcPL substrates was comparable to the TCP controls, it was noted that 

by day 14 cell confluency had been reached and that by day 21 the cell density was 

marked enough to cause layering and overlap of the cells. This prompted concerns that 

cell-cell interaction as opposed to cell-surface interaction could predominate with cells 

cultured to day 21 and that this may inadvertently influence stem cell fate. Reducing the 

media concentration of FCS from 10% to 5% controlled cell growth on PcPL substrates, 

as demonstrated by live-dead staining and DNA content analysis. The use of 5% FCS in 

basal and osteogenic media was sufficient to prevent cell confluency by day 14 so was 

used in all subsequent in vitro experiments. These initial in vitro experiments 

demonstrate that the polycarbonate substrate surface not only supports cell growth and 

proliferation but also appears to promote the osteogenic differentiation of SSCs along the 

osteoblastic lineage under osteogenic conditions. 

 

Cell behaviour was next analysed on TiPL substrates and compared to uncoated PcPL 

controls, to determine whether cell behaviour was affected by the titanium surface. Cell 

viability at day 21 on the TiPL substrate was confirmed with live-dead staining and DNA 

content analysis. A significant decrease in DNA content was observed under osteogenic 

compared to basal conditions suggesting the SSCs were going through a process of 

differentiation as opposed to proliferation. Under osteogenic culture conditions, 

differentiation along an osteblastic lineage at day 21 was supported firstly by cells 

exhibiting an osteoblastic phenotype, secondly by an almost two-fold increase in ALP 

specific activity and thirdly by a significant increase (p<0.05) in the molecular 

expression of ALP. Furthermore, a significant decrease (p<0.05) in the molecular 

expression of CD63 and decreased expression of STRO-1 on immunofluorescent staining 

at day 21, suggested that the stem cell characteristics were not being retained and further 

supported the belief that the SSCs were going through a process of differentiation. The 

titanium surface did not appear to affect cell behaviour with comparability in cell growth 

and differentiation between TiPL and PcPL surfaces. As such, the minor null hypothesis 

stating, “The Ti-spray coated surface does not support the in vitro growth and 

differentiation of adult SSCs” can be rejected. Although cell behavior was unaffected by 

the titanium surface, the titanium coating did affect the clarity of the images obtained 
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particularly under fluorescent light microscopy, and this serves to highlight the difficulty 

of analysing metallic surfaces using standard imaging techniques.  

 

Having established that the TiPL substrates not only support the growth and proliferation 

of adult SSCs but also, given appropriate chemical stimulation, promote the osteogenic 

differentiation of SSCs, attention was directed towards the osteoinductive potential of the 

nanopatterned titanium surfaces. Under basal media conditions, cell behaviour was 

analysed on TiSQ and TiNSQ substrates and compared to cell behaviour on TiPL and 

TCP substrates (acting as the nanopatterned and titanium surface controls respectively). 

Cell viability at day 21 on the nanopatterned titanium surfaces was confirmed with live-

dead staining and DNA content analysis. The fibroblastic appearance of the cells and 

comparable cell density on the TiSQ, TiNSQ and TiPL surfaces suggest that neither 

nanopatterned surface is able to induce the osteoblastic differentiation of SSCs. The 

apparent absence of any osteoinductive potential on the nanopatterned substrates is 

further supported following analysis of the ALP specific activity. Between days 10 and 

21, no increase in ALP specific activity was found on TiNSQ substrates. A relatively 

modest increase in ALP specific activity was observed on TiSQ substrates, but as the 

ALP specific activity increased on the control substrates (most likely due to cell 

proliferation as demonstrated by the increased DNA content), the increase in ALP 

specific activity on the TiSQ substrate cannot be attributed to the surface topography. 

Molecular analysis also suggests that the nanopatterned topographies on the TiSQ and 

TiNSQ substrates are not able to direct SSCs along the osteoblastic lineage. 

Comparability was seen in the expression of the osteogenic gene markers (ALP, COL1 

and OC) and the MSC marker (CD63) between TiSQ and TiNSQ surfaces, not only 

between days 10 and 21 but also at day 21. The increased expression of CD63 between 

days 10 and 21 on the control substrates is to be expected in the absence osteogenic 

stimulation, and this trend was also observed on TiSQ substrates. Although a slight 

decrease in CD63 expression was observed during the same time period on TiNSQ 

substrates, the large error bar at day 10 suggests this finding should be interpreted with 

caution. Although the increased expression of COL1 is seen with osteoblastic activity, 

COL1 is a relatively non-specific marker of osteoblastic activity, and the fact that a 

significant increase in the expression of COL1 was seen on the control substrates as well 

as on the nanopatterned titanium substrates, suggests that this increase was due to cell 

proliferation and not osteoblastic activity. Between days 10 and 21, the diminished 
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expression of osteocalcin and the comparable expression of ALP, on both TiSQ and 

TiNSQ substrates, further suggests that nanopatterned titanium surfaces have no 

osteoinductive potential. Consequently, the minor null hypothesis stating, “The in vitro 

growth and differentiation of adult SSCs seeded on to SQ and NSQ Ti-spray coated 

nanotopographies is not affected by the arrangement of nanopits on the substrate 

surface,” can be supported. 

 

Following the findings from the previous study, a final in vitro study was conducted to 

ascertain whether the lack of osteoinductivity was confined to the nanopatterned 

titanium-spray coated substrates or whether nanopatterned polycarbonate substrates 

exhibited a similar behaviour. ALP specific activity increased on all surfaces between 

days 10 and 21. The increase in ALP activity on the control surfaces during this period 

(in the absence of chemical stimulation) suggests that an increase in cell number (as 

evidenced by a reciprocal increase in cell DNA content) is responsible for the change. 

However, on the PcSQ surface, only a very modest increase in specific ALP activity was 

observed and by day 21 specific activity was markedly less than on the TiSQ and PcPL 

surfaces. This finding cannot be attributed to reduced cell numbers, as the day 21 DNA 

content on the PcSQ surface was not significantly different to either the TiSQ or PcPL 

surfaces. The diminished ALP specific activity on the PcSQ surface could suggest that 

the square arrangement of nanopits are inhibiting SSC differentiation along the 

osteoblastic lineage, although the reduction in activity is not significantly less than the 

activity on the PcNSQ surface, nor is this finding replicated on the titanium spray-coated 

nanopatterned surfaces. Findings from molecular analysis present a confused picture. On 

PcSQ substrates, the enhanced expression of ALCAM between days 10 and 21, the 

significantly smaller increase in ALP expression between days 10 and 21 compared to 

the PcPL surface and the decrease in osteopontin expression at day 21 compared to the 

PcNSQ surface (where osteopontin expression was seen to increase), all lend weight to 

the biochemical analysis findings suggesting that the square nanopit arrangement on 

polycarbonate substrates is inhibiting osteoblastic differentiation by maintaining a stem 

cell phenotype. However, day 21 expression of ALCAM is not significantly different 

between PcSQ, PcNSQ and PcPL surfaces. Nor is there much of a difference observed in 

ALP expression at day 21 between PcSQ and PcNSQ surfaces (which are both 

significantly less than PcPL surfaces). Furthermore, osteocalcin expression is 

significantly enhanced on both the PcSQ and PcNSQ surfaces compared to the PcPL 
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control surface. These findings seem to suggest that nanopits on polycarbonate surfaces 

do influence cell behaviour compared to polycarbonate planar controls. However, the 

contradictory findings make it difficult to interpret the data and it is unclear how nanopit 

arrangement affects cell behaviour. Furthermore, the changes in cell behaviour on 

nanopatterned polycarbonate substrates are not replicated on titanium-spray coated 

substrates, suggesting that the titanium coating may be interfering with the “normal” 

response of SSCs to nanopit topography.  

 

The results from this series of in vitro experiments have demonstrated for the first time 

that nanopit topographies on Ti-spray coated substrates support the growth and 

proliferation of adult SSCs. However, there is no evidence to suggest that the 

arrangement of the nanopits on Ti-spray coated substrates affects SSC fate. While there 

is some evidence to suggest that the square arrangement of nanopits on polycarbonate 

substrates can maintain the stem cell phenotype, there is no convincing evidence to 

suggest that a near-square arrangement of nanopits on polycarbonate substrates has any 

osteoinductive potential. The inability to replicate the findings of Dalby et al. (Dalby et 

al., 2007) and McMurray et al. (McMurray et al., 2011) could be attributed to a number 

of factors. Firstly, the stiffness of the substrate surface is known to play an important role 

in adhesion formation, cell signalling and subsequent cell fate (discussed in Chapter 1.8.1 

– Nanotopography). Stiffer surfaces result in the formation of larger adhesions (Dalby et 

al, 2014). The stiffness of titanium is greater than that of polycarbonate (Callister Jr, 

2003), and the differential in the Young’s modulus of these materials may in part explain 

the variability in the experimental results. However, it cannot explain all the findings, as 

cell behaviour on PcPL and TiPL surfaces was comparable, suggesting that any effect 

that surface stiffness has on cell behaviour may only be apparent when cells attempt to 

respond to nanotopographical cues. Secondly, the application of the Ti-spray coated 

surface to the polycarbonate substrate during the fabrication process may not be as 

accurate or as uniform as is currently believed. It is conceivable that titanium deposition 

on the polymer surface results in the occlusion of the nanopits thereby negating the 

perceived nanotopographical effect of the substrate surface. Thirdly, the time taken to 

conduct each experiment limited the n-value of each study. Although biochemical and 

molecular analyses were performed, in triplicate and duplicate respectively, repeat 

experimentation is necessary to increase the power of the study.  
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In conclusion, the null hypothesis stating “The Ti-spray coated surface does not support 

the in vitro growth and differentiation of adult SSCs” can be rejected, while that stating 

“The in vitro growth and differentiation of adult SSCs seeded on to SQ and NSQ Ti-

spray coated nanotopographies is not affected by the arrangement of nanopits on the 

substrate surface,” can be supported. 
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CHAPTER 4 

 

The parallel development of ex vivo and in vivo models to explore the 

osteoinductive potential of 2-D nanotopographical Ti-spray coated 

polycarbonate substrates  
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4.1 Materials and methods 

4.1.1 Materials 

Ex vivo model: 

Embryonic day 0 (E0) chicken eggs (Bovans Brown strain) were received from Medeggs 

(Henry Stewart and Co. Ltd., Norfolk, UK) and immediately transferred to the 

Hatchmaster for incubation at 38°C until required. Ti-spray coated nanotopographical 

substrates (PL, SQ and NSQ) measuring 5 x 5mm (milled from the original 2 x 2cm 

substrates at the James Watt Nanofabrication Centre in the University of Glasgow, UK) 

were specifically fabricated for use in the CAM experiments. Sterile instrumentation 

(either single use or autoclaved) was used for all embryonic chick work within the 

culture hood and a sterile technique adopted throughout. 

 

In vivo model: 

MF1 nude mice and New Zealand white rabbits were purchased from Harlan 

Laboratories UK Ltd. The animals were housed in the BRF animal laboratory at the 

University of Southampton and maintained in accordance with the Animals Scientific 

Procedures Act 1986 (two week acclimatisation period). Circular Ti-spray coated 

nanotopographical substrates (PL, SQ and NSQ) measuring 3mm in diameter (milled 

from the original 2 x 2cm substrates, with a depth of 2mm, at the James Watt 

Nanofabrication Centre in the University of Glasgow, UK) were specifically fabricated 

for in vivo experimental use. Sterile instrumentation (either single use or autoclaved) was 

used for all in vivo work within the culture hood and a sterile technique adopted 

throughout. 

 

4.1.2 Seeding of nanopatterned substrates 

The STRO-1 fraction of SSCs was isolated from human bone marrow and expanded 

following the previous protocol (Chapter 2.4 – Isolation and expansion of the STRO-1 

fraction of SSCs). The 5 x 5mm nanosubstrates (for ex vivo model use) and the 3mm 

circular nanosubstrates (for in vivo model use) were soaked overnight in PBS solution 

containing antibiotic/antimycotic (ABAM) agent and repeatedly washed with PBS. The 

nanosubstrates were then placed into non-TCP 24-well plates and seeded with STRO-1 

isolated SSCs at a seeding density of 220 cells/cm2, prior to culture in basal media for a 

further 14 days (Chapter 2.5.1 – Seeding of SSCs onto nanotopographical substrates).  
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4.1.3 Isolation of chick femora (for use with ex vivo model) 

Embryonic day 10 (E10) chicken eggs were removed from the Hatchmaster, the shell 

surfaces cleaned by wiping with sterile PBS and the eggs transferred to the culture hood 

(Figure 44).  
 

                              
 

Figure 44: Experimental set-up within the culture hood for isolation of E10 chick femora 
 

The contents of the egg were emptied into a sterile petri dish and the embryo terminated 

by severing the cervical spine with a scalpel. The embryonic chick limb was carefully 

dissected from the rest of the body and gently rolled on sterile filter paper to remove 

adherent soft tissue (muscles and ligaments), with care taken not to damage the 

periosteum. The femur was disarticulated from the tibia (if the rolling process had not 

already achieved this) and temporarily stored (for no more than a few hours) in sterile 

PBS in preparation for implantation into the CAM culture system (Figure 45). 
 

  
 
Figure 45: Embryonic chick femur isolated at day 10 
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4.1.4 CAM culture system 

Stage 1 - creation of shell window: 

Embryonic day 4 (E4) chicken eggs were removed from the Hatchmaster.a The eggs 

were cleaned by wiping the shell surface with a sterile swab soaked in PBS and the eggs 

transferred to the culture hood. A fine-toothed saw blade was used to create an aperture 

measuring approximately 1 x 1cm and the residual shell removed (using a scalpel to 

breach the membrane), with considerable care taken to prevent the entry of shell 

fragments into the developing chick embryo (Figure 46A-C). The shell window was 

sealed using parafilm (that had been soaked in 70% ethanol and allowed to air dry) and 

autoclave tape and the egg labelled for identification purposes (Figure 46D). The chicken 

eggs were returned to the Hatchmaster (with the window facing upwards) for continued 

incubation at 38°C. 

 

 
 
Figure 46: Creation of the shell window in the chick egg A,B) a fine-toothed hacksaw blade is used 

to create the window edges C) the shell is removed using forceps to create an aperture  
D) the window is sealed using parafilm and autoclave tape   

 
a Due to unforeseen infection in the first experiment the methodology was subsequently revised so that shell windows 
were created in E10 chicken eggs and the scaffolds inserted at the same time (Chapter 4.2.5 – Experimental design).  
 

A	   B	  

C	   D	  
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Stage 2 - insertion of scaffold: 

The embryonic chicken eggs, with shell windows that had been created during stage 1, 

were transferred from the Hatchmaster to the culture hood at day 10. The E10 chick 

femurs (isolated earlier that same day) were gently applied to the surface of the 

nanosubstrate in a diagonal direction to ensure maximum contact between the femur and 

the substrate surface (Figure 47A,B). The parafilm was partially removed to confirm the 

developing embryo’s viability and to allow sufficient access to the CAM (Figure 47C). 

The nanosubstrate was inverted (such that the nanotopographical surface and adherent 

embryonic chick femur were orientated downwards) and carefully lowered onto the 

CAM using fine non-toothed forceps (Figure 47D). The shell window was resealed with 

the parafilm and autoclave tape (fresh parafilm and autoclave tape were used if the seal 

was poor) and the eggs returned to the Hatchmaster (with the window facing upwards) 

for further incubation at 38°C. 

 

 
 
Figure 47: Insertion of the nanosubstrate onto the CAM A,B) the D10 embryonic chick femur is 

applied to the nanotopographical surface of the substrate  C) the parafilm is partially 
removed to allow visualization of the CAM and adequate exposure of the shell window 
D) the nanosubstrate is inverted and lowered onto the CAM prior to resealing of the shell 
window  

 

A B 

C D 
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Stage 3 - retrieval of scaffold: 

The chicken eggs from stage 2 containing the scaffold were transferred from the 

Hatchmaster to the laboratory workbench under non-sterile conditions at embryonic day 

19 (E19). The parafilm was completely removed and the embryo inspected for viability 

(Figure 48). The remaining shell was peeled off until the embryonic egg contents could 

be emptied into a petri dish without damaging the CAM. Termination of the chick 

embryo was conducted by severing the cervical spine with a scalpel. The part of the 

CAM containing the scaffold was carefully dissected from the remaining egg contents 

and fixed in 4% PFA prior to micro-CT imaging and histological analysis.  

 

                      
Figure 48: Viability of the chick embryo at E19 with the inverted substrate sitting on the CAM 

surrounded by an extensive capillary network 
 

 

4.1.5 CAM experimental design 

Experiment 1: 

SQ and NSQ substrates were used (PL substrates acted as the nanopatterned surface 

control). Substrates were pre-seeded with SSCs (with unseeded substrate controls). An 

embryonic chick femur was applied to the substrate surface (substrates without a femur 

were used as controls) (Table 14). Twelve experimental conditions were created (n=2 for 

each condition). Twenty-six embryonic day 0 (E0) eggs were incubated with a surplus 

number of eggs (n=2) included to allow for early infection or unfertilized eggs.  
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Substrate Pre-seeding Embryonic chick femur 

PL + - + - 

SQ + - + - 

NSQ + - + - 

 
Table 14: Experimental conditions for CAM experiment 1 (n=2 for each experimental condition) 

 

Eggs found to be infected or unfertilized at day 10 were discarded (n=16). Due to the 

disappointingly large day 10 discard rate, modifications were made to the experimental 

design and the experiment subsequently repeated (see Experiment 2 below).  

 

Experiment 2: 

SQ and NSQ substrates were used (with PL substrates acting as the nanopatterned 

surface control). Substrates were not pre-seeded with SSCs. An embryonic chick femur 

was applied to the substrate surface. An embryonic chick femur placed in isolation 

(without a substrate) onto the CAM acted as the substrate control (Table 15). Four 

experimental conditions were created with each experimental condition run three times 

(n=3). Eighteen E0 eggs were incubated that included a surplus number of eggs (n=6). 

The shell window was created at day 10 (as opposed to day 4) and the scaffold inserted at 

the same time. Eggs found to be infected or unfertilized at day 10 were discarded (n=2). 
 

Substrate Pre-seeding Embryonic chick femur 

- - + 

PL - + 

SQ - + 

NSQ - + 

 
Table 15: Experimental conditions for CAM experiment 2 (n=3 for each experimental condition) 
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4.1.6 Mouse calvarial defect model 

MF1 nude mice were anaesthetised using an intra-peritoneal injection of sodium 

pentobarbital. A midline longitudinal skin incision was made over the dorsal aspect of 

the head and the calvarium exposed. A 4mm-diameter circular critical-size defect was 

created on each side of the calvarium, using a circular drill bit attached to a slow-speed 

hand piece, while preserving the underlying dura mater. The substrates were inserted 

with the nanopatterned surface orientated downwards (a planar surface being used as the 

control surface on the contralateral side). Following insertion of the first substrate, 

intracerebral contents were observed to herniate through the contralateral calvarial defect 

(Figure A); an observation not seen during a preliminary pilot study involving a mouse 

sacrificed from a separate unrelated study (Figure B). For fear of causing further harm to 

the mouse, the second substrate was not inserted, and the experiment was subsequently 

aborted. No further mice were anaesthetised. 

 

 
 
Figure 49: Mouse calvarial defect model demonstrating A) cerebral herniation through the left 

calvarial defect following substrate insertion into the contralateral defect B) bilateral 
insertion of the substrates during a pilot study  

 

 

 

 

 

A B 



  CHAPTER 4 
	  

	   121	  

4.1.7 Mouse subcutaneous model 

In a separate experiment (run in parallel to the ex vivo work), 12 MF1 nude mice were 

anaesthetised using an intra-peritoneal injection of sodium pentobarbital. A dorsolateral 

mini-incision was made over the left and right flank of each mouse. A nanosubstrate that 

had been pre-seeded with STRO-1 isolated SSCs and cultured in media for 14 days 

(Chapter 4.2.2 – Seeding of nanopatterned substrates) was inserted into the incision on 

the left flank and an unseeded control substrate inserted into the incision on the 

contralateral right flank (Table 16). The incisions were closed with clips pre-soaked in 

2% aqueous Chlorhexidine digluconate solution. The ears of each mouse were tagged for 

identification purposes. The mice were sacrificed at day 56 post-surgery using a lethal 

intra-peritoneal dose of sodium pentobarbital. The substrates were harvested with an 

attempt made to preserve any soft tissue adherent to the substrate surface. The samples 

were fixed in 4% PFA and stored at 4°C in preparation for micro-CT imaging and 

histological analysis. 

 

Group ID Weight (g) Anaesthetic 
volume (µl) Scaffold 

    Left flank Right flank 

1 

No mark 27 150 

PL seeded PL unseeded 
Left ear 26 120 

Right ear 27 150 

Both ears 25 110 

2 

No mark 25 100 

SQ seeded SQ unseeded 
Left ear 33 150 

Right ear 27 120 

Both ears 27 120 

3 

No mark 27 120 

NSQ seeded 
NSQ 

unseeded 

Left ear 26 100 

Right ear 27 120 

Both ears 30 120 

 
Table 16: Experimental design for the in vivo subcutaneous mouse model 
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4.1.8 Development of a rabbit ulna defect model 

Operative technique: 

Two freshly sacrificed New Zealand white rabbits from an unrelated study were used to 

aid development of the modified ulna defect model. The rabbit was placed in the lateral 

position with the forelimb extended. The hair was shaved over the dorsal aspect of the 

forelimb (the skin would have been prepared with 2% aqueous Chlorhexidine 

digluconate solution and a sterile window drape applied to expose the surgical field had 

the rabbit been alive) and a skin incision made with a scalpel over the ulna (Figure 

50A,B).  

 

                 
 
Figure 50: Surgical technique for rabbit ulna defect model demonstrating A) exposure of the dorsal 

aspect of the forelimb following shaving B) dorsal skin incision over ulna C) surgical 
approach with subperiosteal stripping D-F) creation of a non critical-size unicortical defect 

 

 

A B 

D 

E F 

C 
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A plane between the extensor muscles was identified and developed and the muscles 

stripped subperiosteally from the bone to expose the ulna shaft (Figure 50C). The soft 

tissue was retracted with self-retainers to optimize exposure. A 4mm circular drill bit was 

positioned perpendicular to the plane of the ulna and advanced through the first cortex 

only to create a non critical-size unicortical defect (Figure 50D-F). Four 4mm defects 

were created in total along the ulna shaft at 1cm intervals. The substrates (PL, SQ and 

NSQ) could then be inserted into the defects with the nanosurface either orientated 

downwards (to create an intramedullary interface) or upwards (to create an 

extramedullary interface), leaving one defect empty to act as the non-substrate control. 

The skin incision was closed using an absorbable Vicryl suture. It was proposed that 

micro-CT and histological analysis would take place at 12 weeks following substrate 

insertion. 
 

Mechanical testing: 

At the request of the Home Office, it was necessary to demonstrate that the proposed 

rabbit unicortical ulna defect model was not mechanically inferior to the segmental 

defect model. In one rabbit, four unicortical defects were created in the ulna of one 

forelimb (Figure 51A) and a 2cm segmental defect was created in the contralateral ulna 

(Figure 51B).  
 

                          

Figure 51: Preparation of cadaveric rabbit forelimb for mechanical testing demonstrating A) the 
creation of multiple 4mm unicortical ulna defects (thin black arrows) along the ulna shaft 
B) the creation of a 2cm segmental ulna defect (thick black arrow) (images demonstrate 
the forelimbs stripped of extraosseous soft tissue attachments prior to the removal of the 
humerus) 

A 

B 
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In the second rabbit, four unicortical defects were created in the ulna of one forelimb and 

no defect was created in the contralateral ulna (this forelimb acting as the experimental 

control). Each rabbit forelimb (comprising the radio-ulna complex) was biomechanically 

tested using three-point bending (n=1). The forelimb was marked at a point equidistant 

from each end of the ulna and positioned on the blocks of the apparatus such that the 

point of contact on the convexity was 2cm from the mark each side (Figure 52). A 

compressive load was applied at a constant rate to the concave side of the forelimb (at the 

designated mark) until skeletal failure.  

 

                              
 

Figure 52: Biomechanical analysis of the cadaveric rabbit forelimb using three point bending 
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4.2 Results 

4.2.1 CAM experiment 1 
 

CAM viability: 

Chick embryo survival rates of the CAM culture system were extremely poor overall 

(Table 17, Figure 53A,B). CAM viability using unseeded scaffolds was 50% at day 10 

and 36% at day 19. Two of the day 19 infections using the unseeded scaffolds were 

expected as shell debris had fallen onto the CAM during the creation of the shell window 

(although this was not immediately apparent at day 10). CAM viability using seeded 

scaffolds was considerably worse than with unseeded scaffolds with 25% viability at day 

10 and 17% viability at day 19. All infections using the seeded scaffolds were 

unexpected. 

 

 
Day 10 survival 

rate 
Day 19 survival rate 

  Overall Excluding day 10 infections 

All conditions 38% (10/26) 27% (7/26) 70% (7/10) 

Unseeded scaffolds 50% (7/14) 36% (5/14) 71% (5/7) 

Seeded scaffolds 25% (3/12) 17% (2/12) 67% (2/3) 

 
Table 17: CAM viability at E10 and E19 

 

 

 
 
Figure 53: Viability of the chick embryo was extremely poor with evidence of infection A) at E10 

prior to scaffold insertion B) at E19 following scaffold insertion  

A B 
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4.2.2 CAM experiment 2 
 
CAM viability: 

Chick embryo survival rates of the CAM culture system were improved by creating the 

shell window at day 10 as opposed to day 4, with survival markedly improved at the day 

10-time point (Table 18). Day 19 CAM viability using unseeded scaffolds was 

comparable to the “no scaffold” control with survival rates of 83% and 75% respectively. 

 

 Day 10 survival rate Day 19 survival rate 

  Overall Excluding D10 infections 

All conditions 89% (16/18) 72% (13/18) 81% (13/16) 

Unseeded scaffolds 

n/a 

n/a 83% (10/12) 

No scaffold (femur 

control) 
n/a 75% (3/4) 

 
Table 18: CAM viability at E10 and E19 

 

 

Macroscopic appearance of chick femora: 

At day 19, the CAM was found to envelope the embryonic chick femora with 

considerable evidence of vascular proliferation (Figure 54A,B).  

 

 
 
Figure 54: Macroscopic appearance of the embryonic chick femora at day 19 A) in ovo 

demonstrating the substrate with the femur beneath it B) ex ovo demonstrating the 
substrate and the adherent femur (an additional substrate has been included in the left of 
the photograph to give an idea of scale) 

 

A B 
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Growth of the embryonic chick femora was observed under all experimental conditions 

including the control group without a substrate (Figure 55A-D). However, femoral 

growth was inconsistent within the same experimental group and no notable differences 

were observed between experimental groups. 

 

 
    
Figure 55: Macroscopic appearance of the day 19 chick femora harvested from the CAM and 

photographed ex ovo  A) femur in isolation (no substrate control) B) femur from PL 
substrate C) femur from SQ substrate D) femur from NSQ substrate  

 

 

Furthermore, the embryonic chick femora did not always remain adherent to the substrate 

surface. Occasionally, this was seen to result in growth distortion or retardation (Figure 

56A,B). Growth distortion was not apparent when the femora were inserted onto the 

CAM in isolation (without a substrate). 

 

	  

5mm 5mm 

5mm 5mm 

A B 

C D 
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Figure 56: Macroscopic appearance of the day 19 chick femora harvested from the CAM and 

photographed ex ovo demonstrating femoral growth distortion and retardation                
A) following complete loss of contact with the substrate surface and B) following partial 
loss of contact with the substrate surface 

 

 

Micro-CT imaging: 

In the SQ and NSQ substrate groups, the embryonic chick femora harvested from the 

CAM at day 19 showed evidence of cortical thickening in the region that had been in 

contact with the nanotopographical surface (Figure 57B,C). This was not evident in the 

embryonic chick femora that had been in contact with the PL surface (Figure 57A).  

 

 
 
Figure 57: Micro-CT analysis demonstrating an axial section of the embryonic chick femora 

harvested from the CAM at day 19 in A) the PL substrate group B) the SQ substrate 
group C) the NSQ substrate group (n=1) 
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Histological analysis: 

The chick femur in contact with the PL control substrate demonstrated Sirius red staining 

along both diaphyseal cortices, more pronounced on one cortex than the other (small 

white arrows) and Alcian blue staining of the metaphyseal region (thick white arrow) 

(Figure 58A). The chick femur in contact with the NSQ substrate exhibited a similar 

staining pattern to the control substrate (Figure 58B). Atypical staining of the chick 

femur in contact with the SQ substrate was noted (Figure 58C). 

 

      
 
Figure 58: Histological analysis with Alcian blue (thick white arrow) and Sirius red (thin white 

arrows) staining of longitudinal sections of E19 chick femora cultured on the CAM 
demonstrating the effect of A) the PL substrate B) the NSQ substrate and C) the SQ 
substrate 

 

 

 

 

 

 

 

 

A 

C 
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4.2.3 Mouse subcutaneous model 

Micro-CT analysis of the seeded PL, SQ and NSQ Ti-spray coated polycarbonate 

substrates demonstrated no evidence of bone formation at the substrate–soft tissue 

interface; comparable to the unseeded controls (Figure 59A-F). 
 

 
 
Figure 59: Micro-CT analysis demonstrating no bone formation at the substrate-soft tissue interface 

following the harvesting of A-C) seeded PL, SQ and NSQ nanotopographical substrates 
and   D-F) unseeded PL, SQ and NSQ nanotopographical substrates 

 

 

4.2.4 Rabbit ulna defect model 

The radio-ulna complex of the intact forelimb (without any defect) exhibited two loading 

peaks prior to failure, the first peak measuring 125N at 41.6 seconds and a later peak 

measuring 140N at 113.6 seconds (Figure 60). A similar trend was observed in the radio-

ulna complex with the unicortical ulna defects, with the first loading peak measuring 

105N at 43 seconds and the second peak measuring 143N at 70.3 seconds. In a different 

rabbit, the maximum tolerated load of the segmental and unicortical defect models prior 

to failure was 113N and 166N respectively (Figure 61). The segmental defect model 

failed earlier (at 55.9 seconds) than the unicortical defect model (at 74.5 seconds). Only 

one loading peak was exhibited in the segmental defect model whereas two earlier 

loading peaks, the first measuring 68N at 22.7 seconds and the second measuring 146N 

at 58.2 seconds, were exhibited in the unicortical defect model. 

 
 

A 

D 

B 

E 

C 

F 

PL SQ NSQ 
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Figure 60: Graph comparing the flexural strength of the rabbit radio-ulna complex using three point 

bending in an intact forelimb and a unicortical ulna defect model (n=1) 
 
 

 
Figure 61: Graph comparing the flexural strength of the rabbit radio-ulna complex using three point 

bending in a segmental ulna defect model and a unicortical ulna defect model (n=1) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

0	  

40	  

80	  

120	  

160	  

0	   20	   40	   60	   80	   100	   120	   140	  

Lo
ad

 (N
) 

Time (secs) 

No	  defect	  

Unicortical	  defect	  

0	  

40	  

80	  

120	  

160	  

200	  

0	   20	   40	   60	   80	   100	  

Lo
ad

 (N
) 

Time (secs) 

Unicortical	  defect	  

Segmental	  defect	  



  CHAPTER 4 
	  

	   132	  

4.3 Discussion 

4.3.1 Ex vivo modelling 

The attractiveness of the CAM culture system lies in its ease of application, its 

affordability and the fact that large numbers can be analysed in a relatively short 

experimental time frame. In combination with the embryonic chick femur model, these 

ex vivo models allow researchers to explore the effect and response of tissue-engineered 

constructs on skeletal and cartilage development by providing a physiological 

environment, not offered by in vitro experimentation, which can be manipulated with 

considerable ease. Furthermore, neither the CAM culture nor embryonic chick femur 

models have the same ethical dilemmas that are associated with in vivo experimentation. 

This thesis explores the osteoinductive potential of the nanotopographical substrate 

surface using the CAM culture system and provides the first documented evidence of the 

nanotopographical surface effects by analysing the skeletal and cartilaginous growth and 

development of an embryonic chick femur applied to the substrate surface.  

 

The survival of the chick embryo and the establishment of an extensive CAM capillary 

network are integral to the viability and efficacy of the CAM model. However, the CAM 

experiments conducted in this thesis demonstrate that achieving a CAM viability of 90%, 

a figure quoted in published literature (Borges et al., 2003), is more challenging than it 

would appear. Based on the successful work of Valdes et al. (Valdes et al., 2001), the 

initial CAM experiment in this thesis (Experiment 1) involved the creation of a shell 

window and insertion of the substrate onto the CAM at day 4 and day 10 of incubation 

respectively. Despite using a meticulous sterile technique throughout the procedure, 

infection was a notable problem and the CAM survival rate at day 10 was unacceptably 

low. The day 10 survival rate with the seeded scaffolds (25%) was two-fold lower than 

with the unseeded scaffolds (50%). A considerable improvement in CAM viability was 

observed between day 10 and day 19 of incubation, with comparability between 

unseeded and seeded scaffold use, with a day 19-survival rate of 71% and 67% 

respectively. CAM experiment 1 highlighted two problems. Firstly, the creation of the 

shell window at day 4 of incubation had a significant negative impact on CAM viability. 

Regardless of the perceived sterility of the procedure, exposure of the CAM to the outer 

environment at two separate time points (day 4 and day 10) appeared to be an important 

factor that could contribute to the unexpectedly high infection rates. Secondly, insertion 

of substrates pre-seeded with SSCs derived from human bone marrow increased the 
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infection rate two-fold. Although the developing chick embryo has a relatively immature 

immune system at the day 10-time point, pre-seeding of the substrates potentially results 

in an adverse reaction contributing to the higher infection rate in this group. It is also 

conceivable that the substrates themselves are responsible for the increased infection rate 

despite the pre-soaking with ABAM solution. Consequently, the experimental 

methodology was revised such that both the creation of the shell window and the 

insertion of the substrates occurred on day 10 of incubation at one single time point. 

Substrates pre-seeded with SSCs from human bone marrow were not used in this second 

revised experiment. Furthermore, a “no-substrate” control group was included (where by 

a substrate was not inserted onto the CAM) to ascertain whether the substrates 

themselves were responsible for the infection.  

 

A significant enhancement in CAM viability was observed in the revised CAM 

experiment of this thesis (Experiment 2). The day 10-survival rate of 89% could be 

attributed to the changes made to the original experiment and/or to an improvement in 

the procedural technique when handling the eggs. Unexplained infection still occurred 

between day 10 and day 19 of incubation. This could potentially coincide with the 

development of the chick embryo’s immune system, resulting in a “foreign-body” type 

reaction and ultimately rejection, but it is difficult to attribute this observation to the 

nanotopographical substrate alone as infection was also observed when embryonic chick 

femora were inserted in isolation in the “no scaffold” control group. The 

nanotopographical substrates were observed to support the growth of embryonic chick 

femora but no notable differences in macroscopic appearance were observed between PL, 

SQ and NSQ surfaces. Indeed, as expected, femoral growth occurred when the femora 

were inserted onto the CAM in isolation, suggesting that growth was attributable to the 

CAM itself as opposed to the substrate surface. However, it was observed that not all 

femora remained in contact with the substrate surface. This resulted in femoral growth 

distortion or retardation predominantly in the femora that maintained partial contact with 

the substrate as opposed to those femora that lost complete contact with the substrate 

surface. Establishing when, during the incubation period, this loss of contact occurred is 

not possible, but it would evidently have a marked affect on the osteoinductive potential 

of the substrate surface. Nor is it possible to guarantee that contact between the 

embryonic chick femur and the substrate surface is maintained during the incubation 
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period and serves to highlight one of the deficiencies of using this particular model in its 

current format.  

 

Micro-CT analysis of the embryonic chick femora (those femora that visibly appeared to 

remain in contact with the substrate surface) suggested that surface nanotopography, 

regardless of the arrangement of the nanopits, promoted cortical thickening of the cortex 

in contact with the nanotopographical surface; a finding not observed in embryonic chick 

femora adherent to PL substrate surfaces. While the apparent cortical thickening could 

represent an increase in bone deposition in the developing femur in response to the 

nanotopographical surface, the findings should be interpreted with caution. Firstly, 

micro-CT analysis could only be conducted on one sample per experimental condition 

(n=1), as in the majority of cases the femur was found detached from the substrate 

surface and therefore not amenable to micro-CT analysis. Secondly, the femora on the 

SQ and NSQ surfaces, that to the naked eye appeared to remain in contact with the 

substrate surface, had actually lifted off from the surface when observed under micro-CT. 

Even this small detachment from the substrate surface is likely to interfere with 

nanotopographical signalling pathways and prevent meaningful interpretation of the 

findings. Thirdly, the micro-CT data was formatted to create axial images in relation to 

the substrate surface. However, in the absence of a landmark to orientate the femur in 

relation to the substrate surface, the formatting of axial images is subject to assessor bias 

with nothing to control for femoral orientation in the x, y or z-axes. 

 

Histological analysis was conducted using a Sirius red and Alcian blue stain used in 

combination. Sirius red stains collagen (predominantly type 1 collagen found in bone) 

while Alcian blue stains the glycosaminoglycans found in cartilage. Theoretically, the 

stain should demonstrate whether the substrate surface has an osteoinductive effect on 

diaphyseal bone formation in the developing chick femur. Successful staining of the 

chick femur, in contact with the PL control substrate, was demonstrated with notable 

differentiation in staining between the chondrogenic cells of the metaphysis and the 

osteogeneic cells of the diaphyseal cortices. A similar staining pattern was observed with 

the chick femur in contact with the NSQ substrate. Within the diaphyseal region of the 

femur in contact with the NSQ surface, one cortex was noted to display an increase in 

bone formation compared to the other cortex. Unfortunately, it is not possible to attribute 

this unicortical increase in bone formation to the nanotopography of the NSQ substrate 
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surface with any certainty. Firstly, for this initial attempt at sectioning and staining of the 

chick femora, it was not possible to preserve the orientation of the femur and its 

relationship to the substrate, such that the cortex with the increased bone formation is not 

guaranteed to be the cortex in contact with the substrate surface. Histological analysis of 

the femoral samples took place several weeks after micro-CT analysis, during which the 

femora were immersed in 4% PFA followed by sterile PBS solutions, and during this 

period contact between the femur and substrate was lost. Future histological experiments 

would need to address the problem regarding femoral orientation, either by sectioning the 

femoral samples prior to their detachment from the substrate surface, or by placing a fine 

wire longitudinally though the femur to act as a marker to facilitate orientation. 

Secondly, a similar finding was observed in the femur of the planar control substrate 

group. Thirdly, histological analysis was performed on only one sample from each group 

(n=1). Increasing the number of samples would help determine whether these findings 

are not only consistent but also meaningful. Rather than the nanotopography being 

responsible for the possible increase in bone formation, SSCs may be responding to 

changes in the mechanical environment caused by contact between the femur and 

substrate surface, as has been previously reported in other studies (Nathan et al., 2011). 

The atypical staining observed in the chick femur in contact with the SQ substrate 

surface was likely to be due to either poor sectioning of the sample or a dysplastic femur. 

Consequently, it was not possible to extrapolate any meaningful information from the 

staining of the femur in contact with the SQ substrate, and further histological tests are 

needed. 

 

In conclusion, the results from the CAM studies do not provide enough evidence to either 

prove or disprove the null hypothesis stating, “The nanopatterned surface of Ti-spray 

coated polycarbonate substrates does not have an osteoinductive role in the development 

of embryonic chick femora.” 
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4.3.2 In vivo modelling 

By reflecting the biomechanical and physiological clinical environment of humans, in 

vivo animals models provide an invaluable means of experimental analysis prior to 

clinical translation, and are generally favoured over other modelling systems for the 

experimental benefits they confer. The mouse calvarial defect model was originally 

chosen for its simplicity, affordability and reproducibility in analysing the bone healing 

response to tissue-engineered constructs. No concerns were highlighted from a pilot 

study, conducted on a freshly sacrificed mouse from an unrelated experiment, used to 

assess the feasibility of the operative technique. The cerebral herniation observed on a 

live anaesthetised mouse during the insertion of the substrate into the calvarial defect was 

unexpected and likely to be due to the increased intracerebral pressure in a live as 

opposed to freshly sacrificed mouse. The depth of the substrates contributed to the 

problem but could not be changed due to the nanofabrication technique. As such, the 

mouse calvarial defect model was deemed unsuitable for the analysis of the 

nanotopographical substrates in its current format. Future use of a calvarial defect model 

to analyse the nanosubstrates would either require a larger animal model and/or changes 

to the fabrication process of the substrates to reduce their depth. 

  

The mouse subcutaneous model provided an alternative in vivo model to the calvarial 

defect model for analysis of the nanotopographical substrates On harvesting, the 

substrates were found to be enveloped by soft tissue which was adherent to the substrate 

surface, so the substrate-soft tissue mass was dissected whole in an attempt to preserve 

the substrate-soft tissue interface. No bone formation was seen at the substrate-soft tissue 

interface on micro-CT analysis of either the seeded substrates or unseeded controls. The 

absence of bone formation could be attributed to a number of factors. Firstly, the SSC 

number in the extra-osseous subcutaneous environment may be inadequate for 

osteogenesis despite pre-seeding of the substrates. Secondly, the nanosurface may not 

provide a sufficient osteoinductive stimulus to promote bone formation in the non-

osseous subcutaneous environment. Thirdly, as highlighted in the Diamond Concept 

(Chapter 1.3 – The clinical imperative for skeletal tissue engineering strategies), bone 

formation relies upon an osteoconductive scaffold that the subcutaneous model does not 

provide. Furthermore, the day 56-time point for micro-CT analysis may be too early to 

detect bone formation. However, micro-CT analysis was able to differentiate between the 

density of the substrate and the surrounding soft tissue, with the titanium surface causing 
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no visible artifact at the substrate surface, suggesting that micro-CT is a viable modality 

for detecting bone formation if it was present. Histological analysis was attempted to 

analyse the cellular interaction at the substrate-soft tissue interface, but failed due to the 

technical inability to section the substrates while preserving the substrate-soft tissue 

interface. Consequently, the survival and differentiation of the seeded SSCs remained 

unknown. No mouse deaths or infections were reported within the 8-week experimental 

time frame and this, at the very least, demonstrated the viability of the subcutaneous 

mouse model, in terms of host survivorship, for in vivo experimental purposes using the 

nanosubstrates.  

 

The challenges encountered with the calvarial defect and subcutaneous mouse models 

prompted the development of an alternative in vivo model for analysing the 

nanotopographical substrates. The New Zealand white rabbit segmental ulna defect 

model has been used extensively to analyse tissue-engineered constructs as previously 

discussed (Chapter 1.9.2.1 – Non-spinal in vivo models), but the model required 

modification to accommodate the 2-D substrates used in this thesis. The proposed 

unicortical ulna defect model permits analysis of the osteoinductivity of 2-D substrates in 

either an intramedullary environment (akin to the surface implant environment of 

prostheses used for spinal interbody fusion or hip arthroplasty) or an extramedullary 

environment (akin to the surface implant environment of spinal rods used for 

posterolateral spinal fusion). In developing the model, and at the request of the Home 

Office, it was necessary to demonstrate that the rabbit would not be mechanically 

compromised by the creation of multiple unicortical ulna defects, in relation to the 

segmental defect model. A three-point bending test was chosen, having been used in 

previous biomechanical studies involving the ulna of NZ white rabbits (Karachalios et 

al., 1992), to compare the flexural strength of the radio-ulna complex between an ulna 

with multiple unicortical defects and an ulna with a segmental defect and no defect (to 

act as the control). The initial experiment compared the unicortical defect model with a 

normal intact ulna. In both models, initial load sharing occurs between the radius and 

ulna. Unlike in mammals, where the radius and ulna are separated by a strong 

interosseous membrane (syndesmosis) which facilitates forearm rotation 

(pronation/supination), in rabbits the syndesmosis ossifies, such that the radius and ulna 

are fused along much of its length, preventing rotation of the radius/ulna, which instead 

acts as one functional unit (Figure 62). 
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Figure 62: Cadaveric specimen of the radioulna complex of the rabbit demonstrating fusion along 

much of its length. Available from: http://www.timetrips.co.uk/bone-rabbit-ulna-
radius1.jpg  

	   	   [Accessed 05 January 2015] 
 

In the intact ulna model, the first loading peak represents failure of one of the forelimb 

bones while the second peak represents failure of the other forelimb bone. It is not 

entirely clear which bone fails first but the radius, being the smaller bone, is the most 

probable. In the unicortical ulna defect model, failure of the first bone occurs at the same 

time point as the intact model, with a 16% reduction in the load required to achieve this. 

Although failure of the second bone occurs 43 seconds earlier in the unicortical defect 

model, the presence of multiple unicortical defects does not weaken the radio-ulna 

complex overall, with comparability in the ultimate flexural strength between models. 

The second experiment compared the unicortical defect model with the segmental defect 

model. In the unicortical defect model, the first loading peak represents failure of one of 

the forelimb bones, while the second and third peaks represent partial and complete 

failure of the radio-ulna complex respectively (possibly as a result of near followed by 

far cortical disruption of the ulna). In the segmental defect model, the radius takes the 

entire load from the outset, such that the radio-ulna complex in the segmental defect 

model sustains 33% less load than the unicortical defect model. Although the n-value 

was extremely low for each three-point bending experiment and that biomechanical 

analysis only considered flexural strength of the radio-ulna complex (recent literature has 

suggested that cyclical compression is the preferred method for investigating the effects 

of mechanical loading in small animal models but more in relation to the bone healing 

response, Baumann et al., 2015), the mechanical testing findings in this thesis 

demonstrate that the unicortical ulna defect model is biomechanically superior to the 

segmental ulna defect model and comparable to the intact ulna model. Furthermore, the 

ability to create multiple defects without compromising mechanical stability in this 
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modified unicortical ulna defect model, offers an ethically more appealing option for 

testing the 2-D nanotopographical substrates, as fewer rabbits will be needed to conduct 

the study.       

 

Due to the difficulties encountered with the in vivo analysis of the nanotopographical 

substrates, the in vivo experiments conducted as part of this thesis were predominantly 

directed at developing a suitable model for future use. As such, there was not enough 

evidence to either prove or disprove the null hypothesis stating, “The nanopatterned 

surface of Ti-spray coated polycarbonate substrates does not have an osteoinductive role 

in vivo.” 
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CHAPTER 5 

 

In vitro analysis of the osteoconductive potential of 3-D printed 

hydroxyapatite scaffolds 

 

 

 

The in vitro work in this chapter was conducted jointly with Mr C. Black. The experimental design, cell 
harvesting and isolation, scaffold seeding were performed by myself. The MTT assay and CTG/EH-1 live 

dead-dead stain were performed by Mr C. Black. The SEM analysis was performed jointly. 
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5.1 Materials and methods 

The in vitro materials and methodology for the seeding of unselected SSCs onto 3-D 

printed HA scaffolds have previously been described (Chapter 2). Scaffolds with pore 

diameters of 125µm (n=16) and 250µm (n=16) were compared. Cell viability on the 

scaffold surface and in the central region of a cut scaffold was analysed at day 14 using a 

CTG/EH-1 live-dead stain (with DAPI nuclear stain). Cell viability was also analysed 

using a MTT assay at days 1, 7, 14 and 21. Cell adhesion to the scaffold surface and cell 

penetrance into the scaffold were analysed at day 14 using SEM imaging. The central 

region of the scaffold was analysed by sectioning the scaffold in the horizontal plane 

(2mm below the scaffold surface) using a scalpel blade. The cut surface was imaged 

from the inside looking out. 

 

 

The null hypothesis tested was as follows: 

 

• Pore size has no effect on the viability of SSCs seeded onto 3-D printed HA scaffolds 

or on the osteoconductive potential of the scaffold. 
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5.2 Results 

A CTG/EH-1 live-dead stain (with DAPI nuclear stain) was used to analyse cell viability 

and penetrance at day 14. On scaffolds with 125µm pore sizes, cell viability on the 

scaffold surface was extremely poor with marked evidence of cell death (Figure 63A). 

Conversely, on scaffolds with 250µm pore sizes, surface cell viability was well 

maintained (Figure 63B). 
 

         
      
Figure 63: CTG/EH-1 live-dead stain under light microscopy (x100) at day 14 demonstrating A) 

poor cell viability on the surface of scaffolds with 125µm pores and B) well maintained 
cell viability on the surface of scaffolds with 250µm pores (scale bar represents 200µm) 

 

There was limited cell penetration into the central region of the scaffold with pore sizes 

of 125µm (Figure 64A). Conversely, extremely good cell penetration and viability was 

observed in the central region of scaffolds with 250µm pore sizes (Figure 64B).  
 

         

Figure 64: CTG/EH-1 live-dead stain under light microscopy (x100) at day 14 demonstrating A) 
limited cell penetrance and viability in the central region of the scaffold with 125µm pore 
sizes (scale bar represents 100µm) and B) good cell penetrance and viability in the 
central region of the scaffold with 250µm pore sizes (scale bar represents 500µm) 

A B 

A B 
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Cell adhesion at day 14 was evident under SEM imaging of the scaffold surface on both 

scaffolds. On scaffolds with 125µm pore diameter, the cells appeared to exhibit a linear 

orientation between the filaments (Figure 65A), whereas on scaffolds with 250µm pore 

diameter, the cells appeared to exhibit a circular orientation over the pores, with evidence 

of a central lumen (Figure 65B). 
 

           

Figure 65: SEM imaging of the scaffold surface demonstrating cell adhesion and morphology at day 
14 on 3-D printed HA scaffolds with A) 125µm pore sizes and B) 250µm pore sizes 
(scale bar represents 200µm) 

 

Cell penetration and adhesion to the filaments at day 14 was evident under SEM imaging 

of the central region of scaffolds with 250µm pore diameter, with further evidence of the 

curved luminal orientation of cells bridging the pores (Figure 66A,B).   
 

          
           
Figure 66: SEM imaging of the central region of 3-D printed HA scaffolds with 250µm pore sizes 

demonstrating cell adhesion and morphology at day 14 at A) x100 magnification (scale 
bar represents 500µm and B) x200 magnification (scale bar represents 200µm) 

 

A	   B	  

A B 
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In the central region of scaffolds with 250µm pore diameter, the luminal morphology that 

appears, as the cells aggregate to bridge the pore, develops early (as evident under SEM 

imaging at day 7) (Figure 67A) and is maintained with the creation of a cylindrical 

structure, densely populated with cells, that appears to traverse the pore (Figure 67B). 

 

            
 
Figure 67: SEM imaging of the central region of 3-D printed HA scaffolds with 250µm pore sizes 

demonstrating the curved luminal aggregation of cells A) at day 7 (scale bar represents 
100µm and B) at day 21 (scale bar represents 50µm) 

 

Following a MTT assay (Figure 68), cell viability was found to be significantly greater 

on scaffolds with 125µm pore diameters compared to scaffolds with 250µm pore 

diameters at day 1 (p<0.001) and day 7 (p<0.001). At day 14, cell viability was 

comparable between the scaffolds with different pore sizes, but while cell viability had 

increased on scaffolds with 250µm pore diameters, cell viability was noted to decrease 

on scaffolds with 125µm pore diameters compared to day 7. By day 21, a dramatic 

decrease in cell viability was observed on scaffolds with 125µm pore diameters. Cell 

viability continued to increase on scaffolds with 250µm pore diameters and was 

significantly greater than the cell viability on scaffolds with 125µm pore diameters 

(p<0.0001). 

 

A B 



  CHAPTER 5 
	  

	   145	  

 
Figure 68: MTT assay demonstrating increased cell viability up until day 14 on 3-D printed HA 

scaffolds with 125µm compared to 250µm pore diameters. After day 14, cell viability 
dramatically decreases on scaffolds with 125µm pore diameters but continues to increase 
on scaffolds with 250µm pore diameters (results = mean ± SD, n = 3 samples, statistics 
by 2-way ANOVA and Tukey’s post hoc comparison test, ***p<0.001, ****p<0.0001). 
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5.3 Discussion 

Scaffolds play a fundamental role in providing an osteoconductive framework to 

facilitate bone tissue regeneration. A number of scaffold design parameters are thought to 

be integral for successful osseointegration and include pore size, porosity, pore 

interconnectivity, pore morphology, material composition and mechanical properties 

(Jones et al., 2009). However, despite there being a diverse selection of commercially 

available products for use as bone graft substitutes in the United Kingdom (Kurien et al., 

2013), a detailed analysis of individual scaffold properties is seldom undertaken due to 

difficulties in controlling for and accurately reproducing these scaffold variables during 

scaffold design. Consequently, this has hampered efforts to understand the effect and 

significance of these individual parameters during the different phases of bone formation. 

Advancements in 3-D printing techniques offer a potential solution and have brought this 

technology to the fore in recent years. Due to the ability to precisely define individual 

construct parameters, there is now considerable interest in the application of 3-D printing 

technology in the fabrication of scaffolds for bone tissue regeneration. As a preliminary 

experiment for future studies, the work in this chapter uses 100% sintered HA scaffolds 

(fabricated using 3-D printing technology) and explores the effect of two different pore 

sizes on SSC behaviour while maintaining uniform filament diameter, porosity, pore 

interconnectivity and mechanical properties throughout the scaffold. 

 

During the first week in culture, cell viability was enhanced on scaffolds with 125µm 

pore diameters compared to scaffolds with 250µm pore diameters, as confirmed by the 

MTT assay findings, suggesting that scaffolds with smaller pores allow better initial cell 

adhesion and proliferation. Although the seeding density and filament diameter were the 

same for both scaffolds, the greater surface area available to SSCs on seeding of the 

scaffolds could explain the increased cell viability on the scaffolds with smaller pores at 

days 1 and 7. Cell viability at day 14 remained greater on the scaffolds with smaller 

pores (although the MTT assay finding was not significant), but whereas cell viability 

continued to increase on the scaffolds with 250µm pore diameters (compared to day 7), 

cell viability on scaffolds with 125µm pore diameters started to decrease; a trend that 

continued until day 21 where cell viability was significantly greater on the scaffolds with 

larger pores. Analysis of the scaffold surface at day 14 using CTG/EH-1 live-dead stain 

showed notable cell death on the scaffolds with smaller pores and cell proliferation on 

the scaffolds with larger pores; an observation that appears to contradict the day 14 MTT 
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assay findings. Furthermore, analysis of the central region of the scaffolds at day 14 

using CTG/EH-1 live-dead stain showed considerable cell penetration in scaffolds with 

larger pores and only limited cell penetration in scaffolds with smaller pores. Despite the 

disparity in the day 14 findings between the MTT assay and live-dead stain, it is evident 

that something occurs at around the day 14-time point that inhibits cell penetration and 

survival on the scaffolds with smaller pores and promotes cell penetration and survival 

on the scaffolds with larger pores. The SEM findings appear to give a clue into what 

might be happening at a cellular level to explain the different findings. On the scaffolds 

with smaller pores, the SCCs appear to bridge the pores with a linear orientation. 

Although there is greater initial cell adhesion and proliferation, the increasing cell 

density soon results in occlusion of the surface pores and cell layering at the scaffold 

surface. Not only does pore occlusion prevent nutrients from entering the scaffold, which 

subsequently inhibits cell penetration, but cell layering on the scaffold surface also 

starves the deeper cell layers of nutrients with resultant cell death and cell detachment 

from the scaffold surface. On the scaffolds with larger pores, the filaments are far enough 

apart that the SCCs appear to bridge the pores in a circular orientation. In doing so, a 

central lumen appears to develop which the cells aggregate around. This allows nutrients 

to penetrate deep within the scaffold and is likely to explain why the scaffolds with larger 

pores exhibit greater cell penetration and support more cells with time. Interestingly, as 

time progresses, so the luminal appearance of the cell aggregate becomes more 

pronounced and can be seen not only on the scaffold surface but also in the central region 

of the scaffold. 

 

This study provides evidence that SSCs seeded onto HA scaffolds respond to different 

pore sizes, with 250µm pore diameter scaffolds promoting cell survival and facilitating 

cell penetration into the scaffold compared to 125µm pore diameter scaffolds. The 

cylindrical structures that form, through cell aggregation in the scaffolds with larger 

pores, appear to provide a conduit for nutrient transport and cell waste excretion that may 

enhance in vitro cell survival within the scaffold. In the in vivo setting, these cellular 

conduits could potentially facilitate vascular ingrowth and bone formation, and thus 

enhance the osteoconductive potential of the scaffold. Based on the findings from this 

work, the null hypothesis stating, “Pore size has no effect on the viability of SSCs seeded 

onto 3-D printed HA scaffolds or on the osteoconductive potential of the scaffold,” can 

be rejected. However, it should be highlighted that the differentiation potential of the 
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SSCs seeded onto the scaffolds has not been ascertained in this study. It is conceivable 

that the cells that form on the scaffolds with 250µm pore diameters are not of the 

osteoblastic lineage, but are instead fibroblasts. Furthermore, while the osteoconductive 

potential of scaffolds with larger pore sizes is theoretically evident, further in vitro and in 

vivo analysis is required to elucidate and support this and comparison should be made to 

autograft, the current gold standard. 

 

In conclusion, the null hypothesis stating “Pore size has no effect on the viability of SSCs 

seeded onto 3-D printed HA scaffolds or on the osteoconductive potential of the 

scaffold,” can be rejected. 
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6.1 Conclusions 

Chapter 3: In vitro analysis of STRO-1 selected adult SSCs seeded onto 2-D 

nanotopographical substrates 
 

• This is the first study to demonstrate that Ti-spray coated polycarbonate substrates 

support the growth of adult SSCs 

• Ti-spray coated polycarbonate substrates with a planar surface support the osteogenic 

differentiation of adult SSCs given appropriate chemical stimulation. 

• There was no convincing evidence to demonstrate that either the presence or 

arrangement of nanopits on the surface of Ti-spray coated polycarbonate substrates 

influences SSC fate in the absence of chemical stimulation. 

 

Chapter 4: The parallel development of ex vivo and in vivo models to explore the 

osteoinductive potential of 2-D nanotopographical Ti-spray coated polycarbonate 

substrates 
 

• The CAM culture system and embryonic chick femur model does not currently 

provide a reliable means of analysing the 2-D nanotopographical effects of Ti-spray 

coated polycarbonate substrates. 

• Neither the mouse calvarial defect nor the mouse subcutaneous models provide a 

suitable environment for the in vivo analysis of 2-D nanotopographical Ti-spray 

coated polycarbonate substrates. 

• The proposed rabbit unicortical ulna defect model potentially offers an attractive 

means of analysing the 2-D nanotopographical effects of Ti-spray coated 

polycarbonate substrates. 

 

Chapter 5: In vitro analysis of the osteoconductive potential of 3-D printed 

hydroxyapatite scaffolds 
 

• Pore size influences the viability and migration of adult SSCs seeded onto 3-D 

printed HA scaffolds. Cell proliferation and penetration into the central region of the 

scaffold is promoted with a pore diameter of 250µm but inhibited with a pore 

diameter of 125µm. 

• The curved luminal morphology of cell aggregates on scaffolds with a pore diameter 

of 250µm confers a theoretical osteoconductive potential to the scaffold. 
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6.2 Further work 

Chapter 3: In vitro analysis of STRO-1 selected adult SSCs seeded onto 2-D 

nanotopographical substrates 
 

Although the in vitro work in this thesis has demonstrated that Ti-spray coated 

nanosubstrates can support the growth and differentiation of SSCs with appropriate 

chemical stimulation, there was limited evidence to suggest that nanotopographical pits 

provide any osteoinductive stimulus. Due to the duration of time it took to conduct each 

experiment, the numbers used in this study were small, so further in vitro studies should 

be conducted to better understand the nanotopographical surface effects of the SQ and 

NSQ nanopit arrangement on Ti-spray coated substrates. Should an effect be found, a 

more detailed understanding of the signalling pathways could be explored with 

microarray analysis, as has previously been conducted on PCL substrates (McMurray et 

al., 2011). Furthermore, the potential osteoinductive role of other nanotopograpahical 

designs, such as the use of nanopillars as opposed to nanopits, could be explored 

(research that is currently being conducted at the University of Southampton). Depending 

on the success of the 2-D nanopatterned Ti-spray coated substrates, future development 

of the nanotopographical work may involve analysis of 3-D fabricated substrates and 

substrates that have been up-scaled in size, for their osteoinductive potential. 

 

Chapter 4: The parallel development of ex vivo and in vivo models to explore the 

osteoinductive potential of 2-D nanotopographical Ti-spray coated polycarbonate 

substrates 
 

The ex vivo work conducted as part of this thesis to explore the nanotopographical effects 

of 2-D Ti-spray coated substrates requires further refinement. Although the CAM culture 

system coupled with the embryonic chick femur model shows some promise as an 

experimental model, optimisation of the techniques used during micro-CT and 

histological analysis are required, to ensure the orientation of the embryonic chick femur 

in relation to the substrate is preserved. In order to achieve this, a fine wire could be 

inserted through the longitudinal axis of the harvested E19 chick femur to establish 

orientation in relation to the substrate surface. Furthermore, micro-CT analysis should be 

conducted as soon as possible following harvest to minimize the risk of femoral 

detachment from the substrate surface. 
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In vivo modelling of the 2-D Ti-spray coated substrates proved challenging but the 

proposed rabbit unicortical ulna defect model offers a potential solution to the problems 

encountered. Home Office approval is still awaited and serves to highlight one of the 

difficulties of attempting in vivo work. Furthermore, while the 2-D nanotopographical 

substrates were deemed unsuitable for analysis using a spinal in vivo model, the future 

development of 3-D nanopatterned substrates could potentially overcome this hurdle.  

 

Chapter 5: In vitro analysis of the osteoconductive potential of 3-D printed 

hydroxyapatite scaffolds 
 

The 3-D printed HA scaffold work forms only a very small part of this thesis as 

collaboration with the engineers was only established towards the end of my research. As 

such, a small in vitro study was designed and conducted, which successfully 

demonstrated the effect of pore size on the proliferation and migration of SSCs, but 

additional studies are required to further explore the osteoconductive potential of 3-D 

printed HA scaffolds. With specific relevance to the effect of scaffold pore size, the 

following studies would be useful: 

 

• In vitro analysis of scaffolds with 250µm pore sizes to establish whether they support 

the osteogenic differentiation of SSCs and subsequent promotion of bone formation. 

• In vitro analysis comparing scaffolds with 250µm pore sizes and scaffolds with 

approximately 500µm pore sizes (more representative of cancellous bone) to 

determine the optimum pore size for bone formation in vitro. 

• In vitro analysis comparing the 3-D printed HA scaffolds osteoconductive potential 

and mechanical strength, with autograft (the current gold standard). 

• In vivo analysis comparing the 3-D printed HA scaffolds osteoconductive potential, 

ability to support neo-vascularisation and mechanical strength, with autograft.  

 

Despite the limited scope of the 3-D printed scaffold research in this thesis, this study has 

created a platform from which the effect of other scaffold parameters can be explored. 

Specifically, by altering filament diameter, pore interconnectivity and scaffold 

composition, 3-D printing technology may allow the effect of individual parameters, on 

the scaffold’s osteoconductivity and mechanical strength, to be analysed in isolation, 

with the aim of optimising the scaffold’s functional role for specific situations. 
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6.3 Future perspectives 

This thesis explores the role of tissue engineering strategies in spinal arthrodesis and 

specifically considers two novel tissue engineering strategies (3-D printing and 

nanotopography) to promote bone formation. However, the potential clinical application 

of 3-D printed scaffolds and nanopatterned surfaces need not be limited to the spinal 

environment. Indeed, the potential role of nanopatterned surfaces to facilitate implant 

osseointegration in the fields of arthroplasty and dental surgery, and the potential role of 

3-D printed scaffolds to promote bone repair following massive bone loss secondary to 

trauma, infection, non-union, revision surgery and tumour surgery, serve to highlight the 

breadth of clinical scenarios to which these novel tissue engineering strategies can apply.  

However, despite our current understanding of the core principles that underpin skeletal 

regeneration and the recent advancements in tissue engineering technology, the optimum 

tissue engineered scaffold for bone tissue regeneration remains elusive.  

 

Over the last decade, the world has witnessed a rapid expansion in the use of 3-D 

printing technology in the design and fabrication of constructs for application in 

industries ranging from manufacturing and fashion to architecture and aerospace. With 

recent advancements in 3-D printing techniques, the medical field has started to embrace 

3-D printing technology. Indeed, the creation and clinical application of “bespoke” 3-D 

printed scaffolds, specifically tailored to suit the anatomical requirements of individual 

patients, has already been highlighted within the orthopaedic and craniomaxillofacial 

fields. However, the use of 3-D printing technology within orthopaedics is still in its 

infancy and future consideration will need to be given to a number of key areas during 

scaffold design. 

 

• Scaffold porosity – the porous architecture of the scaffold will need optimising for 

bone in-growth. A uniform arrangement of pores is unlikely to be the optimum 

configuration for bone regeneration and consideration will need to be given to 

designing scaffolds with a graduated distribution of porosity according to clinical 

need. The control over scaffold porosity that 3-D printing offers may help facilitate 

this process. 
 

• Scaffold interface – while the osteoconductivity of the scaffold is important, so too 

is the means of fixation of the scaffold to the host bone or to any additional implant 
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device. Attention will need to be directed at developing novel interfaces to prevent 

scaffold loosening prior to osseointegration. The incorporation of surface 

nanotopography into scaffold design (with the fabrication of osteoinductive 

nanopatterned scaffold filaments) is one such area that could be explored further. 
 

• Biomolecules – the functionality of scaffolds needs to be expanded. Besides 

providing a structural framework to facilitate the ingrowth and migration of SSCs 

and blood vessels, the utilisation of scaffolds as biomolecular delivery vehicles, 

capable of providing a sequential and sustained release of molecules that stimulate 

bone regeneration during the specific phases of the bone remodelling process, 

requires further development.  
 

• Materials – although numerous materials have been used in the fabrication of 

scaffolds for clinical use, it is unlikely that one material will suit all clinical 

applications. By harnessing the biological and mechanical properties of several 

materials, composite scaffolds may more readily reflect the necessary physiological 

and mechanical clinical environment. Further research into how different materials 

interact with each other and with the surrounding environment will be needed.  

 

The work conducted for this thesis gives an insight into the potential osteoinductive and 

osteoconductive roles of nanopatterned surfaces and 3-D printed scaffolds respectively, 

and highlights how the development of new tissue engineering strategies provides 

exciting opportunities to promote bone formation. The future role that tissue engineering 

has to play in all fields of clinical medicine is undeniable. With an increasing clinical 

need for bone regeneration, advancements in tissue engineering strategies, improvements 

in scaffold design and an increased understanding of the biomechanical bone healing 

response, the ability to harness tissue-engineering strategies to promote bone repair is 

only going to gather pace in the foreseeable future. The ultimate goal is to create a 

construct that reliably promotes bone formation in the challenging clinical situations 

where bone repair is needed, while causing minimal patient morbidity and achieving 

results at least comparable to autograft. In order to achieve this vision, a collaborative 

multidisciplinary approach involving basic scientists, modellers, designers, developers 

and clinicians will be required to successfully overcome the barriers to clinical 

translation. 3-D printing and nanotopography may just prove to be the new frontiers in 

translational tissue engineering research. 
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